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Abstract
Development of Selective C—C and C—N Bond-Forming Reactions Using Metals and Enzymes
by
Jeremy Nicolai
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor John F. Hartwig, Chair

The following Dissertation discusses the use of transition metals to enable the installation and
modification of benzylic difluoromethylene units and the use of homogenous, heterogenous, and
chemo-enzymatic catalysts to enable the selective functionalization of olefins.

Chapter 1 reviews recent applications of biocatalysis in the pharmaceutical industry during the
period 2020-2025. The application of biocatalysis to industrial chemistry has been a longstanding
challenge, and has been historically limited due to the small amounts of enzyme that were typically
available. Over the last 70 years, major advances in technology in the fields of proteomics, enzyme
engineering, chemical biology, and process engineering have reduced the barrier to entry for the
use of biocatalysis. These technological improvements have enabled the efficient and sustainable
synthesis biocatalysts that are capable of transformations relevant to the synthesis of active
pharmaceutical ingredients, key intermediates, and valuable chemical building blocks under mild,
often aqueous conditions and with minimal environmental impact. Case studies; including the
synthesis of Esomeprazole, Nemtabrutinib, Belzutifan, Molnupiravir, and Uvelostinag; illustrate
the transformation of traditional chemical manufacturing routes into processes that integrate
biocatalytic transformations. These examples, and others, highlight the successful application of
enzymes to the synthesis of biologically-active compounds in the pharmaceutical industry. Key to
the success of biocatalytic methods is the strategic use of enzyme engineering to enhance activity
and selectivity, and the development of robust multi-enzyme cascades that streamline
manufacturing while reducing waste and energy demand.

Chapter 2 describes the development of a sequential chemoenzymatic method to form linear,
primary amines from olefins. Methods that form amines from feedstock chemicals are an important
component of industrial chemistry. Many methods for the synthesis of amines yield mixtures of
primary, secondary, and tertiary amines, necessitating costly downstream separations. We present
a chemoenzymatic approach to hydroaminomethylation that addresses these challenges by
combining hydroformylation catalyzed by a phosphine-bound rhodium complex with enzymatic
transamination catalyzed by an o-transaminase from Vibrio fluvialis (VfTA). This sequential
chemoenzymatic hydroaminomethylation reaction converts olefins to linear primary amines with
high regioselectivity and chemoselectivity for the linear primary amine, and we demonstrate that
this process occurs with a series of olefins with varying structures. Furthermore, we report progress
toward a tandem process that incorporates a biocatalytic cascade for recycling an intermediate
amine donor, which is required for the transaminase enzyme to use an ammonium salt as the
terminal nitrogen source. This study illustrates the potential to combine chemo- and biocatalytic



reactions to produce valuable materials from readily available feedstocks in both tandem and
sequential processes, with selectivities that have not been achieved with transition-metal catalysts.

Chapter 3 describes the development of a tandem chemoenzymatic method to achieve the synthesis
of linear, primary amines from olefins using feedstock reagents and mild conditions. Linear
primary amines serve as crucial building blocks in pharmaceuticals, fine chemicals, polymers, and
surfactants. Despite their importance, conventional methods for the synthesis of linear primary
amines often suffer from overalkylation and the requirement for elevated temperatures and
pressures. Herein, we report a tandem chemoenzymatic hydroaminomethylation strategy that
converts terminal olefins into linear primary amines under mild conditions by integrating a
Rh/DPPon-catalyzed hydroformylation performed in surfactant micelles with a wild-type w-
transaminase from wild-type Vibrio fluvialis (WT-VfTA) and an amine donor recycling system
composed of wild-type alanine dehydrogenase (WT-AlaDH) and wild-type glucose dehydrogenase
(WT-GDH) enzymes. This cooperative cascade uses inexpensive feedstock reagents—including
ammonium salts, alanine, carbon monoxide, hydrogen, and glucose—to achieve high selectivity
for primary amines without the formation of secondary and tertiary amine byproducts. Moreover,
the system’s versatility is demonstrated by the synthesis of '’N-labeled primary amines and
biologically relevant compounds containing linear primary amines, underscoring the potential of
this integrated tandem process and other chemoenzymatic methods for applications ranging from
medicinal chemistry to industrial manufacturing.

Chapter 4 describes the development of a copper-mediate C—C bond-forming reaction that installs
a cyanodifluoromethyl group in the place of (hetero)aryl iodides and bromides. The
cyanodifluoromethyl group is unique because its size is closer than that of any other substituted
difluoromethyl group to the size of the trifluoromethyl group, but its electronic properties are
distinct from those of the trifluoromethyl group. In addition, the presence of the cyano group
provides synthetic entry to a wide range of substituted difluoromethyl groups. However, the
synthesis of cyanodifluoromethyl compounds requires multiple steps, highly reactive reagents
(such as DAST, NSFI, or IFs), or specialized starting materials (such as a,a-dichloroacetonitriles
or o-mercaptoacetonitriles). Herein, we report a copper-mediated cyanodifluoromethylation of
aryl and heteroaryl iodides and activated aryl and heteroaryl bromides with TMSCF,CN. This
cyanodifluoromethylation tolerates an array of functional groups, is applicable to late-stage
functionalization of complex molecules, yields analogues of FDA-approved pharmaceuticals and
fine chemicals, and enables the synthesis of a range of complex molecules bearing a
difluoromethylene unit by transformations of the electron-poor CN unit. Calculations of selected
steps of the reaction mechanism by Density Functional Theory indicate that the barriers for both
the oxidative addition of iodobenzene to [(DMF)CuCF>CN] and the reductive elimination of the
fluoroalkyl product from the fluoroalkyl copper intermediate lie in between those of
[(DMF)CuCF3;] and [(DMF)CuCF,C(O)NMex:].

Chapter 5 describes the development of a palladium-catalyzed desymmetrization reaction of
benzylic difluoromethylene units. Molecules containing fluorine are widespread in modern
materials, agrochemicals, and pharmaceuticals because the inclusion of fluorine in a molecule can
beneficially modulate the physiochemical properties of the parent molecule. Stereocenters bearing
fluorine are particularly valuable as bio-isosteres of alcohols and of C(sp’)-H bonds. Preparing
different isomers of secondary and tertiary benzylic fluorides can affect molecular conformation
and modulate biological activity; however, synthesizing these chiral alkyl fluorides from non-
chiral starting materials is challenging. We report a palladium-catalyzed desymmetrization strategy
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for the alkylation of (hetero)aryl-a,a-difluoromethylene units that enables the synthesis of
enantioenriched 2° and 3° C(sp®) stereocenters bearing fluorine. The use of Ba(OTf), as Lewis
acid, LiO7Bu as base, and the novel germanium-containing bisphosphine ligand (R)-DTMGM-
BINAP (DTMGM = 3,5-(trimethylgermanyl)-4-methoxyphenyl), enables the desymmetrization of
(hetero)aryl-o,a-difluorides in high yields and in high enantioselectivities under mild conditions.
We demonstrate that a wide range of carbon nucleophiles and a wide range of benzylic difluorides
react under the developed conditions. Additionally, the use of a masked acyl cyanide nucleophile
enables rapid functionalization of the fluorinated products to form stereo-defined a-fluorinated

carbonyl compounds.
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CHAPTER ONE
Recent Developments in Biocatalysis in the Pharmaceutical Industry (2020 —2025)



1.1 Abstract

The application of biocatalysis to industrial chemistry has been a longstanding challenge, and has
been historically limited due to the small amounts of enzyme that were typically available. Over
the last 70 years, major advances in technology in the fields of proteomics, enzyme engineering,
chemical biology, and process engineering have reduced the barrier to entry for the use of
biocatalysis. These technological improvements have enabled the efficient and sustainable
synthesis biocatalysts that are capable of transformations relevant to the synthesis of active
pharmaceutical ingredients, key intermediates, and valuable chemical building blocks under mild,
often aqueous conditions and with minimal environmental impact. Case studies; including the
synthesis of Esomeprazole, Nemtabrutinib, Belzutifan, Molnupiravir, and Uvelostinag; illustrate
the transformation of traditional chemical manufacturing routes into processes that integrate
biocatalytic transformations. These examples, and others, highlight the successful application of
enzymes to the synthesis of biologically-active compounds in the pharmaceutical industry. Key to
the success of biocatalytic methods is the strategic use of enzyme engineering to enhance activity
and selectivity, and the development of robust multi-enzyme cascades that streamline
manufacturing while reducing waste and energy demand.

1.2 Introduction

In the past 70 years, the field of biochemistry has advanced to the point that enzymes are now used
in large-scale applications for the bulk synthesis of fine chemicals. The industrial adoption of
methods that harness the selectivity and reactivity of enzymes has been aided by the development
of new technologies that have made the discovery and production of new enzymes viable for the
chemical industry. This chapter will examine recent implementations of biocatalysis in the
pharmaceutical industry from 2020 — 2025. This chapter also will summarize technologies that
have allowed for the adoption of such techniques in an industrial setting and examine several case
studies involving the large-scale application of biocatalysis for the synthesis of active
pharmaceutical ingredients (APIs), of intermediates, and of chemical building blocks.

Environmental considerations have increasingly influenced the direction of industrial chemistry
since the introduction of the concept of green chemistry in the 1990s.!"> Hazardous reagents and
multi-step chemical sequences are now being replaced with streamlined enzymatic cascades that
lower process mass intensity, input cost, and energy expenditure. The use of engineered enzymes
under mild aqueous conditions also reduces the need for organic solvents and typically simplifies
purification procedures. These greener pathways also contribute to a safer working environment
and improved sustainability, aspects that have received growing attention from regulatory bodies
and industry alike.>*

More recently, advances in automation, high-throughput screening, and computational modeling
have markedly accelerated the discovery and development of novel biocatalysts (see section 1.2).
Integrated workflows combine automated reaction setup, data collection, and data analysis with
deep-learning—driven structure prediction to generate enzyme variants that exhibit improved
stability and selectivity. Interdisciplinary collaborations among chemists, molecular biologists, and
engineers have enabled rapid cycle times in design, evolution, and testing, which, together with
innovations in enzyme engineering, continuous-flow processing, and advanced cofactor recycling
strategies, promise further transformation of industrial synthesis. These developments have
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streamlined process optimization and reduced reliance on traditional, resource-intensive methods,
while improvements in enzyme immobilization and cascade reactions have enabled scalable
processes that maintain high stereoselectivity and yield. Such robust methodologies are expected
to extend the use of biocatalysis into earlier stages of pharmaceutical development and fine
chemical manufacturing,® thereby supporting a transition to more sustainable, cost-effective
production practices in the chemical industry.

1.3 Historical Context for the Adoption of Biocatalysis in Industry
1.3.1 Technological Advancements that Enabled Wider Adoption

Since the 1833 discovery of the enzyme “diastase” by Payen and Persoz,° the field of biocatalysis
has advanced considerably. The 1897 discovery by Buchner that enzymes can perform biochemical
transformations outside of their host cell (described as “cell-free fermentation™),”® and the
discovery by Harden’ and von Euler-Chelpin'® that these fermenting enzymes are dependent on
phosphate and a “cozymase,” improved our understanding of enzymes and how they function. It
was not until 1926—mnearly 100 years since the discovery of diastase—that James Sumner
crystallized an enzyme, urease, for the first time, and confirming that enzymes are a type of
protein.!! Sumner and Northrop soon crystallized a series of enzymes, among them pepsin and
chymotrypsin,'? lending structural knowledge to the field of biochemistry. By the late 1940s a
series of enzymes had been structurally characterized, but the mechanism by which they
accomplished chemical transformations remained unknown.'* In 1951, the amino acid sequence
of insulin was determined by Sanger, showing with certainty for the first time that proteins, and
therefore enzymes, were composed of a well-defined sequence of amino acids.!*!

Early attempts to adapt biocatalysis to industry were severely limited by the small quantities of
enzyme available, the substrate specificity of wild-type (WT) enzymes, and an inability to
systematically modify the amino acid sequence of enzymes catalysts. In the 1950s, the technique
of enzyme immobilization was developed, allowing for the reuse and recycling of enzymes without
a loss of their activity.!® This technology allowed for a reduction in the quantity of enzyme required
for chemical transformations, making the overall process more economically viable. By the 1970s,
the use of immobilized glucose isomerase had become the dominant method for the conversion of
dextrose to fructose in the synthesis of high-fructose corn syrup.'® The widespread use of
biocatalysis in industry, however, was still limited by the amount of enzyme that was able to be
produced and the substrate specificity of WT enzymes.

Beginning in the mid twentieth century, molecular biologists began researching and developing
new methods for the transmission and transcription of genetic information. In the 1960s, it was
found that DNA encodes amino acid sequences and that amino acid sequence alone determines the
structure of proteins.!” These findings set the stage for systematic structural modification of
enzymes if adequate molecular biology and analytical tools could be developed. More efficient
methods of genome sequencing were soon developed, including capillary electrophoresis.'® Also
of impact was the invention of dyes based on energy transfer,'”?° not radioactivity. These
technologies enabled the automated high-throughput sequencing of DNA. In the early 2000s, next
generation sequencing (NGS) techniques were introduced that took advantage of the growing
power of computers to more efficiently and rapidly sequence genomes,’! resulting in a precipitous



drop in the price of DNA sequencing and a lower barrier to entry for companies considering
biocatalysis.

The research of the mid twentieth century also led to the discovery of restriction enzymes, which
soon become invaluable in the development of recombinant DNA technologies.??> Recombinant
DNA techniques rely upon the action of DNA ligase, guided by restriction enzymes, to allow
researchers to cut and paste DNA fragments into a larger sequence.?®> These DNA sequences can
then be implanted into an organism, such as E. coli; the proteins encoded in those DNA sequences
can then be expressed by that organism. This process, the propagation of recombinant DNA in a
new host, is known as cloning. Further developments in the 1980s resulted in strains of E. coli that

contained a T7 promoter, which allows for amplified and selective expression of the inserted
DNA.#
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Figure 1.1. Use of penicillin acylase to synthesize beta-lactam antibiotics from 6-APA (1).

With new proteomic and molecular biology tools available, the genome of a new enzyme could
now be rapidly discovered, sequenced, and cloned. Human insulin, the first recombinant protein
to be produced in 1978, began commercial-scale production in 1982.%° This production allowed
for the supply of insulin to become stable becuase it was no longer derived from livestock
animals.!? In addition, these new techniques, in combination with enzyme immobilization, allowed
for the enzyme penicillin acylase (PA) to be produced using recombinant methods by 1979 in
industrially-relevant quantities. The increased production of PA lowed the price, enabling the
application of PA to the synthesis penicillin-type antibiotics (Figure 1.1) such as ampicillin (2a) or
amoxicillin (2b) from 6-aminopenicillanic acid (6-APA, 1).2°?” Throughout this chapter, enzymes
that have undergone rounds of enzyme engineering from an initial WT or commercial starting
enzyme will be highlighted in gold, while enzymes used without modification will be highlighted
in teal. In addition, the stereocenter(s) and bond(s) formed by biocatalytic methods will be either
highlighted (for stereocenters) or bold (for bonds) and colored teal.

Despite the advances in genomics and analytical methods available to study and clone natural
enzymes, tools for the selective modification of these enzymes were lacking. Despite their utility,
WT enzymes are often unsuitable for industrial chemistry because of a lack of thermostability,
incompatibility with organic solvents, and low reactivity with non-native substrates. Initial efforts
to modify enzymes employed mutagenesis induced by radiation or chemical reagents, followed by
phenotypic screening of the resulting enzymes for the desired activity.?® These methods for
introducing random mutations into the DNA were slow, imprecise, and difficult to control. In 1978,
Smith and coworkers introduced site-directed mutagenesis, enabling the targeted introduction of
DNA mutations, which allowed for thorough investigation of the role of catalytic residues in
enzymes.?’ The development of the polymerase chain reaction (PCR) by Mullis and coworkers in
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the 1980s enabled researchers to copy a DNA “template” and produce a large number of copies of
that template.® By adjusting the polymerase, random mutations could be introduced to the
template copies to provide a large number of variants of the enzyme; this techniques is known as
error-prone PCR (epPCR).

The technique of epPCR was employed to enable the breakthrough of directed evolution. First
reported by Arnold and coworkers in 1993,3! directed evolution enabled the selection of enzyme
variants with improved properties by iterative rounds of random mutations, created by epPCR, and
phenotypic screening of the resulting variants. The best performing variants from the first round
were then subjected to a second round of epPCR, and the process was continued until the desired
outcome was achieved. Directed evolution allowed for the relatively rapid and semi-rational
creation of enzymes with increased activity, stability, and reactivity with non-native substrates and
of enzymes that could tolerate organic solvents or catalyze reactions not known to nature. In 2018,
Frances Arnold received the Nobel Prize in Chemistry for the development of directed evolution.
The ability to evolve enzymes rapidly and cheaply for a specific function opened the doors to more
extensive use of enzymes in industry.

For newly emerging technologies to be implemented widely and at scale, they must accelerate the
design-evolve-test cycle of developing biocatalysts while simultaneously lowering the cost to do
so. Computer-aided de novo protein design is one emerging technology poised to accelerate
biocatalyst discovery by reducing the amount of time spent on the design and evolve phases of the
cycle. The de novo design of proteins and the de novo prediction of protein structures by
computational methods have been sought for many years, and some computational models, often,
are now on par with the spatial accuracy of protein structures determined experimentally using X-
ray diffraction.’ Particularly, the recent development and implantation of deep-learning models
has aided the advancement of de novo protein design and structure prediction. There are now
several software packages, some of which are freely available, that are capable of these types of
de novo predictions, such as AlphaFold,**-** Rosetta3,* and RFdiffusion.*®

AlphaFold, developed by Google DeepMind and currently in its third iteration, has consistently
demonstrated much higher accuracies (typically within 1.5 A for all atoms) than competing
software packages (typically within 3.5 A for all atoms).** AlphaFold3 makes end-to-end structure
predictions, meaning it predicts the structure of a protein based on a sequential reading of the
amino acid sequence using a single neural network with multiple layers that can cross-
communicate. DeepMind’s approach, when compared to the traditional approach of using multiple
neural networks, shortened the amount of time required for structure prediction of small protein
fragments (hundreds of residues) from hours to minutes,** and it was used to predict the structure
of the human proteome (98.5% of human proteins, approximately 12 million residues®’) in 930
GPU days.*® AphaFold3 is also capable of modeling complex interactions (protein-ligand, protein-
nucleic acid, antibody-antigen, etc.) with accuracies that rival other, more specialized
computational biology tools.*

Another tool— the Rosetta software suite—was originally developed by Baker and coworkers at
the University of Washington for the de novo design of protein structures.*’ This software has since
expanded to a GUI-based package capable of structure prediction, the modeling of protein-ligand
interactions, and other advanced features. The modern implementation, RoseTTAfold,* employs
deep learning techniques inspired by those developed by DeepMind and exhibits large
improvements in speed and efficiency over its predecessor(s). As a powerful demonstration of its
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utility, RoseTTAfold was used to design Top7,*? a 93-residue protein containing a fold structure
unknown to nature. The gene sequence for Top7 was then inserted into a plasmid and expressed in
E. coli; subsequent recrystallization and X-ray diffraction of the protein showed remarkable
agreement between the computational and experimental structures of Top7.4?

The continued development of computational tools like RoseTTAfold and AlphaFold will continue
to increase the efficiency and speed of computational protein structure prediction, allowing for the
increased integration of biocatalysis into the production of industrial and fine chemicals. In
recognition of their groundbreaking work, the 2024 Nobel Prize in chemistry was awarded to
David Baker of UW Madison “for computational protein design,” along with Demis Hassabis and
John Jumper of Google DeepMind “for protein structure prediction.”*?

The discovery of new endonucleases and other enzymes will most likely utilize high-throughput
assay technology to rapidly assess the outcome of experiments. High-throughput technologies
have become widely utilized in the pharmaceutical industry, from early discovery to process
development, and have allowed for the rapid identification of optimal reaction conditions for
chemical* and biocatalytic* reactions alike. These high-throughput methods, when combined
with emerging fields of automation,*® microfluidics,*” and robotics®® in chemistry, have the
potential to rapidly increase the pace and decrease the cost of biocatalyst discovery, design, and
testing. There are now many well-established companies, such as Codexis® in the U.S. and
Novonesis in Denmark,’® which provide robust biocatalysis development services, further
lowering the barrier to entry for companies who are willing to outsource the development of such
catalysts.

1.3.2 Early Applications of Biocatalysis in Industry

As of the 1940s, only a limited number of processes catalyzed by enzymes had been developed.
For example, in 1949, 26 million pounds of citric acid was produced in the United States, almost
exclusively by fermentation using the fungus 4. niger.'® In addition, in the 1934 patent for the
synthesis of the decongestant L-ephedrine, an enzymatic cascade with whole yeast as a catalyst for
the condensation of acetaldehyde (derived in situ from glucose) with benzaldehyde was
disclosed.’! This procedure is still used today, showing the power of a highly optimized
biocatalytic method.>?

The adoption of biocatalytic methods began to accelerate in the 1990s, alongside the rapid
development of new techniques in molecular biology, genomics, and enzyme engineering (see
section 1.2.2). In addition, the growing global consensus on the value of environmental
conservation led to an interest in “green chemistry,”> with the 12 principles of green chemistry?
still used today introduced by Anastas and Warner in 1998.! Biocatalysis has long been viewed as
an ideal solution to achieving the lofty goals required to render industrial and fine chemical
synthesis environmentally sustainable. These goals include the prevention of waste instead of
waste remediation, the design of atom-economical routes that utilize non-toxic and
environmentally benign reagents, the use of renewable feedstocks, and an emphasis on catalysis,
analytical method development, and avoiding harmful end-of-life breakdown products.
Biocatalysts often operate under mild reaction conditions in aqueous environments and can be
engineered to react with high turnover numbers (TONs), selectivity, and chemical robustness. In



addition, the enzymes used for biocatalysis and many of their inputs (glucose, alanine, etc.) and
outputs (gluconolactone, oxalic acid, etc.) are environmentally benign and renewable.

These technological and societal innovations set the stage for the widespread adoption of
biocatalytic methods in the pharmaceutical industry. Between 2010 and 2020, the syntheses of
atorvastatin®* (Lipitor) and sitagliptin®> (Januvia) on commercial scales by Pfizer and Merck,
respectively, employed engineered enzymes to great effect. These examples demonstrated the
utility of biocatalysis in large-scale drug production, and demonstrated how biocatalysis could be
used to reduce production costs and to reduce the impact of fine chemical synthesis on the
environment.

1.4 Applications in the Pharmaceutical Industry and Case Studies, 2020 — 2025

Section 1.4 will present case studies of the adoption of biocatalysis in (discovery) process
chemistry in the pharmaceutical industry disclosed from 2020 to 2025. The evolution of the
synthetic routes towards five lead compounds that have either been approved by the FDA or are
currently undergoing clinical trials will be examined as they evolved to include biocatalytic
transformations. These examples highlight the transformative role of biocatalysis in the large-
scale synthesis of complex molecules.

1.4.1 Esomeprazole — Disclosed 2021

Esomeprazole (6) MeO 4 5

IZI Proton pump inhibitor (PPI)
>< _OH
Ph (0]

OMe
OMe (1 equiv) __
— Ti(OiPr)4 (30 mol%) MeO N R
MeO N \ (S,S)-DET (60 mol%) \©: N\ s \_7
\
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N DIPEA (30 mol%) H
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C
OMe OMe
— 02 flow MeO —
MeO N\>_ ) AcPSMO | BstFDH N\>—s': }\1 Y/
S N - \
N NADP*, MeOH (10 vol%) N
H H,O (KPB, pH = 8.0) o .
7 25 OC, 10 h, 100 rpm 6, 73.4% yleld, 99.9% ee

(95.7% conversion)

Figure 1.2. (a) Structure and retrosynthesis 6, (b) initial process route for the oxidation of 7, and
(c) biocatalytic process for the oxidation of 7.



Esomeprazole (6) is a proton pump inhibitor (PPI) marketed by AstraZeneca that is used to treat
gastroesophageal reflux disease (Figure 1.2a). The initial synthetic route prior to the introduction
of biocatalysis involved the synthesis of tetrasubstituted pyridine § from pyridine 3. Pyridine 5
was then coupled with thiol 4 by an SnAr reaction. Esomeprazole (6) was produced from the
intermediate thioester 7 via a titanium-catalyzed asymmetric oxidation reaction with (S,S)-DET
(DET = diethyl tartrate) as the chiral ligand and cumyl hydroperoxide as the oxidant (Figure
1.2b).5¢ Despite the high enantioselectivity observed, this process had a number of shortcomings
on process scale; for example, formation of the titanium catalyst required precise conditions, a
high %ee required high catalyst loadings for the process to be robust, the enantioselectivity of the
transformation was sensitive to the concentration of water, and the waste generated from the
reaction included organic solvent, peroxides, and heavy metals.

To overcome the shortcomings of the metal-catalyzed route and to develop a more
environmentally-benign oxidation method, scientists at Jiangsu Aosaikang Pharmaceutical Co.,
Ltd., and the East China University of Science and Technology (ECUST) sought to develop a
biocatalytic method for the synthesis of non-racemic, chiral sulfoxides using molecular oxygen as
the oxidant and water as solvent (Figure 1.2c.>’ The researchers used structure-based protein
engineering to create a variant of cyclohexane monooxygenase enzyme from Acinetobacter
calcoacetius (AcPSMO) that had been modified to accept the pyrmetazole starting material 7.

The authors identified several challenges to the scale-up of this biocatalytic process. First, the
NADPH cofactor required by A4cPSMO is economically prohibitive to use in stoichiometric
quantities; therefore, the authors chose an NADP+/NADPH recycling system wherein a formate
dehydrogenase enzyme from Bacillus megaterium (BstFDH) regenerates NADPH from NADP+
when exposed to sodium formate, releasing CO» as the byproduct. Because 7 is poorly soluble in
water (<0.1 g/L), an organic cosolvent was required. The researchers used 10% MeOH (v/v) as the
cosolvent beause it solubilized the substrate (0.27 g/L), did not denature the enzymes, and had a
boiling point low enough that evaporation of the solvent was would occur below the decomposition
temperature of the product 6 (40 °C). The initial reactions were developed on a 10 mL scale; when
scaled to 1.0 L scale, a conversion of only 48.9% was observed, compared to 98.5% on 10 mL
scale. When investigating in detail the parameters of the reaction, the authors found that the mass
transfer of oxygen into the aqueous media limited the rate of the enzymatic reaction. This challenge
was overcome by adjusting the flow rate of oxygen and the stirring speed. The authors also found
significant deactivation of 4cPSMO over the course of the reaction, as well as degradation of
NADP+ under alkaline conditions (pH = 9.0); thus, an operating pH of 8.0 was selected. With
these modifications, the scale of the biocatalytic reaction was increased to 300 L, while achieving
a conversion of 95.9%. The resulting product was extracted from the reaction medium using
membrane ultrafiltration, further decreasing the quantity of solvent required.

By these process improvements, the chemists at Jiangsu Aosaikang Pharmaceutical Co., Ltd and
ECUST addressed the shortcomings of the initial titanium-catalyzed oxidation, including the need
for heavy metal waste remediation, the environmental burdens introduced by the use of peroxides
and organic solvents, and the high sensitivity of the reaction. Their biocatalytic approach employed
an engineered AcPSMO enzyme and a cofactor recycling system comprising molecular oxygen in
water, thereby significantly reducing chemical waste. Process challenges, such as enzyme stability,
substrate solubility, and oxygen mass transfer, were systematically overcome, enabling reactions
to be conducted in a 300 L reactor.



1.4.2 Nemtabrutinib — Disclosed 2023

Nemtabrutinib (11) is a reversible Bruton tyrosine kinase (BTK) inhibitor that exhibits therapeutic
effects across various hematologic malignancies, such as leukemia and lymphoma (Figure 1.3a).>%
59 The C(sp?)-N bond in Nemtabrutinib first was forged by an SNAr reaction between aminopyran
8 and the biaryl ketone formed by sequential bromination and metalation of indole 9, followed by
treatment of 9 with ester 10.%

The HCl salt of 8 was used initially for the SyAr reaction and was originally prepared by scientists
at Actelion Pharmaceuticals, Ltd. in a 9-step sequence from tri-O-acetyl-D-glucal 12 (Figure
1.3b).%! To accomplish the synthesis of 8¢HCI, 12 was subjected to a Ferrier rearrangement in the
presence of triethylsilane, followed by global deprotection and TBS re-protection of the primary
alcohol. Alcohol 13 was then converted to trichloroacetimidate 14, which was heated in the
presence of base to affect the formation of 15 by a thermal Overmann rearrangement. Reduction
of the remaining alkene and global deprotection provided ammonium salt 8sHCI in 32% overall
yield from 7.
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Figure 1.3. (a) Structure and retrosynthesis of Nemtabrutinib, (b) initial process route to fragment
2, and (3) revised route to 2 involving biocatalytic transamination.

After the API was acquired by Merck in 2019, Merck scientists identified numerous process
challenges with the discovery route. The sequence is lengthy, requires hazardous reagents, and



employs multiple solvent-intensive workups and purifications. Scientists at Merck pursued a
biocatalytic route to 8 with the objective of decreasing step count and waste, while increasing the
overall yield and sustainability of the reaction.®> Merck researchers were drawn to Cyrene™ (16),
a commercially-available, bio-based, and biodegradable solvent, because it already possessed the
desired configuration at C2 and possessed a ketone that could be functionalized at the C5 position
(Figure 1.3c). To accomplish the conversion of Cyrene™ to 8, the researchers envisioned a
diastereoselective reductive amination of the C5 ketone to form amine 17, followed by reduction
of the acetal; however, the thermodynamically favored product of reductive amination by chemical
methods gave the undesired epimer of 17 in a 3.4:1 17°:17 ratio. To overcome the inherent
thermodynamic preference of this transformation, and to avoid the use of transition metals,
transaminase enzymes were investigated for the conversion of 16 to 17.

[a] A commercial-available transaminase

ATA-492 ECR8414 enzyme from Codexis, ATA-426 formed

O\g PLP, iProNH O\\: *TsOH the desired product in 17:1 d.r. (17:17°

O =0 "NeTHF (H,0sat) O )''NHz ratio) and 71% yield. After further
60 °C. 7 h L . .

16 17+TSOH, 73.2% IY optimization to llmlt the formation of an

ECRB414 511 dr. aldol byproduct with acetone (acetone is

e = ()/\(\44/\,\“42 formed in situ by transamination of

ispopropylamine), the d.r. was increased

ATA-492 to 24:1 with a yield of 91%. A solvent

PLP, /Pr2NH o swap to  2-methyl THF  and

G o‘\: 'T\TSH recrystallization in the presence of TsOH
W 1INH, . R . o . .

MeTHF ( Hz O sat) yielded 17°TsOH in 79% yield. This

35°C,4.5h 17+TsOH, 93% IY material was subsequently subjected to

(3.31 kg), >200:1 d.r.  chemical reduction with BF3*OEt; and
triethylsilane to provide 8*TsOH in 75%
yield and >20:1 d.r. after direct

Figure 1.4 (a) Second-generation biocatalytic i .
recrystallization from the reaction

process for the synthesis of 17 using evolved, ) )
immobilized enzymes, and (b) third-generation ~ Mixture. By this new procedure, the

process using flow chemistry for biocatalysis in a ~ ©OVerall yield of 8 was increased by more
packed bed reactor (PBR). than 27% over the original route, with a

concomitant reduction in process mass
intensity (PMI), energy use, and global warming potential (kg COz equiv) of 94%. In addition, the
number of steps was reduced from 9 to 2, and chromatographic separations were eliminated from
the process entirely.

Further improvements to the biocatalytic process were then made by Merck Process to enable
kilogram- and multikilogram-scale batch deliveries of 11.°® The first-generation biocatalytic
process required a slight vacuum and N, sweep to remove acetone,®” and the free enzyme employed
required careful control of the solution pH to avoid deactivation.®> Immobilization of the enzyme
on an amine-based resin, ECR8414, coupled with process optimization and four rounds of directed
evolution to create ATA-492, enabled formation of the desired product in 98% yield and >50:1 d.r.
after 7 h without the need for continuous acetone removal or pH maintenance. In addition, the
reaction could now be run in water-saturated 2-methyl THF, eliminating the need for a solvent
swap and enabling recrystallization of 17°TsOH in 73% yield and 51:1 d.r. after filtration to
remove the immobilized enzyme (Figure 1.4a). For the delivery of multikilogram batches of 11,
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Merck Process later deployed these immobilized enzymes in a flow process, in which the
immobilized enzymes were loaded into a packed bed reactor (PBR).%* This flow-based approach,
after minimal evolution of the enzyme, delivers 17°TsOH in 93% isolated yield and >200:1 d.r.
and was demonstrated on multi-kilogram scale (Figure 1.4b).

Initially, the synthesis of aminopyran intermediate 8 involved a complex, hazardous, and low-
yielding nine-step process. Merck researchers addressed these challenges by adopting a
transaminase-catalyzed synthesis from the bio-based solvent Cyrene™, reducing step count from
nine to two and significantly enhancing yield, selectivity, and sustainability. Further optimization
involved enzyme immobilization and directed evolution, enabling the process to be conducted
efficiently on kilogram-scale without complex operational controls. Ultimately, adopting
immobilized enzymes in a flow chemistry processes enabled multikilogram production with
exceptional stereoselectivity, yield, and environmental performance. This example showcases the
power of biocatalysis for the reduction of waste and the number of synthetic steps, while
maintaining high yields and selectivities.
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1.4.3 Belzutifan — Disclosed 2024
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Figure 1.5. (a) Structure and retrosynthesis of 21, (b) initial process route to Benzultifan from
20’ utilizing chemocatalysis, and (c) optimized route to 21 from 20 involving biocatalytic
transformations. DBDMH = 1,3-Dibromo-5,5-dimethylimidazolidine-2,4-dione; PBSF =
1,1,2,2,3,3,4,4,4-nonafluorobutane-1-sulfonyl fluoride.

Belzutifan (21) is a selective, orally-available HIF-2a inhibitor that exhibits anti-cancer properties
and was approved in the U.S. in 2021 for the treatment of various cancers (Figure 1.5a).%> Merck
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acquired the molecule in 2019 from Peloton and developed process routes for clinical delivery and
for commercialization.

Table 1.1. Initial Investigation of Biocatalytic The first-generation process route to

Asymmetric Benzylic Oxidation Conditions 21 devised by Merck (Figure 1.5b)
offered several improvements over
HO, the sequence used for clinical

deliveries (not shown). The clinical

R O R O supply route consisted of 16 steps

= (LLS), which provided the API in

g H20 (pH = 8.0 buffer) s 49 overall yield (PMI = 2039).5

The improved route shown in Figure

20 or 20° 22 or 22° 1.5b is a 14 step (LLS) sequence that
Entry R= Enzyme Conv. (%) %ee delivered the desired API in 19%
NG £ MCYP0150 overall yield (PMI = 761),%° and a

1 [INADPH/P{DH, 0% n.d. reduction in raw material cost by
KPt buffer] greater than 80%.%° In addition to

5 FoPipdH, O, thege improvements, a number of

9 \f [aKG, ascorbate 0% nd toxic and/or costly reagents were
20’ Fe2*, KPi buffer] eliminated from the route; however,

there were still several

3 MCYP0150 95% 47% improvements that Merck Process
F\; [NADPH/PDH] envisioned would further increase

20 FoPip4H, O, the sustainability and efficiency of

4 [aKG, ascorbate 12% 60% the synthesis of 21. Two key areas
Fe?", KPi buffer] were identified by researchers at

PtDH = phosphite dehydrogenase ; oKG = a- Merck to show potential for the use
ketoglutarate of biocatalysis: first, a direct method

for the enantioselective synthesis of B-hydroxyketone 22’ from ketone 20’ was desired, as opposed
to the four-step sequence to install the benzylic alcohol in 22°. Second, the researchers envisioned
the use of a ketoreductase (KRED) instead of a rhodium catalyst to set the final two contiguous
stereocenters in 23’ by dynamic kinetic resolution (DKR) of the intermediate o-fluoroketone.
Making the switch to biocatalysis in these cases would eliminate the use of third-row transition
metals, reduce step count, and simplify product purification.

Merck began by investigating the enantioselective benzylic oxidation of ketone 20’ to form 22’ to
bypass the previously established protection, bromination, oxidation, and asymmetric reduction
sequence (Figure 1.5b, top). In addition, chemical methods of oxidation did not produce the desired
enantiomer of 22’ during initial development.®®

The initial high-throughput screening process for biocatalytic activity used commercially available
enzymes. The enzymes tested were inactive for the oxidation of biaryl ether 20’ (Table 1.1, entries
1-2); however, cytochrome P450 150 enzyme (MCYPO0150) and the a-ketoglutarate-dependent
dioxygenase (aKGD) enzyme pipecolic acid 4-hydroxylase from Fusarium oxysporum (FoPip4H)
catalyzed the benzylic hydroxylation of aryl fluoride 20 (95% and 12% conversion, respectively).
Despite the higher activity of MCYPO0150, FoPip4H was selected for future evaluation because it
produced the desired R-enantiomer in 60% ee (Table 1.1, entry 4). The family of tKGDs enzymes
are known to catalyze oxidation of C(sp®)-H bonds at the benzylic position through the
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intermediacy of an Fe(IV)-oxo species, but aKGDs typically suffer from poor turnover numbers,
poor thermostability, and a propensity to self-hydroxylate.®” After fifteen rounds of directed
evolution, FoPip4HR49BB catalyzed the conversion of 20 to 22 in 92% assay yield and 99% ee with
a TON >15,000 on 1.5 kg scale. Key to the success of this directed evolution campaign were
mutations that increased activity, thermal stability, oxidative stability, and selectivity.®’

Researchers at Merck then sought to
eliminate  the use of the
aforementioned ruthenium catalyst in
the DKR of synthetic intermediate 22
(Figure 1.5c, bottom).® While the

( KRED-1 ) (100 wt%)

NADP* (2 g/L)
H,O (KPi, pH = 8.0)

transition-metal catalyzed process -Me <10 vol% IPA

. /S\ /7 \\
was effective, the process group was O\ O\
concerned about the price and supply 24 (purified) 23, 90% conv
volatility of ruthenium and, therefore, 31dr

sought to conduct this transformation
using a DKR facilitated by a KRED
enzyme. A key challenge was that the

(KRED-1 (100 wt%)

NADP* (2 g/L)

enzymatic process must tolerate H,0 (KPi.pH = 8.0} 16
byproducts from the preceding <10 vol% IPA
fluorination reaction (selectfluor, 36
acetonitrile, etc.) to be a viable 24 (from fluorinatio;)
replacement, as the two steps were @
telescoped on production scale to Selectfluor, MsOH

. he HO MeCN:MeOH (1:1)
avoid decomposition of the a- then
fluoroketone 24. An initial HTE E 0 KRED-15 | (4 wt%)
campaign  with  independently m - 21

. e 1 : NADP* (1 g/L)

synthesized and purified intermediate S’Me 0.2 M pH = 8 buffer
24 identified KRED-1 as a promising 3% MeCN:MeOH (1:1) 805% Y
starting point. This enzyme enabled 22 IPA (3290/8 _‘130:;‘:)

the production of 23 in 95%
conversion and 3:1 d.r. (Figure 1.6a,
top). Despite the high conversion,
this initial hit presented several
challenges: KRED-1 did not tolerate
direct telescoping from the fluorination reaction (Figure 1.6a, bottom), 100 wt% of enzyme was
required, and 23 was formed with a low diastereomeric ratio. The process team at Merck subjected
KRED-1 to 14 rounds of directed evolution, producing KRED-15, which was capable of tolerating
byproducts from the fluorination reaction while delivering the desired product 23 in 85% isolated
yield and >99:1 d.r over two steps (Figure 1.6b).%8

Figure 1.6. (a) initial hit for KRED-mediated DKR of
24 using a commercial enzyme and (b) final biocatalytic
process using an engineered KRED enzyme.

The development of Belzutifan at Merck exemplifies the benefits gained from integrating
biocatalysis into a process chemistry route. The use of biocatalytic transformations resulted in a
more efficient and environmentally-friendly process, and the directed evolution of enzymes
FoPip4H and KRED-1 yielded robust catalysts FoPip4HR4!BE and KRED-15 that were used to set
three contiguous stereocenters with high selectivity (>99% ee and >99:1 d.r.) and efficiency (>90%
assay yield). These enzymatic methods eliminated the need for a bromination step and two
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ruthenium-catalyzed transfer hydrogenation reactions, lowered the step count, increased
enantiopurity of the API, and enhanced overall yield. This example clearly demonstrates the
potential of biocatalysis to improve the sustainability, cost-effectiveness, and efficiency of
manufacturing routes.

1.4.4 Molnupiravir — Disclosed 2021

Molnupiravir (28, Figure 1.7a) is an orally available prodrug of a nucleoside antiviral developed
by Merck for the treatment of adults with moderate-to-severe COVID-19; compound 28 is
currently available under an Emergency Use Authorization (EUA) from the FDA® and is
undergoing Phase I clinical trials en route to regulatory approval.’® In the body, the alcohol at the
5" position of the sugar backbone is deprotected and phosphorylated, generating the relevant active
compound.”’ When Merck partnered with Ridgeback Biotherapeutics in 2020 to advance
molnupiravir through clinical trials, the Merck process group inherited a five-step route from
uridine 27 (Figure 1.7b) that produced high-quality material on pilot scale but faced a number of
issues concerning robustness and feasibility for scale-up.

The inherited pilot-scale route comprised a 5-step synthesis of uridine (27) from ribose (26) and
uracil (25). Protection of the vicinal alcohols of 27, followed by isobutyrylation of the 5’ alcohol,
formed acetal 29, which was used directly as a solution in acetonitrile. The solution of 29 was
coupled with 1-H-1,2,4-triazole mediated by POCI3, resulting in the formation of triazole 30 in
82% yield after two steps. Displacement of the triazole by NH>OH, followed by deprotection of
the acetal, provided molnupiravir 28 in 36% overall yield from uridine (<10% overall when
starting from uracil and ribose).”!

While Merck process improved this original route and alleviated many concerns of technology
transfer and reproducibility with a chemical synthesis (not shown) to conduct the synthesis on
multi-ton scale,”! they also investigated an enzymatic cascade for a more ideal assembly of 28
directly from ribose and uracil (Figure 1.7¢).”® The process group envisioned that an ideal synthesis
of molnupiravir would consist of three steps: acylation of the primary alcohol, installation of the
nucleobase, and formation of the oxime.

At the time, biocatalytic synthesis of nucleosides with sugars modified at the 5’ position was
unknown; therefore, the scientists envisioned modifying the native reactivity of the 5-S-
methylthioribose (MTR) kinase, whose native function is the direct 1-phosphorylation of 34,
which contains a thioether at the 5’ position (Figure 1.8a). If an MTR kinase could be modified to
accept 31 as the substrate, researchers envisioned that the resulting phosphorylated ribose
derivative 31°P could be acted upon by a uridine phosphorylase (URP) to install the desired
nucleobase.
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Figure 1.7. (a) Structure and retrosynthetic analysis of 28, (b) initial route to 28 starting from
uridine, and (c) biocatalytic cascade route to 28 from ribose.

MTR kinases are ATP-dependent. Although a stoichiometric phosphate donor could be
employed,it was envisioned that a recycling cascade with the pyruvate oxidase (PO) enzyme could
be constructed (Figure 1.9). PO catalyzes the formation of acetyl phosphate from pyruvic acid and
an inorganic phosphate, producing CO2 and H>O» as byproducts. Because inorganic phosphate is
the byproduct of the nucleobase coupling reaction, the researchers envisioned that this enzyme
could enable ATP recycling if coupled with a catalase to decompose the generated hydrogen
peroxide. If the product of phosphorylation, 31P, could be intercepted by the URP enzyme, the
desired unnatural nucleobase 32 could be synthesized in a cascade fashion.
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Directed evolution was used to modify initial hits from commercial panels of MTR kinases and
URP enzymes, resulting in KsMTR andRd4 and URPRd2, which were capable of stereoselective
phosphorylation in >90% conversion and stereo-invertive uridination in >99% conversion,
respectively. In the final process, acylation was accomplished with the commercially available
Novozym 435 (Nov435) to form 31 in 94% assay yield; the crude product of this reaction was then
extracted into water and subjected directly to the biocatalytic cascade, resulting in the formation
of 32 in 87% isolated yield and >99% ee (Figure 1.7¢). Chemical formation of the oxime proceeded
with NH>OH to deliver molnupiravir in 69% overall yield from ribose using this biocatalytic
cascade sequence.

The researchers at Merck overcame significant scaling and robustness challenges associated with
the initial chemical route by designing an alternative biocatalytic route to molnupiravir.
Modification of an MTR kinase enzyme enabled the direct stereoselective phosphorylation of an
unnatural ribose derivative, which was coupled with a highly efficient engineered phosphorylase
and an enzymatic ATP recycling system. This biocatalytic system significantly reduced the
synthetic complexity of the manufacturing route and decreased the step count from ten steps to
two, while improving the overall yield by >50%. This biocatalytic cascade exemplifies how
enzyme engineering and pathway integration provide effective and sustainable alternatives to
traditional chemical synthesis.
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Figure 1.8. Comparison of the native function of MTR kinase with the desired reaction.
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Figure 1.9. Biocatalytic cascade for the synthesis of 24 from 23

1.4.5 Uvelostinag (MK-1454) — Disclosed 2022

H
NH
o) N 2
X
N N HO\P//O
N, 97 b
(0]
0 ""OH
P‘ y NAN
0-Psy OH >:S7
6]
HO N\\_N/ NH»
Uvelostinag/MK-1454 (33) cGAMP (34)
cyclic dinucleotide STING agonist endogenous STING substrate

Figure 1.10. Structures of 33 and 34.

Uvelostinag/MK-1454 (33) is an orally-available cyclic dinucleotide (CDN) that acts as an agonist
for the Stimulator of Interferon Genes (STING) protein (Figure 1.10).”> The STING protein is a
receptor for endogenous 2’,3’-cyclic guanosine monophosphate adenosine monophosphate
(cGAMP, 34, Figure 1.10). Upon binding, the STING-cGAMP complex undergoes a

18



confirmational change (e.g. from an “open” form to a “closed” form), causing a series of signaling

cascades that eventually results in the production of cytokines and the recruitment of immune cells
to attack tumor tissue.”
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Figure 1.11. (a) structure and initial retrosynthetic analysis of 33, (b) first-generation GMP
synthesis of activated sugar 41, and (c) first-generation GMP synthesis of activated sugar 44.
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MK-1454 was initially discovered by scientists at Novartis and Aduro, who initiated a
collaboration in 2015 to develop and evaluate preclinical STING agonists. Researchers found that
replacing the phosphodiester linkages with phosphorothioate linkages improved the pharmacology
of STING agonists. Thus, Merck scientists began investigating cGAMP analogues as STING
agonists, culminating in the development of Uvelostinag.
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46 + 3 diastereomers

Figure 1.12. First-generation GMP dimerization route to MK-1454 from 41 and 44.

The medicinal chemistry route to 33 consisted of the synthesis of activated analogues of the
unnatural nucleosides 34 and 35 from the commercially available compounds 36 and 37,
respectively (Figure 1.11a). The synthesis of the western (red) fragment began with the
commercially available acetal 36 (Figure 1.11b). After global protection of the free alcohols, the
acetal was opened with 1odine in methanol, and the resulting compound was subjected to
deoxyfluorination using Deoxo-Fluor to provide 3’-fluorinated riboside 38. Protecting group
manipulation yielded 39 as an anomeric mixture, which then underwent a benzoate ester-directed
B-selective diastereoconvergent glycosylation reaction with iso-butyryl guanidine to deliver
compound 40 in 45% yield as a 10:1 mixture of N9:N7 isomers. Selective protection of the primary
alcohol with 4,4'-dimethoxytriphenylmethyl chloride (DMTrCl), P-O coupling, and hydrolysis
delivered the fully functionalized western fragment 41t in <10% yield from the starting acetal.

Synthesis of the activated eastern (blue) fragment began with the commercially available fluoride
37 (Figure 1.11c). Bromination of the 1’ position, followed by treatment with N-benzoyladenine
in a 20:1 THF:NMP mixture, formed compound 42 w 14:1 B:a selectivity. Global alcohol
deprotection, followed by selective protection of the primary alcohol with DMTrCl, gave
compound 43. Subsequent P-O coupling with 3-
((bis(diisopropylamino)phosphaneyl)oxy)propanenitrile delivered functionalized fragment 44 in
34% overall yield from 37.
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Figure 1.13. (a) depiction of linkages in 33, retrosynthetic analysis, and design goals for a
biocatalytic process, and (b) first step of the stepwise dimerization of ATP and GTP catalyzed by
cGAS, producing AMP-2’-GTP.

The medicinal chemistry route to MK-1454 consisted of four steps from slightly different
monomers and generated 33 in ~4% yield (not shown).”® After significant reaction optimization to
enable rapid delivery of material for early clinical supply, a first-generation good manufacturing
practices (GMP) route was developed (Figure 1.12). Assembly of the two fragments began with
deprotection of the primary alcohol of 41, followed by P—O bond formation with phosphoramidite
44. Sulfurization with 3-((dimethylaminomethylidene)-amino)-3H-1,2,4-dithiazole-5-thione
(DDTT) delivered mono coupled product 45 in a 1:1 ratio of diastereomers at phosphorous. The
sulfur-containing compound 45 was then treated with TFA to remove the remaining DMTr group,
and the remaining P—O bond was formed with a 5:1 d.r. at phosphorous under substrate control
with the desired stereochemistry. Global deprotection yielded a slurry of 46 and three undesired
diastereomers of MK-1454; an ethanol wash was then used to upgrade the purity of the desired
diastereomer. Despite this wash, 153 g of the crude API was purified by reverse-phase chiral prep-
HPLC. This process r approximately 120 h of machine time and resulted in 140 L of fractions
containing the pure API bis-ammonium salt of the APL.”> This material was passed through a
sodium ion-exchange column to yield 57 g (30% overall yield) of 33.
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Figure 1.14. (a) Commercial supply route to CDN monomer 47 involving biocatalysis and (b)
commercial supply route to CDN monomer 48.

While this route was acceptable for preclinical supply, it was clear that a commercial-scale supply
route would require multiple improvements. Besides the high step count (>20), high PMI (>9000)
and low overall yield (~10%), the lack of stereocontrol at the phosphorous linkages, the reverse-
phase purification and lyophilization and the lack of a crystalline form of MK-1454 were identified
as critical issues. The uses of DeoxoFluor and diphenylphosporyl chloride on production scale
were also considered too hazardous; therefore, new methods for enantioselective fluorination and
for the installation of phosphorous to the sugar subunits would be required. To address the step
count, yield, and lack of stereo-control, numerous avenues were considered, including modulation
of the coupling order, the use of enantiopure P(IIT) or P(V) reagents and chiral auxiliaries, and the
use of substrate-directed stereocontrol. This research culminated in a second-generation GMP
route (not shown) that delivered material for the development process, but this approach would
not create a robust commercial supply route.

To create a robust, sustainable process for long-term commercial production, the process chemists
at Merck turned to biocatalysis, specifically the cyclic guanosine adenosine synthase (cGAS)

22



enzyme, They envisioned this enzyme could form the desired 2’5’ inner linkage and/or the desired
5’3’ outer linkage (Figure 1.13a) selectively from nucleotides that would ideally be generated from
47 and 48. The endogenous function of cGAS is to catalyze the attack of the GTP 2’ alcohol on
the 5’-phosphorous of ATP (Figure 1.13b), forming AMP-2’-GTP (51). Compound 51 is then
converted to cGAMP (34) by attack of the AMP 3’ alcohol on the a-phosphorous of GTP in a
stepwise dimerization sequence.” Leveraging experience with cGAS from the discovery effort, a
high-throughput campaign was initiated to identify a cGAS variant that could catalyze
diastereoselective phosphorothiolation between monomers.”” To enable this high-throughput
campaign, efficient syntheses of 47 and 48 were required.

Synthesis of the western (red) fragment begins with guanosine (52) as the starting material, as
opposed to acetal 28 in the initial GMP route (Figure 1.14a). To enable an electrophilic fluorination
with NFSI as the fluorine source, the a-fluorination would be conducted on a ketone derived from
52. To this end, guanosine was protected at the 5" position with TBSCI, and the vicinal diol motif
was bis-tosylated to give 53. Treatment of 53 with base followed by protonation provided ketone
54, which was subsequently subjected to a diastereoselective fluorination using NFSI under
enamine catalysis with the L-Leu-NH; as a chiral amine catalyst to provide catalyst control over
the diastereoselectivity. This fluorination formed the desired C—F bond in >99:1 d.r. with a geminal
diol at the 3’ position (not shown). This diol was converted to alcohol 55 in >99:1 d.r. using a
highly-evolved KRED enzyme.”® The initial active enzyme for this deoxygenation reaction came
from a HTE campaign and produced the desired isomer in 3:1 d.r. and 0.1% conversion, while the
evolved KRED enzyme produced 55 in >100:1 dr and 95% conversion, an improvement in activity
of greater than 30,000-fold.”® Thiophosphorylation of 55 with PSCls, 2,6-lutidine, and catalytic
quinine formed the desired product 47¢2Na in 87% yield on 2.5 kg scale after deprotection and
recrystallization from the reaction mixture.

For the eastern (blue) fragment (Figure 1.14b), pyrimidine nucleoside thymidine (56) was selected
as the initial starting material. It was envisioned that B-fluorination and subsequent adenylation of
a 1,2-glycal derived from 56 could deliver the desired fluorinated material with high selectivity.
After extensive process development, researchers found that treatment of 56 with N,O-
bis(trimethylsilyl)-acetamide (BSA) and lutidine in the presence of catalytic amounts of N-
(diphenylphosphorothioyl)-P,P-diphenylphosphinothioic amide formed glycal 57 in 98% yield.
Fluoro-adenylation was accomplished by a double-displacement strategy by first treating 57 with
NFSI and bis(trimethylsilyl)trifluoroacetamide (BSTFA) to form fluorosugar 58, and then N-piv-
adenosine. Treatment of the resulting material with TFA delivered compound 59 in 58% yield with
high diastereoselectivity over 2 steps. Compound 59 was thiophosphorylated in a manner similar
to that of 55, albeit with catalytic pyridine and a combination of 2,6-lutidine and triethylphosphate
(TEP) as the base. This modified process delivered 482H20 in 77% yield on 2.5 kg scale after
quench, deprotection, and recrystallization.

With nucleotides in hand, effort was undertaken to identify a suitable enzyme for enantioselective
dimerization of phosphorylated derivatives of 47 and 48 ((Sp)-60 and (Sp)-61, respectfully) to form
MK-1454 (Figure 1.15). Initial screening of human cGAS enzymes with monothiolated analogues
of (Sp)-ATP and (Sp)-GTP as model compounds led only to undesired stereoisomers of the CDN,
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due to coordination of the phosphorous atoms of the nucleotides with the native magnesium metal

cofactor in cGAS.”?
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Figure 1.15. Commercial biocatalytic process for the synthesis of 33 from monomers 47 and 48
utilizing a biocatalytic cascade reaction.

Replacement of magnesium with cobalt in the cofactor coupled with the selection of a cGAS
enzyme from Haliaeetus leucocephalus (bald eagle) yielded a starting enzyme that produced trace
amounts of the desired coupled product with the correct configuration at phosphorous. Nine rounds
of directed evolution, extensive reaction profiling, and the addition of a second metal (Zn) to
accelerate the first coupling step produced, HIcGASR®, which produced the desired CDN in
approximately 80% assay yield. To produce the 1-thitriphosphates of 47 and 48 that are required
for HIcGASRY enantioselectively, the chemists at Merck again desired to implement a biocatalytic
method. The method they devised involved enzymatic desymmetrization of (rac)-47 and (rac)-48
by DKR using an adenylase kinase from Saccharomyces verevisiae (SvAK) and a guanylate kinase
enzyme from Branchistoma floridae (BfGK) to transiently generate both enantiomers of both of
the nucleosides, followed by stereoselective phosphorylation of only the desired enantiomer using
an acetate kinase enzyme from Thermotaga maritima (TmAcK) (Figure 1.15, top). To avoid
formation of CDNs containing ATP-derived byproducts (ATP is the natural cofactor of SvAK and
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BfGK), these enzymes were evolved to use the unnatural fluorinated monomer (Sp)-61 as the
cofactor to avoid side products resulting from heterodimerization with ATP, resulting in BfGKR%,
SVAKR® and TmAcKR® after five, four, and two rounds of directed evolution, respectively. The
phosphorylation of (rac)-47 and (rac)-48 and their subsequent dimerization to form 33 also could
be merged into a single cascade, despite the presence of multiple different metal cofactors. Initial
runs on gram scale provided MK-1454 in 62% isolated yield as a single diastereomer without the
need for protecting groups, chiral auxiliaries, or chromatographic separation. Subsequent scale-up
yielded MK-1454 in 50% yield over the two steps as a single diastereomer on hundred-gram scale.
In the large-scale process, the three evolved phosphorylation enzymes were immobilized on a
metal affinity resin to facilitate separation of the product from the enzymes and to facilitate
recovery of the enzymes.”

The development of the commercial supply route to 33 illustrates how innovations in biocatalysis
can profoundly impact process chemistry, particularly for the synthesis of CDNs. The evolution of
synthetic routes—from initial medicinal chemistry strategies through first-generation GMP
delivery to advanced biocatalytic methods—demonstrates the power of enzymatic catalysis to
overcome significant synthetic challenges. By employing enzyme engineering, Merck researchers
successfully replaced hazardous reagents, improved stereochemical control, and achieved
remarkable reductions in step count, process mass intensity (PMI), and purification complexity.
The final biocatalytic cascade, comprising evolved kinase enzymes and an engineered cGAS
variant, exemplifies a robust, sustainable, and scalable approach for the commercial production of
MK-1454. This example underscores the broader potential of biocatalysis as a pivotal strategy in
the pharmaceutical industry.

1.5 Examples of Biocatalysis in the Early Stages of Development in the
Pharmaceutical Industry (2020 — 2025)

Section 1.5 will briefly examine case studies of the adoption of biocatalysis in smaller-scale
capacities, such as the synthesis of key intermediates or building blocks, in discovery chemistry
and medicinal chemistry scale-up applications, disclosed from 2020 to 2025. These examples
provide a brief overview of additional transformations that can be accomplished by biocatalysis.

1.5.1 Recent Examples Employing KRED Enzymes

During a recent medicinal chemistry campaign, researchers at Vertex Pharmaceuticals sought both
isomers of cyclobutene 63 (Figure 1.16a), but the initial chemical route required 4 steps (18%
overall yield for trans-63; 15% overall for cis-63).”” Investigation of a panel of 120 commercially-
available ketoreductase (KRED) enzymes revealed that KRED-A7 selectively gave trans-63 and
that KRED-BS5 selectively formed the opposite isomer, cis-63 from achiral ketone 64 (Figure
1.16b). Both of these reactions were conducted on >100g scale, providing material that was
obtained in high purity without chromatography.

In 2022, researchers at Genentech and Roche disclosed the use of a KRED enzyme to form the
1,4-trans-cyclohexanol unit in Navoximod (67) via deracemization of 65 (Figure 1.16¢).”8 After
evaluation of >500 commercial enzymes, KRED ADH 430 was identified, which gave (rac)-66 in
95% yield with a 99.6:0.4 trans:cis ratio after minimal reaction optimization. The benzylic
stereocenter was desymmetrized by a crystallization-induced dynamic resolution (CIDR) that
employed L-DBTA.”® During their process development, the researchers noted that none of the
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KRED enzymes tested catalyzed the reaction of the more hindered central ketone in 65 or 66,
exposing a gap in current KRED methodology.” Reduction of the more congested ketone was
accomplished by chemical methods. The KRED-catalyzed construction of the 1,4-trans-
cyclohexanol motif in 67 allowed for the removal of SFC separation that was present in the
enabling route.
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Figure 1.16. Additional examples of biocatalytic transformations in the pharmaceutical industry
that employ KRED enzymes.

In 2020, Merck chemists disclosed in a patent the KRED-enabled DKR of (rac)-68 to form
enantiopure (R)-68 using two separate engineered KRED enzymes with orthogonal cofactor
recycling systems (Figure 1.16d).° In this cascade process, KRED-A selectively oxidizes (S)-68 to
ketone 69, while KRED-B selectively reduces ketone 69 to alcohol (R)-68. What allows these two
enzymes to run concurrently is their different cofactor preferences: KRED-A utilizes an
NAD+/NADH couple, which is turned over by the NADH oxidase (NOx) enzyme, while KRED-
B utilizes an NADP+/NADPH couple that is turned over by a phosphite dehydrogenase (PDH)
system. Using this strategy, researchers at Merck conducted the DKR of (rac)-68 to (R)-68 with
93% conversion and >99% ee.
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1.5.2 Recent Examples Employing Transaminase Enzymes

Scientists at Merck recently reported a biocatalytic dynamic amination in the synthesis of 71 for
the CGRP receptor antagonists 72, which has exhibited clinically relevant results for treating
migrane.’® After initially scouting a route to 71 involving metal-catalyzed asymmetric
hydrogenation, they sought a more sustainable biocatalytic route to their desired intermediate
(Figure 1.17a). Until this work, the transamination of ketones bearing an a-fluorine atom had not
been reported, and scientists at Merck envisioned that the lability of the proton geminal to
fluorine would enable a dynamic transamination that would set two stereocenters at a high pH.’
An investigation of commercially available enzymes, both immobilized and as the lyophilized
powder, was conducted, and lyophilized ATA-303 from Codexis (immobilized ATA-303 formed
71 in reduced enantioselectivity) formed the desired amine 71 from ketone 70 in 94% yield and
96% ee after process optimization. In addition, control of the pH to maintain a pH > 9.5
eliminated the defluorinated byproducts, simplifying purification. The biocatalytic system
enabled the elimination of transition metals in the route and eliminated the formation of a
defluorinated byproduct often formed from the asymmetric hydrogenation.”
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Figure 1.17. Additional examples of biocatalytic transformations in the pharmaceutical industry
that employ transaminase enzymes.

For the synthesis of Ubrogepant (75), another CGRP receptor antagonist in development at Merck,
scientists envisioned using biocatalysis to form chiral lactam 74 by a DKR process from diketone
73 (Figure 1.17b).8° To accomplish this reaction, Merck partnered with Codexis to evaluate a series
of enzymes for the desired reactivity at a pH of 10.5 that would lead to epimerization of the
benzylic stereocenter.> The most promising enzyme, ATA-301, was subjected to multiple rounds
of directed evolution, improving the stereoselectivity for the formation of the C5 and C6
stereocenters in lactam 74, increasing enzyme reactivity, and increasing stability towards organic
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cosolvents and higher temperatures. The final enzyme, ATA-426, delivered 74 in 80% yield (95%
conversion) and 61:1 diastereomeric ratio.

1.5.3 Recent Examples Employing Other Enzymes

Abrocitinib (78) is a Janus kinase type 1 (JAK1) inhibitor that was approved by the FDA for the
treatment of autoimmune disorders (Figure 1.18a).8! During Phase III trials, the Pfizer process
team began investigating potential routes for commercial production of the API, eventually
choosing a biocatalytic route to cis-1,3-disubstituted cyclobutene 77 after chemical routes proved
laborious. Researchers found that a commercially available wild-type reductive aminase from
Streptomyces purpureus (WT-SpRedAm) selectively (>99:1 d.r.) catalyzed reduction the imine
generated from ketone 76 and methylamine in situ, albeit with just 0.75% conversion.®> Multiple
rounds of enzyme engineering yielded a new enzyme, SpRedAm-R3-V6 that catalyzed the
formation of 77 in 73% isolated yield and >99:1 d.r. (TON > 36,500) on 230 kg scale after process
optimization. The reaction of glucose ith NADP+ catalyzed by GDH regenerated the NADPH
required by SpRedAm-R3-V6.

) i
o SpRedAmR3-V6 HN/ NN L

esuccinate D S=0
GDH ~.
+ MeNH, <> . N
NADPH/glucose v -
KPi buffer - N™ N\
—

S
07 NoiPr then 07 oiPr LAy
76 succinic acid/MTBE 77, 73% yield N" §
IE >99:1d.r. Abrocitinib (78)
PH HO
H,oN CO,H WT-LysCDA 0,, a-KG
> OH 2 OH
NH, NAD+ ” (NH4)2Fe(SOy), N
L-lysine (79) KPi buffer 0] L-ascorbate H 0
y 80 (not isolated) KPi buffer 81, >85% conv.

Figure 1.18. Additional examples of biocatalytic transformations in the pharmaceutical industry
that employ enzymes not yet discussed in this chapter.

Finally, in a recent patent, researchers from Merck and Codexis disclosed a two-enzyme cascade
to access hydroxyacid 81 from lysine (79, Figure 1.18b). To enable this transformation, the
researchers employed a wild-type Lysine cyclodeaminase (WT-LysCDA) to form the desired
enantiomer of pipecolic acid 80. A wild-type enzyme was able to be used because it was acting
upon its native substrate and already reacted with high activity and selectivity for the desired
transformation. This cyclization was coupled with an enzymatic hydroxylation catalyzed by a
proline hydroxylase (PH) that had been evolved for increased selectivity and activity on pipecolic
acid. Mohr’s salt was used to provide Fe?* for the iron-dependent PH, and molecular oxygen was
sparged through the reaction solution to enable the oxidation, delivering 81 on 13.6 g scale in over
85% conversion.

While there are many additional examples of biocatalysis in industry,®® the above examples
illustrate the synthetic utility of enzymes for the production of APIs, building blocks, and other
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fine chemicals. With the increasing business interest, capital investment, and economic viability
of biocatalysis, the implementation of biocatalytic routes should continue to expand and to reach
further into earlier stages of pharmaceutical development as the time, labor, and capital required
to generate new catalysts decreases.

1.6 Conclusion

The evolution of biocatalysis, from the discovery of diastase in 1833 to contemporary
implementations at multinational pharmaceutical companies in 2025, illustrates a steady
progression toward greater sustainability and process efficiency in chemical synthesis.
Fundamental understanding of enzyme structure and function, as well as early breakthroughs in
enzyme isolation and immobilization, paved the way for the adoption of biocatalytic methods in
large-scale production, while subsequent developments in molecular biology, protein engineering,
and computational modeling expanded the range of transformations amenable to enzyme-
catalyzed reactions. The case studies of Esomeprazole, Nemtabrutinib, Belzutifan, Molnupiravir,
and Uvelostinag demonstrate the potential of biocatalysis to reduce synthetic complexity, lower
environmental impact, and improve product yield and selectivity on large scale. Biocatalytic routes
are now commonly employed by process chemists to replace hazardous reagents and cumbersome
purification steps that are often used in discovery chemistry, while simultaneously reducing the
number of reaction steps. The use of directed evolution in conjunction with high-throughput
screening and computational tools has resulted in the ability to design enzymatic catalysts that
exhibit high stability, along with robust performance. The examples presented in this chapter
highlight the benefits of integrating biocatalysis into process chemistry. The improved yields,
reduced process mass intensity, and enhanced environmental profiles achieved in these case studies
serve as benchmarks for the development of future industrial routes to fine chemicals. The
continued convergence of enzyme engineering, computational design, and automation will only
further lower the barrier to entry for biosynthesis in industry. The success of recent and current
biocatalytic processes reinforces the view that biocatalytic strategies are not merely alternatives to
chemical routes but are increasingly the preferred routes for sustainable chemical synthesis.
Continued interdisciplinary efforts will ensure that biocatalysis remains a pivotal strategy for
developing cleaner and more cost-effective synthetic routes in the years to come.
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CHAPTER TWO

A Chemoenzymatic Hydroaminomethylation Strategy for the Selective Synthesis of
Linear Primary Amines from Olefins by Sequential and Tandem Processes
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2.1 Abstract

Methods that form amines from feedstock chemicals are an important component of industrial
chemistry. Many methods for the synthesis of amines yield mixtures of primary, secondary, and
tertiary amines, necessitating costly downstream separations. We present a chemoenzymatic
approach to hydroaminomethylation that addresses these challenges by combining
hydroformylation catalyzed by a phosphine-bound rhodium complex with enzymatic
transamination catalyzed by an o-transaminase from Vibrio fluvialis (VfTA). This sequential
chemoenzymatic hydroaminomethylation reaction converts olefins to linear primary amines with
high regioselectivity and chemoselectivity for the linear primary amine, and we demonstrate that
this process occurs with a series of olefins with varying structures. Furthermore, we report progress
toward a tandem process that incorporates a biocatalytic cascade for recycling an intermediate
amine donor, which is required for the transaminase enzyme to use an ammonium salt as the
terminal nitrogen source. This study illustrates the potential to combine chemo- and biocatalytic
reactions to produce valuable materials from readily available feedstocks in both tandem and
sequential processes, with selectivities that have not been achieved with transition-metal catalysts.

2.2 Introduction

Linear primary amines are important intermediates and products for the production of many
industrial and fine chemicals (Figure 1a).! At large scales, primary amines are commonly
synthesized by the amination of alcohols, the reductive amination of ketones or aldehydes, or the
reduction of nitriles.> These transformations yield mixtures of primary, secondary, and tertiary
amines, which often necessitate costly and inefficient downstream separations to isolate the desired
primary amine.” These methods may also require prior functionalization of feedstock chemicals to
incorporate an alcohol, carbonyl group, or nitrile selectively at the terminal position.

Hydroaminomethylation is an alternative technique that can be harnessed to synthesize primary
amines. In the desired reaction, an olefin is directly converted to a primary amine by sequential
hydroformylation and reductive amination. However, there are many challenges to developing
selective methods for hydroaminomethylation (Figure 1b): typical systems require high
temperatures and pressures and, critically, suffer from overalkylation of the desired primary
amine.>~> Without the proper choice of conditions, side reactions, such as reduction of the olefin or
of the intermediate aldehyde, can also occur.

Previous work on hydroaminomethylation by Beller and coworkers employed a bimetallic system
to form primary amines from aliphatic aldehydes and ammonia (Figure 1¢).® This method required
temperatures of 130 °C and pressures of 78 bar, which contribute to overalkylation of the primary
amine product to form 20% secondary amine. The groups of Xiao and Han developed methods
with rhodium catalysts for hydroaminomethylation that produce linear secondary and tertiary
arylamines but were unable to produce primary amines.”® In 2019, our group developed a
bimetallic, dual-catalytic hydroaminomethylation reaction that yielded linear secondary and
tertiary amines, but no primary amine products were reported.” Despite these advances, the
selective synthesis of linear primary amines by hydroaminomethylation catalyzed by transition
metals remains a formidable challenge.
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Fig. 1a: examples of amine-containing materials Fig. 1c: selected prior art: hydroaminomethylation

o] @ e Beller, 1999 ---------------------

ooyt COCT
- N1, 5O [Rh(COD)Cl]

[Ir(COD)CI],, TPPTS

N . 2 NCSNH
nylons centrimonium bromide CO:H, (13:65, 78 bar)

polymers surfactant/antiseptic 130 °C

=
L | R I e LR EE LR Xiao, 2015 and Han, 2017 ----------------
N FsC
J\/\/ \©\ Rh(CO),(acac)
NH i i
~o H 2 0 H/ bisphosphine, CPA R\:/\NHAr

HoNA
RTS HoNAr COH, (=1 bar)

primaquine fluoxetine Hantzsch Ester
antimalarial SSRI

Fig. 1b: selectivity and reactivity challenges
HO. R’ ] Rh(CO),(acac)/BISBI

R
[ Jl/\/ + \J/\/ Xiao's catalyst
R _O0 R _0 pH 4.8 HCO,Na buffer AN
H RTS HNRiR: COH, (3.7 bar) R NR1R;
80 °C,20 h

(o)

Fig. 1d: this work - chemoenzymatic hydroaminomethylation

[Rh] [cat.]
RN —— R/\AO —_— R/\/\NH2
CO:H, [NHz]
_ _ NS
Hy H, RvAO‘HZ R/\ CO +H, O @ — R NH,
R’ (1:1, 50 bar) amine donor
R R " 0H

RN R - upto>95% yield -selective linear, primary amine formation

Figure 1. a) examples of amine-containing materials, b) selectivity and reactivity challenges, c)
selected prior art, and d) this work. TPPTS = tris(3-sulfophenyl)phosphine trisodium salt, BISBI
= 2,2’-bis(diphenylphosphinomethyl)-1,1’-biphenyl, CPA = chiral phosphoric acid, (S)-MBA =
(S)-methyl benzylamine.

A hydroaminomethylation reaction that occurs with a high degree of control over the linear-to-
branched (/:b) ratio and with a high degree of selectivity for the primary amine would enable the
use of olefin feedstocks as direct precursors to valuable linear primary amines. The
hydroformylation component of the hydroaminomethylation sequence is one of the most well-
studied and widely-employed reactions used to produce millions of metric tons of aldehydes each
year.!? Reactions conducted with catalysts containing phosphorous-based ligands, in combination
with rhodium, are known to selectively produce linear aldehydes from olefins.'!

Although transition metal catalyzed reductive aminations of ketones and aldehydes can suffer from
overalkylation, ®-transaminase enzymes are known to selectively form primary amines from
aldehydes and ketones. Transaminases are a class of pyridoxal phosphate (PLP)-dependent
enzymes that facilitate transamination by transfer of an amino group from a stoichiometric amine
donor.!? The application of enzymes to achieve high selectivity is a powerful strategy,'® and
enzymatic cascade reactions'*!® and enzymatic reactions catalyzed by transaminase enzymes in
particular'® have been applied to the manufacture of various active pharmaceutical ingredients*
and polymers.?! Additionally, while preparing this manuscript, Groger and coworkers disclosed a
selective tandem chemoenzymatic system that produces alcohols from olefins.?? We show that by
careful selection of an organotransition metal catalyst for hydroformylation and an enzyme for
reductive amination, we can avoid overalkylation and achieve site-selectivity for the conversion
of a wide range of olefins to linear primary amines in both sequential and tandem processes.
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2.3 Results & Discussion

2.3.1 Development of Reaction Conditions for Enzymatic Transamination in a Sequential

Process.

e\

Figure 2. WT-VfTA active site with docked oct
PMP (pink) and sites of mutagenesis (gold). WT-VfTA
PDB: 4E3Q.%

Wild-type w-transaminase enzymes
from Vibrio fluvialis (WT-VfTA) and
Chromobacterium  violacium  (WT-
CVTA) are known to catalyze the
transamination of hexanal and nonanal
with  (S)-methylbenzyl amine ((S)-
MBA) as the amine donor.?* With both
(S)-MBA and L-alanine as amine
donors, moderate yields of primary
amine product (60-74%) were formed
(Table 1, entries 1-2, 5-6) by purified
WT-VfTA and WT-CvTA as catalysts.
The conditions that form primary amine
product in the highest yield with these
purified enzymes were 100 mM sodium
phosphate buffer (pH 7.5, 100 mM

sodium chloride) and 0.5 mM PLP, with gentle stirring (140-150 rpm) at 30 °C (see supporting
information for further details; Table S2). Minimal background reactivity was observed without
the addition of enzyme (Table 1, entry 7).

Table 1. Evaluation of conditions for the enzymatic

transamination reaction of octanal.”

w-TA (0.4 mol%)
PLP 0.5 mM
amine donor

NN,
0]
Nay(POg4),/NaCl 100 mM
0.005M pH 7.5,}122 h,30°C
1.4% toluene, 5% EtOH
NH2 /_\ (0]
R/'\R RJ\R
Entry Enzyme Amine Donor
1 WT-VFTA L-alanine (100 equiv)
2 WT-CvTA L-alanine (100 equiv)
3 VTA-3M L-alanine (100 equiv)
4 VITA-3M/Q L-alanine (100 equiv)
5 WT-VITA (S)-MBA (7.5 equiv)
6 WT-CvTA (S)-MBA (7.5 equiv)
7 — (S)-MBA (7.5 equiv)
8 VITA-3M (S)-MBA (7.5 equiv)
9 VITA-3M/Q (S)-MBA (7.5 equiv)
10 VITA-3M (S)-MBA (7.5 equiv)
11 VITA-3M/Q (S)-MBA (7.5 equiv)
12 VITA-3M (S)-MBA (7.5 equiv)

13 VTA-3M/Q (S)-MBA (7.5 equiv)

“Reaction conducted on a 0.01 mmol scale. Yield was determined using
a GC-FID calibration curve with dodecane as an internal standard.

To increase the activity of the WT-
VfTA enzyme for the formation of
the primary amines from long-
chain aldehydes, we conducted

AN h,  mutagenesis on WT-V/TA. First,
we computationally docked the
aldimine intermediate formed from
the condensation of pyridoxamine

o phosphate (PMP) and octanal® to

Cosolvent  Yield (%) identify which residues were

_ 23 proximal to the long- chain
— <5 aldehyde (Figure 2). The docked
_ % PMP-imine aligns well with the
— 74 docked native PMP (see supporting
_ trg;e information, Figure S2 and Table
— 82 S6). In the active site, residues
Pive - W57, R415, and L1417 are
EtOH/PhMe 93 proximate to the docked substrate.
EtOH/PhMe 87
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Table 2. Evaluation of conditions for the
hydroformylation of heptene.”
[Rh(acac)(CO),] (1 mol%)
\M/\ Ligand (5 mol%)
A \(\/)/\AO
CO:H, (1:1, 50 bar) 4
Solvent, 16 h
Entry Ligand Solvent (0.2 M) T (°C) Yield (%)
1 BISBI toluene 80 99
2 BISBI CPME 80 95
3 TPPTS H,0 120 6
4 SulfoXantphos H,O 120 7
5 BISBI glycerol:H,0O (30:70) 80 11
6 BISBI IPA:H,0 (10:90) 80 17
7 BISBI IPA:H,O (30:70) 80 64
8 BISBI IPA:pH = 7.4 buffer (30:70) 80 0
O pph, NaOsS O ‘ SO;Na SO3Na
P
PPh, 0 @>
PPh, PPh, 3
BISBI SulfoXantphos TPPTS

“Buffer = 100 mM sodium phosphate buffer, pH 7.5, 100 mM
sodium chloride, and 0.5 mM PLP. Reaction was conducted on a
0.75 mmol scale. Yield was determined using a GC-FID calibration
curve with dodecane as an internal standard. CPME = cyclopentyl
methyl ether; BISBI = 2,2'-Bis(diphenylphosphinomethyl)-1,1'-
biphenyl; TPPTS = 3,3’,3”-phosphinidynetris(benzenesulfonic
acid) trisodium salt.

Mutations at these residues (WS57F,
R415L, and L417V) increased the
reactivity of WT-VfTA variants
toward long-chain aliphatic
aldehydes over that of the wild-type
enzyme, presumably by introducing
small or hydrophobic residues to the
active site. With this triple variant,
VfTA-3M, yields of up to 87% of
octylamine were achieved (Table 1,
entry 8). Site-saturation mutagenesis
at the R415 position in the active site
led to a W57F/R415Q/L417V VfTA
variant, VfTA-3M/Q, that catalyzed
the transamination of octanal in 82%
yield (Table 1, entry 9).

We also investigated reductive
amination of aldehydes with several
homogenous?’* and
heterogeneous®-? catalysts

containing transition metals. We
were unable to achieve selective
formation of the primary amine with

the homogenous catalysts we tested.
The heterogenous catalysts we examined formed the desired primary amine product; however,
these heterogeneous catalysts required moderate pressures of ammonia, leached metal into
solution, and were poisoned by CO, which is required for an up-stream hydroformylation process
(see Schemes S6-S8).

To realize a sequential hydroaminomethylation process, we proposed that the enzymatic reaction
must tolerate the presence of organic solvents. Lyophilized whole cells with expressed protein and
microaqueous conditions®* with 99% organic solvents (CPME, THF, or toluene) and 1% sodium
phosphate/sodium chloride buffer (pH 7.5) gave < 1% reaction product (See S4). Conversely, in
buffered aqueous solutions with 1.4% toluene cosolvent, there was no decrease in activity for the
VfTA-3M or VfTA-3M/Q variants (Table 1, entries 10-11), and the addition of 5% ethanol to the
reaction mixture led to further increase in yields of octylamine (Table 1, entries 12-13). Secondary
or tertiary amine products from these reactions were not detected by GC-FID.

L-alanine was found to be a less efficient amine donor for the VfTA variants, as the VfTA-3M/Q
enzyme catalyst gave a moderate yield of primary amine product (Table 1, entry 5), and only trace

primary amine product was observed from VfTA-3M, with recovered aldehyde starting material
(Table 1, entry 3).
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2.3.2 Investigation of Reaction Conditions for the Hydroformylation Reaction in a Sequential
Process.

To enable the enzymatic transamination step to be compatible with the hydroformylation step, we
explored hydroformylation reactions under aqueous conditions.?® The industrial hydroformylation
of propene can be conducted under aqueous conditions (the Ruhrchemie/Rhone-Poulenc oxo
process),*® but aqueous hydroformylation is difficult to adapt to medium or long-chain olefins
because of their insolubility in water.?” Various techniques have been explored to increase the
compatibility of heavier olefins with aqueous systems, including the use of cyclodextrins as phase-
transfer agents and the incorporation of co-solvents to increase the solubility of the substrate.**

A benchmark hydroformylation of heptene in toluene with BISBI ligand and [Rh(acac)(CO):] pre-
catalyst resulted in 99% yield of octanal (Table 2, entry 1). Our attempts to achieve the aqueous
hydroformylation of heptene with water-soluble ligands in combination with rhodium resulted in
poor yields, up to 7% (Table 2, entries 3-4). Biphasic systems with water gave yields up to 64%;
however, the use of 100 mM sodium phosphate/sodium chloride, pH 7.5 buffer solution prevented
the hydroformylation reaction from occurring (Table 2, entries 7-8). Thus, to conduct a sequential
hydroaminomethylation process, we conducted the hydroformylation reactions in organic solvent

with BISBI ligand in an autoclave before adding the crude mixture of the hydroformylation
reaction of heptene directly to the enzymatic transamination reaction in aqueous buffer. In this
two-step, one-pot process, VfTA-3M and VfTA-3M/Q formed the primary amine in 59% and 60%
yields, respectively, with no branched, secondary, or tertiary amine side products detected by GC-
FID analysis.

2.3.3 Scope of the Sequential Chemoenzymatic Hydroaminomethylation Reaction.

We then investigated the scope of olefins amenable to the chemoenzymatic sequential
hydroaminomethylation reaction (Table 3). For medium-chain to long-chain linear olefins, the
highest yield for the transamination of heptanal (2a), octanal (2¢), and nonanal (2d) was achieved
with VfTA-3M/Q, and the highest yield for the transamination of hexanal (2b) was achieved with
WT-VfTA. For long-chain olefins with pendant alcohols, the highest yields for the transamination
of 2e and 2f were achieved with WT-VfTA, and the highest yield for the transamination of 2g was
accomplished with VfTA-3M/Q.

The sequential reaction tolerates a variety of common functional groups. An olefin bearing a
primary bromide (2h) reacted to produce primary amine product in 74% yield with preservation
of the halogen. Olefins bearing pendent methyl (2i-k) and ethyl (21) esters reacted to produce
primary amine products without cyclization to form lactams and without hydrolysis of the esters.
The poorly soluble aldehyde formed from olefin 1m provided primary amine 2m in 30% yield.
Primary amine 2n formed in high yield with the 1,2-disubstituted olefin remaining intact and was

isolated in moderate yield from the enzymatic transamination at a 0.1 mmol scale. 1,1-
Disubstituted olefins reacted to deliver primary amines with a pendant cyclohexane (20),
piperidine (2p), and azetidine (2q) moiety. Allylbenzene reacted to form primary amine 2r in
greater than 95% yield. A tertiary amine (2s) was also well-tolerated. An olefin containing a
benzyl-protected alcohol (2t) reacted in the sequential process to form the primary amine in good
yield, as did an olefin containing a pyridyl group (2u). The hydroformylation of olefins containing

40



Chart 1. Scope of the chemoenzymatic hydroaminomethylation
reaction.”
BISBI  (S)-MBA (7.5 equiv)

R R

I I
RS+ CO + H, @ — AVTA) — = RN,

1a-u  (1:1, 50 bar) 2a-u
PhMe pH = 7.5 Buffer
80 °C, 24 h 30°C,24h
B \M/\

WNHZ HO\/e\)n\/\/\NH2 r B NH,

n=12a : 66%" n=2 2e: 64%"4 n=2 2h: 74%

n=2 2b : 45%° n=3 2f: 59%"¢

n=3 2c¢ : 60% n=4 2g: 89%“

n=4 2d : 23%

~

O)J\ean/\/\NHz /\O)J\Hn/\/\NHZ

n=2 2i: 65%° n=2 2l: 66%° 2m: 30%°

n=3 2j: 66%°

n=4 2k: 70%
@/\/\NHQ O\/\ BOC'\O\/\

NH, NH,
2n: 76%° (39%) 20: 43%°9 2p: 98%
BOCN\k/\ ©\/\/\ (\N/\/\NHZ
NH NH, o
29: 81% 2r: >95%° 2s: 38%9
N (0]
©\/ | h WNHZ
O~ Lo
2t: 64% 2u: 77%

“Yield determined using GC-FID analysis with dodecane as internal standard or 'H
qNMR spectroscopy with dibromomethane as a standard. Rection conditions (unless
otherwise specified): [Rh(acac)(CO).] (3 mol%), BISBI (5 mol%), PhMe (0.2 M),
CO:H2 (1:1, 50 bar); ‘reaction conducted with WT-VfTA; ‘transamination conducted
with 10% DMSO and 22.5 equiv (S)-MBA; “hydroformylation conducted in DMF.
‘reaction conducted with VfTA-3M. /isolated yield, 0.1 mmol scale. ¢hydroformylation
conducted with BiPhePhos as ligand in THF solvent BiPhePhos = 6,6’-[(3,3'-Di-tert-
butyl-5,5’-dimethoxy-[1,1’-biphenyl]-2,2’-diyl)bis(oxy)]bis(6H-
dibenzo[d,f][1,3,2]dioxaphosphepine).

functional groups at the allylic or homoallylic position was accomplished in tetrahydrofuran (THF)
solvent with BiPhePhos as the ligand, and the hydroformylations of substrates with poor solubility
in toluene were conducted in dimethylformamide (DMF) solvent, which was well-tolerated by

enzymatic reaction (See supporting information, Table S2).

2.3.4 Investigation of Conditions for a Tandem Chemoenzymatic Hydroaminomethylation

Incorporation of a biocatalytic cascade capable of recycling the amine donor for this process would
enable the direct transformation of olefin feedstocks to primary amines using ammonium salts,
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carbon monoxide, hydrogen, and glucose as a terminal reductant.*! We envisioned pairing the
transaminase enzyme with an alanine dehydrogenase enzyme to turn over the amine donor and a
glucose dehydrogenase enzyme to turn over the NADPH cofactor required by the alanine
dehydrogenase enzyme. With WT-VfTA, WT-BsAlaDH, BsGDH, 2.5 equivalents of pyruvate, and
glucose in an ammonium formate buffer, amine 2k is formed in 23% yield with this cascade
approach (Scheme 1). Without the recycling mechanism, 2k formed in 49% yield with 100
equivalents of L-alanine as the amine donor.

WT-VITA
0.5 mM PLP
MeOzC/\H?O pH 5307, MeOgC/\H?NH,_

from hydroformylation O

(in DMF)
OH OH

NH, ™0 (25eq)
WT-BsAlaDH
NH4CO,H 2M

2k: 23%

NADH/NADPH  NAD*/NADP*

o__0 Oo. .OH
HO 7 HO
WT-BsGDH
HOY "'OH HOY "'OH

OH OH
Scheme 1. Alanine recycling cascade for the transamination
of linear aldehydes.

We sought to convert the sequential hydroaminomethylation approach into a one-pot tandem
process. Groger and coworkers,?? recently reported the tandem one-pot hydroformylation and
reduction of olefins to alcohols. By applying the reported conditions for hydroformylation with
DPPon as a ligand for rhodium,** we were able to achieve 77% yield of octanal from heptene at
30 °C with 40 bar of syngas (Table 3, entry 1). When (§)-MBA was added to the hydroformylation
reaction, the yield of octanal decreased to 45% in comparison to the control reaction. However,
the addition of alanine, ammonium formate, or ammonium chloride did not significantly decrease
the yield of octanal in comparison to the control reaction (see supporting information, Table S5).
When the tandem hydroaminomethylation reaction was run with the addition of VfTA-3M/Q and
(S)-MBA as the amine donor, we achieved 20% of the desired linear primary amine from heptene;
however, the tandem reaction formed dioctylamine in 5% yield and trace amounts of (S)-N-(1-

phenylethyl)octan-1-amine. (Table 3, entry 2). To avoid formation of secondary amine side
products, we aimed to use alanine and an ammonium salt as our amine sources. Application of the
cofactor and amine donor recycling cascade composed of WT-BsGDH and WT-BsAlaDH in
combination with WT-VfTA, NH4CO:H, and alanine (Scheme 1) gave 2% yield of the desired
linear primary amine from heptene with no formation of dioctylamine (Table 3, entry 4). Use of
NH4Cl and alanine as the amine sources at pH = 6.5 resulted in a 23% yield of the linear primary
amine product from heptene with no branched amine products detected by GC-FID or by 'H NMR
spectroscopy (Table 3, entries 5-8). Lowering the concentration of heptene to 0.1 M while keeping
the concentrations of rhodium and enzyme catalysts consistent gave 29% yield of desired primary
amine product with no observed formation of dioctylamine (Table 3, entry 9). Therefore, we have
demonstrated that one can selectively form linear primary amines in moderate yield with a cascade
comprising metal-catalyzed hydroformylation and enzymatic transamination that operate

42



simultaneously. Future work will address improving yield while maintaining high selectivity in
this tandem process.

Table 3. Evaluation of Conditions for a Tandem Chemoenzymatic

Process.”
[Rh(CO),(acac)] (0.33 mol%)
DPPon (0.67 mol%) RTg J\;O
additive(s), enzyme(s R
\M“/\ Trit (1()JO (5yt°/§ ) A ®
riton- wt% . nOct
02M 100 mM ky(POy), buffer ~ R™ " "NH, R/\/\ﬂ
R = C5H11 30 OC, t C D
Entry Additive(s) Enzyme(s) pH t(h) Yield A+B/C/D (%)
1 - - 7.0 22 77/ -/ -
2 (S)-MBA VITA-3M/Q 7.0 22 3/20/5
3 (S)-MBA VITA-3M/Q 65 6 5/14/ 3
4 NH4CO,H, Ala  WT-VfTA, AlaDH, GDH 7.0 22 2/3/0
5 NH,CI, Ala WT-VfTA, AlaDH, GDH 7.0 22 3/21/0
6 NH,CI, Ala WT-VfTA, AlaDH, GDH 7.5 6 3/9/0
7 NH,CI, Ala WT-VFTA, AlaDH, GDH 6.5 6 5/23/0
8 NH,4CI, Ala WT-VFTA, AlaDH, GDH 5 5 6 6/13/ 0
gb NH4CI Ala WT-VFTA, AlaDH, GDH 6 /29/ 0

DPPon Triton-100

“Ala = 0.93 M alanine, 375 mM glucose, 0.2 mM NADPH/NADH; (S)-MBA = 0.41
M; NH4CO>H = 1 M; NH4Cl = 200 mM; B1 = 100 mM potassium phosphate buffer
pH 7.5, 100 mM sodium chloride, 10% glycerol; B2 = 50 mM tris HCI pH 7.5, 50 mM
sodium chloride, 10% glycerol; B3 = 100 mM sodium phosphate pH 7.5, 100 mM
sodium chloride, 0.5 mM PLP, 10% glycerol; 156 mM GDH = 100 uL of purified
BsGDH in B1; 58 mM AlaDH = 200 mL of WT-BsAlaDH in B2; 65 mM VfTA-3M/Q
and WT-VfTA = 700 uL in B3. °0.1 M heptene, 0.66 mol% [Rh], 1.4 mol% DPPon

2.4 Summary

In summary, we have developed a method for the highly linear- and primary-selective synthesis of
amines by sequential transition-metal catalyzed hydroformylation and enzyme-catalyzed
transamination reactions. The sequential method avoids the formation of secondary and tertiary
amines, as well as branched alkylamines. We further demonstrated the broad substrate scope of
this method and the feasibility of coupling this transformation with a biocatalytic cascade to enable
the use of feedstock chemicals for the hydroaminomethylation of simple olefins. We additionally
report progress on the development of a tandem process wherein metal-catalyzed
hydroformylation and enzymatic transamination occur simultaneously. We report the development
of conditions to avoid the formation of over-alkylated and branched products. These results show
how a chemoenzymatic approach can lead to selective formation of a desired product, and we
anticipate related approaches will enable additional classes of chemical transformations to occur
with high selectivities.
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2.6 Experimental Information
2.6.1 General Information

All reactions were conducted under inert atmosphere in a nitrogen-filled glovebox or with standard
Schlenk techniques, unless otherwise specified. All reagents and solvents were purchased from
commercial sources and used as received, unless otherwise noted. All glassware was flame-dried
or dried overnight at 120 °C, allowed to cool under vacuum, and stored in a N2>-atomsphere drybox
until use unless otherwise noted. Tetrahydrofuran, toluene, and diethyl ether were purified by
passing the degassed solvents (N2) through a column of activated alumina (solvent purification
system purchased from Innovative Technologies, Newburyport, MA). All other solvents were
stored over 4 A molecular sieves for at least 24 h prior to use. Compounds 1a-s, 2a-g, 2i-m, and
20-t are commercially available. All reagents purchased from commercial suppliers were used as
received. Deuterated solvents were purchased from Cambridge Isotope Laboratories and used as
received.

Oligonucleotides were obtained from Integrated DNA Technologies. Enzymes and reagents used
for cloning were obtained from New England BiolLabs and Thermo Fisher Scientific. All
expression media and buffers were prepared with ddH,O (MilliQ A10 Advantage purification
system, Millipore). All expression media were sterilized by either an autoclave (30 min, 121 °C)
or a sterile syringe filter (0.22 um). To maintain sterile conditions, sterile materials and E. coli cells
were manipulated near a lit Bunsen burner. Cells were pelleted with centrifugation and lysed with
a Qsonica Q125 equipped with a quarter-inch probe at 62% amplitude.

'H, 13C, and '°F NMR spectra were recorded on Bruker AV-300, AVB-400, AV-500, AV-600, NEO-
500, NEO-501, and AV-700 spectrometers at the University of California, Berkeley NMR facility.
Chemical shifts are reported relative to residual solvent peaks (CDCl; = 7.26 ppm for 'H NMR
spectra and 77.16 ppm for '*C NMR spectra, DMSO-d6 = 2.50 ppm for 'H NMR spectra and 39.52
ppm for 3C NMR spectra). For '°F NMR spectra, chemical shifts are reported relative to the § —
113.15 resonance of PhF used as an external reference or the 6 —63.72 resonance of PhCF3. The
following abbreviations are used in reporting NMR data: s, singlet; d, doublet; t, triplet; q, quartet;
p, pentet; hept, heptet; m, multiplet.

Gas Chromatography (GC) was performed on an HP 6890 GC system with an Agilent HP-5
column (25 m x 0.200 mm, 0.33 um) for aldehyde quantification. Analysis of amine products was
performed on an HP 6890 GC system with an Agilent CP-Sil 8 CB column for amines (30 m x
0.32 mm x 1.00 pum).

Powder X-ray diffraction data were collected at the Small Molecule X-Ray Crystallography
Facility (CheXray) at the University of California, Berkeley. High-resolution mass spectra were
recorded on a Perkin Elmer AXION 2 TOF mass spectrometer in ESI mode operated by the LBNL
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Catalysis Laboratory at the University of California, Berkeley or were obtained from the QB3
Mass Spectrometry Facility at UC Berkeley. Analytical thin layer chromatography (TLC) was
performed on Kieselgel 60 F254 glass plates precoated with a 0.25 mm thickness of silica gel. The
TLC plates were visualized with UV light and by staining with KMnQOs. Preparatory TLC was
performed on AnalTech preparatory TLC plates with a 1000 pm-thick silica coating and visualized
by UV. Column chromatography was generally performed on a Teledyne Isco Combiflash® Rf
system with RediSep GoldTM columns.

2.6.2 General Procedure for The Sequential Chemoenzymatic Hydroaminomethylation
Reaction

Scheme S1. General procedure for the chemoenzymatic hydroaminomethylation reaction.

[Rh(acac)(CO),]
BISBI or BiPhePhos Enzyme
Il? CO:H5 (1:1, 50 bar) B (S)-MBA 3
R/\ solvent RMO R/\/\NH2
90 °C,20h

In a nitrogen-filled glovebox, [Rh(acac)(CO)] (5.81 mg, 22.5 umol) and BISBI (20.7 mg, 37.5
pumol) or BiPhePhos (29.5 mg, 37.5 pmol) were added to a 4 mL vial and dissolved in 1.50 mL of
the desired solvent (toluene or DMF, see Table S1). The resulting solution was stirred for 5 minutes
at 25 °C, after which time the olefin (0.750 mmol) was added. The vials were capped with a septum
cap through which a needle had been placed, sealed into a Parr bomb, and the apparatus was
removed from the glovebox. The Parr bomb was purged with 1:1 CO:Hz (2 x 40 bar), then
pressurized to 50 bar with 1:1 CO:H». The Parr bomb was placed into a heating block at 90 °C and
the reaction solutions were stirred at 1000 rpm for 20 hours. The Parr bomb was then cooled to
room temperature, and the gas was vented.

The hydroformylation solution was diluted to 0.375 M in the reaction solvent and stored at -20 °C
as a stock solution. The enzymatic reaction was performed in a 4 mL vial with a Teflon cap and a
flea stir bar. The reaction vial was loaded with 1.75 mL of buffer A (100 mM sodium phosphate
pH 7.5, 100 mM sodium chloride buffer, and 0.5 mM pyridoxal phosphate (PLP)) and 7.5
equivalents (0.0750 mmol) of (S)-methylbenzyl amine (pH adjusted to 7.5 with 6 M HCI). 100 uL.
of ethanol was added and the reaction solution was swirled. Then, 150 uL of the transaminase at
15 mg/mL in buffer A with 10% glycerol was added to the vial. The reaction mixture was gently
swirled prior to addition of the 26.7 puL of the crude hydroformylation reaction solution containing
the aldehyde (0.0100 mmol). The reaction mixture stirred at 30 °C at 140-150 rpm for 22 h. Upon
completion, 50-100 pL of 6 M NaOH was added to the reaction solution, followed by 1-1.5 mL of
extraction solvent and internal standard (either dodecane for GC analysis or dibromomethane for
NMR analysis) and the solution was vortexed until thoroughly mixed. The mixture was then
centrifuged to separate the organic and aqueous layers and analyzed by gas chromatography or
quantitative 'H NMR to determine yield of product.
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Table S1. List of olefins, solvents, and ligands for the hydroformylation reactions.

Entry Olefin n= Ligand Solvent | Entry Olefin n= Ligand Solvent
_ o)
1 YO 1 BISBI  Toluene 11 g J\H/\ 4 BISBI DMF
o
n
o)
P
2 \W 2 BISBI  Toluene 12 /\OJ\(\’)“/\ 2 BISBI DMF
=
3 \Mn/\/ 3 BISBI Toluene 13 O/\ - BISBI Toluene
Z AN
4 \Mn/\/ 4 BISBI Toluene 14 O/\ - BISBI Toluene
=
5 HO™ Y 2 BISBI DMF 15 (Y - BISBI Toluene
6 HO Y 3 BISBI DMF 16 B“& . BISBI DMF
7 Ho/\W 4  BISBI DMF 17 @\/\ - BISBI Toluene
A
K\N/\/
8 = 3 BISBI Toluene 18 - BiPhePhos THF
B X o/
i 98 |
9 2 BISBI DMF 19 o - BISBI Toluene
\OJ\H:\ \(\/)3/\
o) N__O
10 - )J\H/\ 3 BISBI DMF 20 | M - BISBI  Toluene
(0] n\ _—
21 - BISBI DMF
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2.6.3 Investigation of Hydroformylation Conditions with Complexes of Rhodium

Scheme S2: hydroformylation reaction

[Rh(acac)(CO),]

BISBI

CO:H,, toluene

In a nitrogen-filled glovebox, olefin (0.750 mmol, 1.00 equiv.) was added to a dry 4 mL vial
containing a stir bar, a pre-stirred solution of [Rh(acac)(CO)>] (5.81 mg, 0.0300 equiv., 22.5 pmol)
and either BISBI (20.7 mg, 37.5 pmol) or BiPhePhos (29.5 mg, 37.5 umol) dissolved in 1.50 mL
of the desired degassed solvent or degassed solvent mixture. The vials were capped with a septum
cap, through which a needle had been placed, sealed into a Parr bomb, and the apparatus was
removed from the glovebox. The Parr bomb was then purged with CO:H» (1:1, 2x 40 bar), then
pressurized to 50 bar. The Parr bomb was placed into a heating block pre-heated to the desired
temperature (90 — 120 °C), and the reactions were stirred at 1000 rpm for 20 hours. The Parr bomb
was then cooled to room temperature, and the syngas was vented. The vials were then removed,
and an aliquot was subjected to GC-FID analysis with dodecane as internal standard (see Table 1)

2.6.4 General Methods for Protein Expression, Purification, and Characterization

Media Preparation: Autoinduction media* was prepared according to published procedures and
2 mL of the relevant 1000X antibiotics was added (0.05 mg/L of kanamycin and 0.1 mg/L of
ampicillin).

Protein Expression: Rosetta2 competent E. coli cells (QB3 Macrolab, UC Berkeley) were thawed
on ice for 15 minutes. Then, 40 pL of Rosetta2 cells were transferred to sterile 14 mL Falcon tubes
and transformed with the specified plasmid. Single colonies were picked to inoculate cultures (5-
25 mL, LB media), which were grown for 18 hours at 37 °C while shaking at 275 rpm. Each
overnight culture was used to inoculate 1-2 L of autoinduction media, which was further grown
for 24 h at 37 °C, while shaking at 200-250 rpm. Cells were harvested by centrifugation (5000
rpm, 10 min, 4 °C), and the pellets were resuspended in 20 mL lysis buffer (50 mM NaxHy(PO4).
250 mM NaCl, 10 mM imidazole, pH 8.0).

Protein Purification: Cell suspensions were thawed in a water bath at 25 °C, decanted to 50 mL
glass beakers, and lysed on ice by sonication (10 x 12 s on, 10 x 12 s off, 62% amplitude with a
quarter-inch probe). Crude lysates were transferred to sterile 50 mL Falcon tubes, and cell debris
was removed by centrifugation (10,000 rpm, 45 min, 4 °C). The crude lysate was poured over Ni-
NTA resin. The resin was washed with lysis buffer (15 mL), and protein was eluted with 15 mL
elution buffer (50 mM sodium phosphate, 250 mM NaCl, 250 mM imidazole, pH 8.0). The protein
was concentrated to 2.5 mL with an Amicon Ultra 15 spin concentrator (30,000 Da cut off) and
desalted into the specified storage buffer with Sephadex G-25 desalting columns.

Protein Storage: proteins were flash frozen in liquid nitrogen and stored at -80 °C for up to 2
months.

Protein Characterization Gel Electrophoresis: Protein purity was analyzed by sodium dodecyl
sulfate-polyacrylamide (SDS-PAGE) gel electrophoresis with precast gels (polyacrylamide, 10-
20% linear gradient, Biorad).
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Figure S1. Representative SDS-Page gel for protein purification of WT-CvTA and WT-VfTA
UV-Vis Spectroscopy: Protein concentration was determined by a NanoDrop 2000 UV-Vis
Spectrophotometer (Thermo Scientific).

Protein Storage Buffers:
CvTA, VfTA, VfTA 3M, and VfTA 3M/Q: 100 mM sodium phosphate pH 7.5, 100 mM sodium

chloride, 10% glycerol, 0.5 mM PLP.
BsGDH: 100 mM potassium phosphate, 100 mM sodium phosphate, pH 7.5, 10% glycerol

BsAlaDH: 50 mM trisHCI, 50 mM NaCl, pH 7.5, 10% glycerol

2.6.5 Investigation of Enzymatic Conditions for Transamination
To investigate reaction conditions, the enzymatic reaction was performed in a 4 mL vial with a
Teflon cap and a flea stir bar. 1.75-1.85 mL of buffer A and the specified amine donor (0.0750-
0.225 mmol, 7.50-22.5 equiv.) was added. The pH was adjusted with 6 M HClq,) to pH 7.5 if
necessary. Cosolvent 1 (0-100 pL) was added to bring the total volume of the reaction solution to
1.85 mL. 150 pL of the purified transaminase at 15 mg/mL in 100 mM sodium phosphate, 100
mM sodium chloride, 0.5 mM PLP buffer (pH 7.5) 10% glycerol was added to the reaction; the
reaction mixture was gently swirled prior to addition of the second cosolvent. 26.7 uL of cosolvent
2 was added followed by the addition of octanal (1.56 pL, 1.00 equiv., 0.0100 mmol) directly to
the reaction solution. The reaction mixture was stirred at 30 °C and 140-150 rpm for 22 h prior to
workup. When the reaction was complete, 100 pL of 6 M NaOH was added, followed by 1-1.5 mL
of ethyl acetate and internal standard, dodecane, for gas chromatography, and the reaction mixture
was vortexed until thoroughly mixed. The mixture was then centrifuged to separate the organic
and aqueous layers, and the organic phase was analyzed by gas chromatography to determine yield

of product.
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Table S2. Evaluation of buffer, amine donor, and cosolvent for identification of optimal conditions

for the transamination of octanal.

Entry | enzyme reaction buffer amine donor | cosolvent1 | cosolvent2 | GC-FID
(equiv.) (100 puL) (26.7 uL) yield (%)
1 WT- 100 mM NaxHy(POy), (S)-MBA N/A N/A 70
VfTA , 100 mM NacCl, pH (7.5)
7.5
2 WT- 100 mM NaHy(PO4), (S)-MBA N/A N/A 74
OVTA , 100 mM NaCl, pH (7.5)
7.5
3 WT- 100 mM NaxH(POy), (S)-MBA EtOH toluene 38
VfTA , 100 mM NacCl, pH (7.5)
7.5
4 WT- 100 mM NaHy(PO4), (S)-MBA EtOH toluene 70
OvTA , 100 mM NacCl, pH (7.5)
7.5
5 WT- 100 mM NaHy(PO4), (S)-MBA EtOH toluene 22
VfTA , 100 mM NacCl, pH (22.5)
7.5
6 WT- 100 mM NaHy(PO4), (S)-MBA EtOH toluene 30
CvTA , 100 mM NaCl, pH (22.5)
7.5
7 WT- 100 mM NaxHy(POy), (S)-MBA EtOH N/A 82
VfTA , 100 mM NacCl, pH (7.5)
7.5
8 WT- 100 mM NaxHy(PO4), (S)-MBA EtOH N/A 78
CvTA , 100 mM NaCl, pH (7.5)
7.5
9 WT- 100 mM NaHy(PO4), (S)-MBA N/A toluene 44
VfTA , 100 mM NacCl, pH (7.5)
7.5
10 WT- 100 mM NaHy(PO4), (S)-MBA N/A toluene 63
OvTA , 100 mM NacCl, pH (7.5)
7.5
11 WT- 100 mM NaxHy(PO4), (S)-MBA N/A THF 66
VfTA , 100 mM NacCl, pH (7.5)
7.5
12 WT- 100 mM NaxHy(PO4), (S)-MBA N/A THF 67
CvTA , 100 mM NaCl, pH (7.5)
7.5
13 WT- 100 mM NaxHy(PO4), (S)-MBA N/A DMF 85
VITA , 100 mM NacCl, pH (7.5)
7.5
14 WT- 100 mM NaxHy(PO4), (S)-MBA N/A DMF 79
OVTA , 100 mM NacCl, pH (7.5)
7.5
15 WT- 100 mM NaHy(PO4), IPA (7.5) N/A N/A 46
VfTA , 100 mM NacCl, pH
7.5
16 WT- 100 mM NaHy(PO4), IPA (7.5) N/A N/A 68
OVTA , 100 mM NacCl, pH
7.5

MBA = methylbenzylamine; IPA = isopropylamine
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2.6.6 General Procedure for the Biocatalytic Cascade Reaction

The enzymatic reaction was run in a 4 mL vial with a Teflon cap and a flea stir bar. To the reaction
vessel was added 1.60 mL of buffer (0.5 mM PLP, 0.2 mM NADPH, 0.2 mM NADH, 1 M
ammonium formate, pH 8.0) followed by 25.0-50.0 uL of solution of 1M glucose and 1M pyruvate.
To the reaction mixture was added 150 pL of 15 mg/mL [J-transaminase in buffer A with 10%
glycerol followed by 50 L BsGDH (28 mg/mL) in 100 mM potassium phosphate, 100 mM sodium
phosphate, pH 7.5, 10% glycerol and 200 pL of BsAlaDH (7.4 mg/mL) in 50 mM Tris-HCI] pH
7.5, 50 mM NaCl, 10% glycerol. The reaction mixture was gently swirled prior to addition of 26.7
uL of the crude hydroformylation reaction solution containing the aldehyde substrate directly to
the reaction solution (0.0100 mmol, 1.00 equiv.). The reaction mixture was stirred at 30 °C and
140-150 rpm for 22 h prior to workup. When the reaction was complete, the pH was adjusted to
12-14 with 6 M NaOH, followed by 1.5 mL of CDCl; and 50.0 pL of dibromomethane as an
internal standard for NMR, and the reaction mixture was vortexed until thoroughly mixed. The
mixture was then centrifuged to separate the organic and aqueous layers, and the organic phase
was analyzed by NMR to determine yield of product.

Table S3. Evaluation equivalence of glucose and pyruvate for optimal conditions for the
transamination of octanal with a biocatalytic cascade.

entry | w-TA | equiv. pyruvate and glucose | % yield of amine
1 CvTA 2.5 19
2 VITA 2.5 23
3 OVTA 5 18
4 VITA 5 7
5 -- 5 --

2.6.7 Evaluation of Micro-Aqueous Conditions for Transamination

Expression and Lyophilization: 8 mL starting cultures of VfTA, VfTA 3M, and CvTA were grown
for 16 hat 37 °C. 5 mL of the overnight cultures were used to inoculate 30 mL expression cultures
in LB media. The cells were shaken at 250 rpm at 30 °C until they reached an OD of 1.1. The cells
were induced with 35 pL of 1 M IPTG and shaken for 22 hours at 30 °C. SDS-Page gel
electrophoresis confirmed the presence of overexpressed protein with a darkened band at 50 kD.
The cell cultures were spun down and resuspended in 2 mL of MilliQ water and split into two
portions of 1 mL. The 1 mL portions of cells were flash frozen in liquid nitrogen and lyophilized
overnight. Lyophilized cell pellets were stored at -80 °C.

Investigation of Micro aqueous Reaction Conditions: lyophilized cell pellets were weighed (45
mg) into a 4 mL glass vial. 6.00 uL of 1 M sodium phosphate, 1 M sodium chloride, 10 mM PLP,
pH 7 was added to rehydrate the lyophilized cells. To the rehydrated cells was added 0.600 mL of
organic solvent followed by 9.70 uL of methyl benzylamine (7.50 equiv., 0.0750 mmol), 1.56 pL
of octanal (1.00 equiv., 0.0100 mmol), and a small stir bar. The reactions were stirred rapidly at 30
°C overnight. Upon completion of the reaction, 40.0 pL of 0.5 M dodecane in ethyl acetate was
added to the reaction vessel, and the reaction mixture was centrifuged to pellet the cell mass. The
organic extract was analyzed by gas chromatography to determine the conversion of the octanal to
octylamine product.
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Table S4. Evaluation of micro aqueous conditions with a variety of organic solvents

Entry Enzyme Organic Solvent % yield of octylamine
1 CvTA CPME <1%
2 VfTA CPME <1%
3 VfTA 3M CPME <1%
4 CvTA THF <1%
5 VfTA THF <1%
6 VfTA 3M THF <1%
7 OVvTA toluene? <1%
8 VITA toluene? <1%
9 VITA 3M toluene? <1%

dreaction temperature was 25 °C and reaction mixture shaken at 250 rpm with no added stir bar

2.6.8 General Procedure for The Tandem Chemoenzymatic Hydroaminomethylation Reaction

Scheme S3. General procedure for the tandem chemoenzymatic hydroaminomethylation reaction.

[Rh(CO),(acac)] (0.33 mol%)

DPPon (0.67 mol%)
additive(s), enzyme(s) RMO RJ\QO
CO:H, (1:1, 20 bar
MO Trit ;(100 5 t°/)) T 5 °
riton X- Wt ~nOct
0.2M 100 MM ky(PO,), buffer ~ R™ " ~NH, R/\/\”
R = CsHyq 30 °C, t c D

In a nitrogen-filled glovebox, [Rh(acac)(CO)] (1.41 mg, 5.46 pumol) and DPPon (7.50 mg, 26.9
umol) were added to a 15 mL test tube, followed by the addition of Triton X-100 (24.0 mg, 5 wt%)
to the bottom of the test tube. A stir bar was added, and to the solid was added degassed buffer and
enzyme(s) to reach a final volume of 4 mL (see Table S5 for detailed amounts). The resulting
suspension was stirred slowly for 2 — 5 minutes. Then, heptene (110 mL, 0.780 mmol, 1.00 equiv)
was added. The test tubes were sealed into a Parr bomb, and the apparatus was removed from the
glovebox. The Parr bomb was purged with 1:1 CO:H» (2 x 20 bar), then pressurized to 20 bar with
1:1 CO:Hz. The Parr bomb was placed into a heating block at 30 °C and the reaction solutions
were stirred at 800 rpm for 6-22 hours. The Parr bomb was then cooled to room temperature, and
the gas was vented. 600 pL of 6 M NaOH was then added to the reaction solution, followed by 8
mL of ethyl acetate solvent and internal standard (both dodecane for GC analysis and
trimethoxybenzene for NMR analysis) and the solution was vortexed until thoroughly mixed. The
mixture was then centrifuged to separate the organic and aqueous layers and analyzed by gas
chromatography or quantitative "H NMR to determine yield of product.
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Table SS. Evaluation of tandem hydroaminomethylation conditions.?

Entry | Enzymes Additive/change amine donor pH GC-FID % GC- NMR %
from standard ™M) yield FID % | yield 2°
condition aldehyde (I | yield 1° amine
and b) amine
1 -- PTS surfactant, 1 bar Excess (S5)- 7.0 1 -- --
CO:H, (1:1),25 °C MBA
2 -- -- (S)-MBA 7.5 45 -- --
(0.41 M)
3 -- 0.2 mM NH;CHOO 7.0 98 -- --
NADH/NADPH, 100 (1M),0.70 M
uL B1, 200 uL B2, 700 alanine
ul B3
4 -- 0.2 mM NH,4CI (200 7.0 60 -- --
NADH/NADPH, 100 mM), 0.70 M
uL B1, 200 uL B2, 700 alanine
ul B3
5 VITA-WT, 0.2 mM -- 6.5 30 -- --
GDH, NADH/NADPH,
AlaDH
6 VITA-WT, 0.2 mM -- 6.5 quant -- --
GDH, NADH/NADPH
AlaDH 0.78 mmol octanal

“B1 = 100 mM potassium phosphate buffer pH 7.5, 100 mM sodium chloride, 10% glycerol; B2 = 50 mM tris HCI
pH 7.5, 50 mM sodium chloride, 10% glycerol; B3 = 100 mM sodium phosphate pH 7.5, 100 mM sodium chloride,
0.5 mM PLP, 10% glycerol. Reaction temperature 30 °C, 800 RPM. PTS = polyoxyethanyl-a-tocopheryl sebacate

2.6.9 Investigation of Mass Balance for Tandem Hydroaminomethylation

4223
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Figure S2. Crude GC-FID chromatogram of Table 3 Entry 9 tandem hydroaminomethylation.
[octylamine: rt 4.223 min, octanal: rt 3.976 min, dodecane (standard): rt 5.610 min,
trimethoxybenzene (standard): rt 9.227 min]
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Table S6. Retention times of authentic standards evaluated for mass balance investigation

Entry Authentic Retention time (min) Detected by GC-FID
standard in Table 3, Entry 9
crude reaction
mixture
1 Dioctylamine 11.149 No
2 Octanol 4.385 No
3 Octanoic acid 3.962 no
4 Heptene 1.327 (elutes with solvent peak) Yes
5 Heptane 1.614 No

2.6.10 Molecular Docking with w-TA from Vibrio fluvialis

The o-transaminase structure from Vibrio fluvialis (PDB: 4E3Q)* was used as the starting
structure. Chains A and B were chosen for the docking simulation from the crystal structure
tetramer. With Maestro release 2024-1, the protein structure was prepared by adding hydrogens,
setting the protein preparation simulation pH at 7.4, converging heavy atoms to RMSD by 0.30,
and optimizing protein hydrogen-bonding interactions with the OPLS4** force field. The receptor
grid was generated with a box length of 30 A centered on the PMP molecule. The structure of PMP
and the aldimine generated from PMP (PMP-octanal) were prepared with the 3D Builder within
Maestro and optimized with the OPLS4 force field with Minimization in MacroModel.* LigPrep
generated structures in the correct protonation state for PMP and PMP-octanal®®. Substrates were
docked to the active site of VfTA WT with Glide*, with flexible ligand docking, XP (extra

precision)*’ level performance, and the OPLS4 force field.
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Figure S3. The results from docking PMP and the three conformers of PMP-octanal into VfTA
were overlayed with crystal structure of VfTA (PDB: 4E3Q). A.) Docked PMP molecule (plum)
has little deviation from the positioning of the PMP in the crystal structure (dim gray) within the
active site of the VfTA protein (light gray). Light gray (4E3Q V/TA protein), dim gray (PMP
from 4E3Q), plum (docked PMP). B.) PMP-octanal 1 (orange) overlayed with crystal structure.
C.) PMP-octanal 2 (cornflower blue) overlayed with crystal structure. D.) PMP-octanal 3 (light
green) overlayed with crystal structure.

The docking scores from the three best ligand conformations for PMP-octanal are shown below
in comparison to the docking score for the native ligand PMP. The PMP-octanal conformation
with the best docking score (PMP-octanal 1) was overlayed with the 4E3Q protein to determine
residues that were near the hydrophobic octanal fragment.

57



Table S7. Docking scores for PMP and PMP-octanal conformers

Entry | Name | Docking Score
1 PMP -9.635
PMP-octanal 1 -6.621

2
3 PMP-octanal 2 -5.910
4 PMP-octanal 3 -5.625

2.6.11 Enzyme Mutagenesis

The plasmids for WT-VfTA, WT-CvTA, and VfTA variants used in this study were purchased from
Twist Biosciences with codon optimization for E. coli. Protein genes were cloned into pET-28a+
vectors using Ndel/Xhol restriction sites.

Sequence of w-TA from Vibrio fluvialis (WT-VfTA) (Uniprot ID: F2XBU9)

ATGAACAAACCTCAGTCGTGGGAGGCTCGCGCTGAGACTTATTCCTTGTACGGTTTCA
CTGATATGCCTAGTTTACACCAACGTGGCACCGTAGTGGTGACTCATGGAGAAGGCCC
GTATATTGTAGATGTGAATGGTCGCCGTTATTTAGACGCTAATTCTGGCTTGTGGAATAT
GGTTGCAGGCTTCGACCATAAGGGACTGATTGATGCCGCAAAAGCCCAGTACGAGCG
CTTCCCGGGATACCACGCATTTTTCGGTCGCATGTCAGACCAAACCGTCATGCTTTCC
GAAAAGCTGGTAGAAGTTAGCCCGTTTGACAGTGGTCGCGTGTTTTATACCAATTCCG
GTTCGGAAGCAAACGATACGATGGTTAAGATGTTGTGGTTTTTGCATGCTGCCGAAGG
AAAACCACAGAAACGCAAGATTCTGACGCGCTGGAATGCTTACCACGGGGTAACCG
CAGTCAGTGCAAGTATGACTGGCAAACCCTACAATTCTGTCTTCGGTTTGCCACTTCC
GGGTTTCGTGCATTTAACCTGCCCCCACTACTGGCGTTATGGAGAGGAGGGGGAGAC
CGAGGAGCAGTTCGTGGCCCGTTTGGCTCGTGAGTTAGAGGAGACTATCCAACGTGA
AGGCGCAGATACAATTGCAGGGTTCTTTGCTGAGCCTGTTATGGGAGCTGGTGGCGT
GATCCCGCCCGCCAAAGGGTATTTTCAGGCTATCCTTCCCATCTTGCGTAAGTACGATA
TCCCGGTTATTTCAGACGAGGTCATTTGTGGCTTCGGCCGTACTGGGAACACGTGGG
GGTGTGTGACGTACGACTTTACCCCCGATGCTATTATCTCATCAAAAAACTTGACAGC
CGGATTTTTTCCGATGGGGGCGGTCATTTTAGGCCCTGAATTATCCAAACGTTTGGAA
ACGGCGATCGAAGCCATTGAAGAATTCCCCCATGGTTTTACGGCGTCAGGTCACCCC
GTCGGGTGTGCTATCGCACTGAAAGCTATCGATGTGGTCATGAACGAAGGTCTTGCCG
AGAATGTTCGTCGCTTGGCTCCCCGTTTTGAAGAGCGTTTAAAGCACATCGCCGAAC
GTCCAAACATCGGTGAGTATCGTGGGATTGGCTTTATGTGGGCTTTGGAAGCCGTTAA
GGATAAAGCATCGAAAACTCCATTCGACGGGAACTTGTCCGTGAGCGAGCGTATCGC
TAATACCTGCACAGACCTTGGCTTGATTTGTCGTCCATTGGGTCAATCGGTAGTACTTT
GTCCACCGTTTATCCTGACTGAGGCGCAAATGGATGAGATGTTTGATAAACTTGAAAA
GGCCCTGGATAAAGTTTTCGCCTAA

Sequence of w-TA from Chromobacterium violaceum (WT-CvTA) (UniProt ID: Q7NWG4)

ATGCAAAAACAACGCACTACTTCGCAATGGCGTGAGCTTGACGCCGCGCACCATCTG
CACCCATTCACCGACACGGCATCGTTGAACCAGGCCGGAGCGCGTGTTATGACGCGC
GGGGAAGGGGTTTACCTGTGGGACTCTGAGGGAAATAAAATCATCGATGGGATGGCA
GGTTTGTGGTGCGTAAATGTTGGATACGGACGCAAAGATTTCGCCGAAGCTGCTCGC
CGTCAGATGGAGGAGCTTCCGTTCTATAATACATTCTTCAAAACTACACACCCTGCGG
TAGTCGAATTAAGTTCGTTGTTAGCCGAGGTAACGCCCGCCGGATTTGATCGCGTATT
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CTATACAAACTCAGGGAGCGAGTCGGTAGATACAATGATCCGTATGGTCCGCCGTTAC
TGGGATGTCCAAGGCAAACCTGAGAAAAAAACGTTAATCGGGCGTTGGAACGGTTAT
CACGGTAGTACGATTGGGGGAGCGTCACTGGGTGGCATGAAGTATATGCATGAGCAG
GGCGATTTACCGATTCCTGGAATGGCGCACATTGAACAACCTTGGTGGTATAAGCACG
GCAAGGATATGACCCCCGATGAATTCGGGGTAGTTGCCGCACGCTGGCTGGAAGAAA
AAATTCTTGAGATCGGCGCCGACAAGGTCGCGGCCTTCGTCGGAGAGCCTATCCAAG
GTGCCGGCGGCGTCATTGTTCCTCCAGCTACATACTGGCCGGAAATTGAGCGCATCTG
TCGCAAGTATGATGTTTTGTTGGTGGCTGACGAGGTCATCTGCGGATTCGGTCGTACC
GGAGAATGGTTCGGGCACCAACACTTTGGTTTTCAACCAGACTTGTTCACAGCCGCA
AAGGGGTTGTCGAGTGGGTATCTGCCGATTGGAGCCGTGTTCGTAGGCAAGCGCGTA
GCCGAGGGACTGATTGCAGGAGGGGACTTTAACCACGGGTTTACTTACTCAGGCCAC
CCGGTATGTGCTGCTGTCGCACATGCGAACGTCGCCGCGCTGCGTGATGAAGGTATCG
TTCAACGTGTGAAAGACGACATCGGACCCTACATGCAAAAGCGTTGGCGCGAGACAT
TCTCACGTTTCGAGCACGTTGACGATGTTCGCGGTGTTGGAATGGTACAGGCGTTCAC
GCTTGTAAAGAATAAAGCCAAACGCGAATTATTCCCAGATTTTGGAGAAATCGGCAC
GCTGTGCCGCGACATTTTCTTTCGCAACAACCTGATTATGCGCGCCTGTGGGGACCAC
ATCGTGTCTGCGCCGCCATTGGTTATGACCCGTGCGGAAGTTGACGAGATGTTGGCGG
TCGCGGAGCGCTGTCTTGAAGAATTTGAACAAACGCTTAAGGCTCGTGGCTTAGCTT
AG

Sequence of w-TA VfTA-3M (W57F, R415L, L417V)

ATGAATAAACCACAGTCCTGGGAAGCTCGGGCGGAAACGTACTCACTGTACGGCTTT
ACGGACATGCCATCCCTCCATCAGCGGGGCACCGTTGTCGTAACCCACGGTGAGGGC
CCATACATTGTCGATGTTAATGGACGGAGATATTTAGACGCGAACTCAGGTTTATTTAA
TATGGTCGCGGGGTTCGATCATAAGGGCTTAATTGACGCGGCCAAAGCTCAGTATGAA
CGTTTTCCGGGTTATCACGCGTTCTTCGGGAGAATGAGCGATCAAACGGTTATGCTTT
CTGAAAAACTTGTTGAAGTGTCACCCTTTGATAGCGGCCGCGTGTTTTACACCAATAG
TGGTTCAGAGGCAAATGATACGATGGTTAAAATGCTTTGGTTTCTGCACGCAGCCGAA
GGGAAACCACAGAAACGTAAAATCCTGACTCGTTGGAATGCATATCATGGGGTCACT
GCCGTATCGGCGTCTATGACTGGAAAACCATATAATTCAGTGTTTGGTCTGCCTCTGCC
AGGTTTTGTACACCTTACTTGTCCACATTACTGGCGCTATGGTGAAGAAGGCGAAACT
GAAGAGCAGTTTGTTGCCCGTCTGGCTCGTGAACTCGAAGAAACTATTCAACGCGAA
GGAGCAGACACTATAGCCGGTTTTTTCGCAGAACCGGTTATGGGTGCTGGAGGCGTT
ATTCCACCAGCGAAAGGATATTTTCAGGCAATCTTACCTATTTTACGCAAATATGATATT
CCTGTTATCTCTGATGAAGTCATCTGCGGGTTCGGGCGAACCGGAAACACTTGGGGTT
GCGTAACGTACGACTTTACGCCTGATGCCATCATCTCGAGCAAAAACTTGACCGCTGG
GTTTTTTCCGATGGGAGCTGTGATTTTAGGGCCAGAGCTGTCGAAGCGCCTGGAGAC
AGCGATTGAAGCAATCGAAGAGTTTCCGCATGGCTTTACCGCATCTGGCCATCCTGTT
GGCTGTGCTATTGCTCTGAAGGCGATTGATGTGGTGATGAACGAAGGGCTCGCAGAG
AACGTCCGTCGCCTGGCCCCGCGTTTCGAAGAAAGACTGAAACATATAGCAGAGCGC
CCAAATATAGGTGAATATCGTGGCATTGGATTTATGTGGGCCTTAGAAGCCGTCAAGG
ATAAAGCGTCAAAAACCCCGTTTGATGGCAATCTGAGCGTTAGCGAACGTATTGCCA
ACACCTGTACAGATCTGGGTCTCATCTGTCTGCCAGTAGGTCAGTCTGTCGTGTTATG
CCCCCCATTCATTCTCACTGAAGCGCAGATGGATGAAATGTTTGACAAACTGGAGAA
AGCACTTGATAAAGTTTTCGCAGAAGTTGCATAA
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Sequence of glucose dehydrogenase from Bacillus subtilis that was cloned into a pET-28a vector
backbone (BsGDH) (UniProt ID: P12310)

ATGTATCCGGATTTAAAAGGAAAAGTCGTCGCTATTACAGGAGCTGCTTCAGGGCTCG
GAAAGGCGATGGCCATTCGCTTCGGCAAGGAGCAGGCAAAAGTGGTTATCAACTATT
ATAGTAATAAACAAGATCCGAACGAGGTAAAAGAAGAGGTCATCAAGGCGGGCGGT
GAAGCTGTTGTCGTCCAAGGAGATGTCACGAAAGAGGAAGATGTAAAAAATATCGTG
CAAACGGCAATTAAGGAGTTCGGCACACTCGATATTATGATTAATAATGCCGGTCTTG
AAAATCCTGTGCCATCTCACGAAATGCCGCTCAAGGATTGGGATAAAGTCATCGGCAC
GAACTTAACGGGTGCCTTTTTAGGAAGCCGTGAAGCGATTAAATATTTCGTAGAAAAC
GATATCAAGGGAAATGTCATTAACATGTCCAGTGTGCACGAAGTGATTCCTTGGCCGT
TATTTGTCCACTATGCGGCAAGTAAAGGCGGGATAAAGCTGATGACAGAAACATTAGC
GTTGGAATACGCGCCGAAGGGCATTCGCGTCAATAATATTGGGCCAGGTGCGATCAAC
ACGCCAATCAATGCTGAAAAATTCGCTGACCCTAAACAGAAAGCTGATGTAGAAAGC
ATGATTCCAATGGGATATATCGGCGAACCGGAGGAGATCGCCGCAGTAGCAGCCTGGC
TTGCTTCGAAGGAAGCCAGCTACGTCACAGGCATCACGTTATTCGCGGACGGCGGTA
TGACACAATATCCTTCATTCCAGGCAGGCCGCGGTTA

Sequence of alanine dehydrogenase from Bacillus subtilis that was cloned into a pET-16hp vector
backbone (BsAlaDH) (UniProt ID: Q08352)

ATGATCATAGGGGTTCCTAAAGAGATAAAAAACAATGAAAACCGTGTCGCATTAACA
CCCGGGGGCGTTTCTCAGCTCATTTCAAACGGCCACCGGGTGCTGGTTGAAACAGGC
GCGGGCCTTGGAAGCGGATTTGAAAATGAAGCCTATGAGTCAGCAGGAGCGGAAATC
ATTGCTGATCCGAAGCAGGTCTGGGACGCCGAAATGGTCATGAAAGTAAAAGAACCG
CTGCCGGAAGAATATGTTTATTTTCGCAAAGGACTTGTGCTGTTTACGTACCTTCATTT
AGCAGCTGAGCCTGAGCTTGCACAGGCCTTGAAGGATAAAGGAGTAACTGCCATCGC
ATATGAAACGGTCAGTGAAGGCCGGACATTGCCTCTTCTGACGCCAATGTCAGAGGT
TGCGGGCAGAATGGCAGCGCAAATCGGCGCTCAATTCTTAGAAAAGCCTAAAGGCGG
AAAAGGCATTCTGCTTGCCGGGGTGCCTGGCGTTTCCCGCGGAAAAGTAACAATTAT
CGGAGGAGGCGTTGTCGGGACAAACGCGGCGAAAATGGCTGTCGGCCTCGGTGCAG
ATGTGACGATCATTGACTTAAACGCAGACCGCTTGCGCCAGCTTGATGACATCTTCGG
CCATCAGATTAAAACGTTAATTTCTAATCCGGTCAATATTGCTGATGCTGTGGCGGAAG
CGGATCTCCTCATTTGCGCGGTATTAATTCCGGGTGCTAAAGCTCCGACTCTTGTCACT
GAGGAAATGGTAAAACAAATGAAACCCGGTTCAGTTATTGTTGATGTAGCGATCGAC
CAAGGCGGCATCGTCGAAACTGTCGACCATATCACAACACATGATCAGCCAACATATG
AAAAACACGGGGTTGTGCATTATGCTGTAGCGAACATGCCAGGCGCAGTCCCTCGTA
CATCAACAATCGCCCTGACTAACGTTACTGTTCCATACGCGCTGCAAATCGCGAACAA
AGGGGCAGTAAAAGCGCTCGCAGACAATACGGCACTGAGAGCGGGTTTAAACACCG
CAAACGGACACGTGACCTATGAAGCTGTAGCAAGAGATCTAGGCTATGAGTATGTTCC
TGCCGAGAAAGCTTTACAGGATGAATCATCTGTGGCGGGTGCTTAA
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Targeted screening: Q5 Site-directed mutagenesis kit from NEB was used for mutagenesis. The
PCR product was purified, concentrated, and transformed into XL-1 blue cells from the Berkeley
Macrolab. Primers were ordered from integrated DNA technologies (IDT) with standard desalting.

Table S8. Primers for targeted mutagenesis of position L415 in the VfTA 3M variant

Mutation Forward Primer Reverse Primer
L415Q TCT CAT CTG TCA GCC AGT AGG TC CCC AGA TCT GTA CAG GTG
L415H TCT CAT CTG TCATCC AGTAGG TCA G CCC AGA TCT GTA CAG GTG
L415R TCT CAT CTG TCG TCC AGT AGG TCA G CCC AGA TCT GTA CAG GTG

2.6.12 Evaluation of Conditions for the Formation of Primary Amine Products in the
Sequential Hydroaminomethylation

We evaluated each substrate against our panel of enzymes to determine the substrate-enzyme pair
that gave the highest yield. Based on our evaluation of substrates 1a, 1¢ and 1d and le, we
hypothesized that the more polar substrates would react to form product in higher yield with WT-
VfTA; whereas, more nonpolar substrates would react to form product in higher yield with the
variant enzymes VfTA 3M and VfTA 3M/Q.

Table S9. Evaluation of conditions for the formation of primary amine products in the sequential
hydroaminomethylation

Substrate Transaminase Variation from Standard % yield linear
Conditions* primary amine
product

la CVTAWT 50 mM NaHy(POs), , 50 mM 64
NaCl, pH 7.5

la VTAWT 50 mM NaxHy(PO4): , 50 66

mM NacCl, pH 7.5

la VfTA 3M 50 mM NaHy(POy), , 50 mM 50
NaCl, pH 7.5

la VTA3M/Q 50 mM NaHy(POs), , 50 mM 62
NaCl, pH 7.5

1b CVvTAWT -- 4

1b VITAWT -- 23

1b VfTA 3M -- 24

1b VfTA3M/Q -- 8

1b VfTA 3M/Q 15 equivalents of (S)-MBA, 45
10% DMSO

1d CVTAWT -- 8

1d VITAWT --

1d VfTA 3M -- 22

1d VfTA 3M/Q -- 23

1d VTA 3M/Q 15 equivalents of (S)-MBA, 18
10% DMSO

le CVTAWT -- 57

le VTAWT -- 64

If CVTAWT -- 58

1f VTAWT -- 59
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Ig VfTA 3M - 84

1g VfTA 3M/Q - 89
1h VITAWT -- 52
1h VITA 3M -- 66
1h VfTA 3M/Q - 74
1i VfTA 3M 4 equivalents of (S)-MBA 65
1i VfTA 3M/Q 4 equivalents of (S)-MBA 58
1j VfTA 3M 4 equivalents of (S)-MBA 66
1j VfTA 3M/Q 4 equivalents of (S)-MBA 66
1k CVvTAWT - 50
1k VI TAWT - 49
1k VfTA 3M/Q 4 equivalents of (S)-MBA 70
11 VfTA 3M 4 equivalents of (S)-MBA 66
11 VITA 3M/Q 4 equivalents of (S)-MBA 65
Im VfTA 3M - 27
Im VfTA 3M/Q - 27
Im VfTA 3M 15 equivalents of (S)-MBA, 30
10% DMSO
1n VfTA 3M - 76
In VfTA 3M/Q -- 74
lo OV'TAWT -- 32
lo VITAWT - 32
lo VITA 3M 15 equivalents of (S)-MBA, 32
10% DMSO
1o VfTA 3M - 43
Ip VI TAWT - 78
Ip VfTA 3M - 91
1p VfTA 3M/Q -- <95 %
1q VfTA 3M - 81
1q VfTA 3M/Q -- 81
Ir COVTAWT -- 58
Ir VI TAWT - 66
Ir VfTA 3M - <95%
Ir VITA 3M/Q - 94
Is VfTA 3M - 32
1s VfTA 3M/Q -- 38
It VfTA 3M - 56
1t VfTA 3M/Q -- 64
lu VITA 3M -- 76
lu VfTA 3M/Q -- 77

*standard conditions: 100 mM Na,Hy(PO4), , 100 mM NaCl, pH 7.5, 0.5 mM PLP, 7.5 equivalents of (S)-MBA.
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2.6.13 Quantification of Primary Amine Product of the Enzymatic Reaction

The reaction products were identified by comparison of retention times and mass spectrometry
fragmentation with authentic standards on GC-FID and GC-Mass spectrometry and quantified with
either a calibration curve with GC-FID or quantitative NMR, integrating the two protons at the a-
position of the primary amine at 2.67-2.69 ppm with respect to dibromomethane standard (16
scans, D1 =20 seconds).

GC-FID/MS Conditions: HP 7890B GC equipped with an Agilent 5977A MSD with an Agilent
CP-Sil 8 CB column (CP7596) for amines (30 m x 0.32 mm x 1.00 micron). The method used was:
80 °C for 2.5 min, ramp 80 °C to 150 °C at 100 °C/min, hold 150 °C for 5 min, ramp 150 °C to
300 °C at 40 °C/min, hold 300 °C for 1 min, flow rate: 1.1 mL/min, average velocity: 36 cm/sec,
carrier gas: helium. Amine products 2a-2v are commercially available. Amine 2w and 2x were
prepared according to literature methods.
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Figure S4. GC-FID/MS chromatogram of model substrate demonstrating the selectivity for the
linear, primary amine. A) Extracted mass for octylamine from the crude reaction mixture, B)
Crude reaction mixture, C) Authentic standard for octylamine, D) Mass spectra for octylamine in
the reaction mixture.
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hexan-1-amine (2a)

SN2

tr (min) = 3.923

exact mass: 101.12

expected mass based on standard: [M] 101.1 m/z
mass detected: [M] 101.1 m/z

Yield: 66%

heptan-1-amine (2b)

S NH

tr (min) =4.71

exact mass: 115.14

expected mass based on standard: [M] 115.2 m/z
mass detected: [M] 115.1 m/z

Yield: 45%

octan-1-amine (2¢)

SN NH2

tr (min) = 5.72

exact mass: 129.15

expected mass based on standard: [M] 129.17 m/z
mass detected: [M] 129.17 m/z

Yield: 60%

nonan-1-amine (2d)
NSNS N
tr (min)=7.02

exact mass: 143.17

expected mass based on standard: [M] 143.2 m/z
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mass detected: [M] 143.1
Yield: 23%

7-aminoheptan-1-ol (2e)

HO A~~~ N,

tr (min) = 8.41

exact mass: 131.13

expected mass based on standard: [M-1] 130.1 m/z, [M-16] 114.0 m/z, [M-30] 101.1 m/z
mass detected: [M-30] 101.1 m/z

Yield: 64%

8-aminooctan-1-ol (2f)

HO™ > - NH2

tr (min) =9.72

exact mass: 145.15

expected mass based on standard: [M-1] 144.2 m/z
mass detected: [M-1] 144.2 m/z

Yield: 59%

9-aminononan-1-ol (2g)

HO eSS N

tr (min) = 10.54

exact mass: 159.16

expected mass based on standard: [M-1] 158.1 m/z
mass detected: [M-1] 158.2 m/z

Yield: 89%
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7-bromoheptan-1-amine (2h)

B S,

tr (min) = 9.602

exact mass: 193.05

mass detected: 192.0 m/z

The spectral data agree well with the literature.*® Yield: 74%

'H NMR (500 MHz, CDCls) & 3.41 (t, ] = 6.8 Hz, 2H), 2.68 (t, ] = 7.1 Hz, 2H), 1.90 — 1.81 (m,
2H), 1.44 (q, J = 4.2 Hz, 3H), 1.35 — 1.31 (m, 3H), 1.29 — 1.24 (m, 2H).

methyl 6-aminohexanoate (2i)

)J\/\/\/NH
\O 2

tr (min) = 7.37

exact mass: 145.11

expected mass based on standard: [M] 145.1 m/z, [M-17] 128.1 m/z
mass detected: [M-17] 128.1 m/z

Yield: 65%

methyl 7-aminoheptanoate (2j)

tr (min) =9.16

2

exact mass: 159.13

expected mass based on standard: [M] 159.1 m/z
mass detected: [M] 159.2 m/z

Yield: 66%
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methyl 8-aminooctanoate (2k)
0]
\O)WWNHZ
tr (min) = 10.16
exact mass: 173.14
expected mass based on standard: [M] 173.1 m/z, [M-31] 142.1 m/z, [M-73] 100.1 m/z
mass detected: [M-31] 142.1 m/z, [M-73] 100.1 m/z
Yield: 70%

ethyl 6-aminohexanoate (21)

tr (min) = 8.73

exact mass: 159.13

expected mass based on standard: [M] 159.1 m/z, [M-17] 142.1 m/z
mass detected: [M] 159.1 m/z, [M-17] 142.2 m/z

Yield: 66%

3-cyclohexylpropan-1-amine (2m)

O/\/\NHz

tr (min) = 8.16

exact mass: 141.15

expected mass based on standard: 141.2 m/z
mass detected: 141.3 m/z

Yield: 30%
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2-cyclohexylethan-1-amine (20)

O/\/NHZ

tr (min) = 6.38

exact mass: 127.14

expected mass based on standard: [M] 127.1 m/z
mass detected: [M] 127.1 m/z

Yield: 43%

tert-butyl 4-(2-aminoethyl)piperidine-1-carboxylate (2p)
NH,
oA J T
T

tr (min) = 12.00

exact mass: 228.18

expected mass based on standard: [M] 228.3 m/z
mass detected: [M] 228.2 m/z

Yield: 98%

tert-butyl 3-(2-aminoethyl)azetidine-1-carboxylate (2q)

NH,
OT@/V
T
tr (min) = 11.21
exact mass: 200.15
expected m/z based on standard: [M] 200.1 m/z, [M-42] 158.1 m/z, [M-57] 143.1 m/z

m/z detected: [M-42] 158.2 m/z , [M-57] 143.1 m/z
Yield: 81%
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4-phenylbutan-1-amine (2r)

L

tg (min) = 9.80

2

exact mass: 149.12

expected mass based on standard: [M] 149.1 m/z
mass detected: [M] 149.1 m/z

Yield: 95%

4-morpholinobutan-1-amine (2s)
O
K/N\/\/\NH2
tr (min) = 9.78
exact mass: 158.14

expected mass based on standard: [M] 158.1 m/z, [M-15], [M-18] 140.1 m/z, [M-31] 127.1 m/z,
[M-58] 100.1 m/z

mass detected: [M-15], [M-18] 140.1 m/z, [M-31] 127.1 m/z, [M-58] 100.1 m/z
Yield: 38%

6-(benzyloxy)hexan-1-amine (2t)

@\/O\/\/\/\NH2

tr (min) = 12.14;

exact mass: 207.16

expected mass based on standard: [M-1] 206.1 m/z
mass detected: [M] 207.0 m/z, [M-1] 206.1 m/z
Yield: 64%

69



6-(pyridin-2-yloxy)hexan-1-amine (2u)

| N O e,
=

tr (min) = 10.72

exact mass: 194.14

expected mass based on standard: [M] 194.2 m/z
mass detected: [M] 194.1 m/z

Yield: 77%

2.6.14 Synthesis of Heterogeneous Catalysts
Scheme S4. Synthesis of Co/GS@800C nanoparticle.

(0]

Co(NH3),06H,0
OH / N\ DMF, 150 °C 800 °C, Ar flow
N N TPA-DABCO-Co/C Co
HO —7 then Vulcan XC72R pyrolysis
150 °C, slow evaporation

o Co/GS@800

Step 1- TPA-DABCO-Co/C: This compound was prepared according to a literature procedure.*
Open to air, in a 100 mL round-bottom flask, DMF (20.0 mL) was added to Co(NH3)2°6H>O (0.740
g, 2.54 mmol) and DABCO (0.860 g, 8.00 equiv. relative to Co, 7.62 mmol). The mixture was
stirred for 3 minutes at room temperature at 750 rpm. During this time, the mixture turned dark
blue. A solution of terephthalic acid (1.27 g, 8.40 equiv. relative to Co, 7.63 mmol) in hot DMF
(15.0 mL) (NOTE: TPA only dissolves in hot DMF) was then added to the blue solution containing
the cobalt. A light blue precipitate appeared. The flask containing the reaction slurry was attached
to a condenser, then placed in an oil-bath pre-heated to 150 °C and refluxed for 30 min. (NOTE:
The stirring should be kept at 750 rpm and the solution should turn pale green, signifying the
formation of TPA-DABCO-Co, after approximately 20 min). Then, 2.50 g of Vulcan XC72R
powder was added slowly followed by DMF (10.0 mL). The resulting suspension was again stirred
at 150 °C and 750 rpm for 4 h attached to the reflux condenser. The reflux condenser was then
removed, the stirring was stopped, and the flask temperature was maintained at 150 °C for 20 h
open to air to allow the DMF solvent to evaporate. After the material was completely dry, it was
cooled to room temperature and ground into a fine powder with a mortar and pestle for a total of
8.21 g of fine black powder. The powder XRD Data obtained agreed well with the literature.
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Figure SS. Powder XRD spectra of the DABCO-TPA-Co/C MOF.

Step 2- Co/GS@800C: 3.30 g of the TPA-DABCO-Co/C MOF was placed in a tube furnace. The
material was pyrolyzed using the following program:

Scheme S5. Pyrolysis program for the synthesis of Co/GS@800C.

Ar purge RT 25 °C/min 800 °C 20 °C/min
R .
10 mL/min  dwell 15 min Ar dwell 2 h Ar

This procedure yielded 1.36 g of a fine black powder. The powder XRD matched the literature for
the desired cobalt nanoparticle. This powder was used without further purification for the reductive
amination reactions.
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Figure S6. Powder XRD spectra of the Co/GS@800C Nanoparticle.

2.6.15 Investigation of Heterogenous Conditions for Reductive Amination
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Scheme S6. Reaction Conducted with Co/GS@800C.

Co/GS@800C (3.5 mol% Co)

7 bar NH3, 40 bar H,
SN > NN
O fBUOH, 120 °C, 15 h NH,

Under air, to a 4 mL vial was added Co/GS@800C nanoparticle (25 mg, 0.50 mmol, 0.035 equiv.
Co), ‘BuOH (3.0 mL), and octanal (78.1 uL, 0.500 mmol). The vial was equipped with a stir bar
and sealed with a septum cap into which a needle had been placed. The vial was placed into a 450
mL Parr bomb, the bomb was flushed with a stream of H» for 5 minutes, then charged with 7 bar
of NH3, and finally pressurized to 40 bar with H». The apparatus was then placed into a pre-heated
heating block at 130 °C. After stirring at 1000 rpm for 15 h, the bomb was removed from the
heating block and cooled to room temperature. Once cooled, the gas was vented, and the vial was
removed. Internal standard (n-hexadecane, 147 pL, 0.500 mmol) was added, and the reaction

mixture was passed through a syringe filter with EtOAc as eluent. The yield was determined by
GC-FID.

Scheme S7. Carbon monoxide poisoning experiment with Co/GS@800C.

Co/GS@800C (3.5 mol% Co)
NHs (7 bar), CO:H, (1:2, 40 bar)

tBuOH, 120 °C, 15 h

P N N
=0

Under air, to a 4 mL vial was added Co/GS@800C nanoparticle (25 mg, 0.50 mmol), ‘BuOH (3.0
mL), and octanal (78.1, 0.500 mmol). The vial was equipped with a stir bar and sealed with a
septum cap into which a needle had been placed. The vial was placed into a 450 mL Parr bomb,
the bomb flushed under a stream of H> for 5 min, then charged with 7 bar of NHs, and finally
pressurized to 40 bar with 1:2 CO:Hz. The Parr bomb was then placed into a pre-heated heating
block at 130 °C. After stirring at 1000 rpm for 15 h, the Parr bomb was removed from the heating
block and cooled to room temperature. Once cooled, the gas was vented, and the vial removed.
Internal standard (n-hexadecane, 147 pL, 0.500 mmol) was added as internal standard, the reaction

mixture was passed through a syringe filter with EtOAc as eluent, and the yield was determined
by GC-FID.

Scheme S8. Reaction conducted with hydroformylation catalyst and Co/GS@800C.

Co/GS@800C (3.5 mol% Co)

[Rh(CO),(acac)] (1 mol%), BISBI (5 mol%) NH,
- /\/\/\/\/\/
NH3 (7 bar), CO:H, (1:1, 40 bar)

tBuOH, 120 °C, 15 h 0%

AN NN

To a 4 mL vial was added Co/Gs@800C nanoparticle (25 mg, 1.0 equiv., 0.50 mmol),
[Rh(CO)2(acac)] (1.29 mg, 0.0100 equiv., 5.00 pmol), BISBI (13.8 mg, 0.0500 equiv., 25.0 umol),
tBuOH (2.5 mL), and 1-decene (94.6 , 1.00 equiv, 0.500 mmol). The vial was capped with a septum
cap with a needle placed in it, then the vial was placed into a 450 mL Parr bomb, purged with H>
(2x), then charged with 7 bar of NH3, and finally pressurized to 40 bar with CO:H> (1:1). The
apparatus was then placed into a pre-heated aluminum block at 130 °C and stirred at 1400 rpm for
15 h. The Parr bomb was then removed from the heating block and cooled to room temperature.
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To the vial, n-hexadecane (147 pL, 0.500 mmol) was added as internal standard, and the reaction
mixture was passed through a syringe filter with EtOAc. The filtrate was then analyzed by GC-
FID.

2.6.16 Synthesis of Ligands

Scheme S9. Synthesis of SulfoXantphos (sodium 4,5-bis(diphenylphosphaneyl)-9,9-dimethyl-9H-
xanthene-2,7-disulfonate)

NaO3S SO3Na
SOOI e o § &
0] (@)

PPh, PPh, PPh, PPh,

This compound was prepared according to a literature method.*’ To a bath of sulfuric acid (30%
oleum, fuming) (1.92 g, 1.00 mL, 10.8 mmol) at 5 °C (benzene/dry ice bath) was added portion
wise (9,9-dimethyl-9H-xanthene-4,5-diyl)bis(diphenylphosphane) (250 mg, 432 umol). The
resulting solution was then stirred at room temperature for 16 h. After this time, ice water was
added (5 mL), forming a white suspension. Another 7 mL of room-temperature water was added,
and the resulting slurry was poured into a vigorously stirred solution of iso-octylamine (1 mL) in
toluene (5 mL). When poured into the toluene/amine solution, the aqueous layer of the reaction
mixture was clear, and the toluene layer was slightly yellowed. When the biphasic solution was
washed with H>O, the water layer eventually ran clear. Upon adding NaOH (6M)), the toluene layer
turned clear, and the aqueous layer became slightly cloudy. The toluene layer was decanted, and
the aqueous solution was neutralized to pH = 7 with conc. H2SO4 (and readjusted with 6M NaOH
if necessary) to give a white suspension. This suspension was evaporated to dryness; then, the
resulting solid was suspended in EtOH and refluxed for 1 h. After this time, the mixture was cooled
to room temperature, filtered, and washed with EtOH. The solid was collected and dried to give
sodium 4,5-bis(diphenylphosphaneyl)-9,9-dimethyl-9H-xanthene-2,7-disulfonate (199 mg, 254
umol, 59%) as a free-flowing white powder after drying. The spectral data of this compound agreed
with those in the literature.*’

H NMR (500 MHz, D:0) 5 7.98 (d, J = 2.1 Hz, 2H), 7.29 (t, J = 7.2 Hz, 4H), 7.23 (t, ] = 7.5 Hz,
8H), 7.14 (s, 8H), 6.99 — 6.96 (m, 2H), 1.66 (s, 6H).

31P NMR (202 MHz, D20) § -19.0.
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2.6.17 Synthesis of Olefins 1t and lu
Scheme S10. Synthesis of ((pent-4-en-1-yloxy)methyl)benzene (1t).

gBr Ho N DIPEA Oﬂow

A 20 mL vial containing benzyl bromide (639 pL, 1.10 equiv., 5.37 mmol) and pent-4-en-1-ol (500
uL, 1.00 equiv., 4.88 mmol) in diisopropylethylamine (1.68 mL, 2.00 equiv., 9.76 mmol) was
heated at 120 °C for 3 h. After this time, the crude mixture was concentrated in vacuo and purified
by flash column chromatography (SiO2, 5% EtOAc in hexanes) to afford ((pent-4-en-1-
yloxy)methyl)benzene (601 mg, 70%) as a clear oil.

H NMR (500 MHz, CDCLs) § 7.38 — 7.27 (m, 5H), 5.83 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.03
(dq, T = 17.2, 1.8 Hz, 1H), 4.97 (ddd, J = 10.2, 2.2, 1.1 Hz, 1H), 3.49 (t, ] = 6.5 Hz, 2H), 2.20 —
2.12 (m, 2H), 1.73 (dq, J = 8.6, 6.7 Hz, 2H).

BC{'H} NMR (126 MHz, CDCl3) 5 138.7, 138.3, 128.4, 127.6, 127.5, 114.7, 72.9, 69.8, 30.4,
29.0.

HRMS (ESI-TOF) Calc’d [C12H160O+H]+ 177.1233, found 177.1235

Scheme S11. Synthesis of 2-(pent-4-en-1-yloxy)pyridine (1u).

= 032003 =
S N e S la ora L -
N~ F e N

To a 20 mL vial was added 2-fluoropyridine (420 pL, 1.00 equiv., 4.88 mmol) and cesium
carbonate (1.59 g, 1.00 equiv., 4.88 mmol) in acetonitrile (4.88 mL). Then, pent-4-en-1-ol (0.500
mL, 1.00 equiv., 4.88 mmol) was added to reaction mixture. The vial was capped and heated at 80
°C overnight. The suspension was then cooled and filtered; the solids were washed with DCM.
The organic filtrate was concentrated in vacuo, and the resulting residue was subjected to flash
column chromatography (SiO2, 10% EtOAc in hexanes) to afford 2-(pent-4-en-1-yloxy)pyridine
(300.9 mg, 38%) as a clear oil.

H NMR (500 MHz, CDCls) § 8.14 (dd, J = 5.1, 2.0 Hz, 1H), 7.60 — 7.51 (m, 1H), 6.84 (ddd, J =
7.0, 5.0, 1.0 Hz, 1H), 6.72 (d, ] = 8.4 Hz, 1H), 5.86 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.06 (dp, J =
17.2, 1.9 Hz, 1H), 4.99 (dt, J = 10.2, 1.7 Hz, 1H), 4.30 (t, J = 6.6 Hz, 2H), 2.22 (dddd, ] = 8.0, 6.4,
4.3, 1.5 Hz, 2H), 1.88 (dq, J = 9.8, 6.7 Hz, 2H).

BC{'H} NMR (126 MHz, CDCls) 3 164.0, 146.9, 138.4, 138.0, 116.5, 115.0, 111.0, 65.2, 30.2,
28.3.

HRMS (ESI-TOF) Calc’d [C1oH1sNO+H]+ 164.1036, found 164.1031
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2.6.18 Synthesis of Primary Amines 2n and 2x
3-(cyclohex-3-en-1-yl)propan-1-amine (2n)

Scale-up of the sequential hydroaminomethylation: Under air, a solution of (S)-methylbenzyl
amine (96.5 pL, 0.750 mmol, 7.50 equiv.) in 10 mL of buffer A (pH adjusted with 6 M HCI) was
added to a 150 mL round bottom flask equipped with a small stir bar. To this solution was added 1
mL of EtOH, followed by 1.5 mL VfTA-3M in buffer A with 10% glycerol. After the reaction vessel
was gently swirled, 267 pL of hydroformylation crude (0.100 mmol) that was diluted to 0.375 M
1r in DMF was added to the reaction mixture. The reaction was stirred at 150 rpm at 25 °C for 22
h, after which time the reaction was quenched with 1.5 mL of 6 M NaOH. The crude reaction
mixture was extracted (25 mL CHCIs x 3). The organic layers were combined and dried over
NaySOg, filtered, and concentrated in vacuo. To remove the DMF, the crude solution was then
diluted in 5 mL of ethyl acetate and washed 6 x with 10 mL of cold water adjusted to pH 12 with
6 M NaOH. The organic layer was concentrated to 1 mL and loaded onto silica, followed by
purification by flash chromatography (0-15% MeOH/5% ammonium hydroxide in
dichloromethane to afford the pure product 2r (5.40 mg, 39% yield) as a light-yellow oil.

IH NMR (500 MHz, CDCl3) 5 5.70 — 5.58 (m, 2H), 2.69 (t, J = 7.1 Hz, 2H), 2.15 — 1.96 (m,
3H), 1.79 — 1.58 (m, 2H), 1.48 (dq, J= 8.8, 6.9 Hz, 3H), 1.41 (m, 2H), 1.31 — 1.16 (m, 3H).

BC{'H} NMR (126 MHz, CDCls) § 127.19, 126.71, 77.36, 42.68, 34.02, 33.57, 32.06, 31.28,
29.09, 25.39

HRMS (ESI): calc’d [M+H]+ 140.1434, found 140.1434

Scheme S12: Synthesis of tert-butyl (6-(pyridin-2-yloxy)hexyl)carbamate.

= NaH =
| o~~~ NHBG |
SNTOF DMF SN o S NHBoc

In a nitrogen-filled glovebox, solid sodium hydride (0.136 g, 1.10 equiv., 5.66 mmol) was added
in portions at room temperature to a solution of tert-butyl (6-hydroxyhexyl)carbamate (1.23 g,
1.10 equiv., 5.66 mmol) in DMF (17.2 mL). The resulting mixture was stirred at 25 °C until H»
evolution ceased. Then the reaction mixture was added dropwise via glass pipette to a vial
containing 2-fluoropyridine (443 pL, 1.00 equiv., 5.15 mmol) in DMF (17.2 mL). This resulting
solution was stirred for 12 h at 50 °C. After this time, the solvent was removed in vacuo, and the
product was purified by flash column chromatography (SiO2, 10% MeOH in DCM) to afford tert-
butyl (6-(pyridin-2-yloxy)hexyl)carbamate (399.2 mg, 26%) as a clear oil.

H NMR (500 MHz, CDCl3) 5 8.13 (dt, ] = 5.0, 2.4 Hz, 1H), 7.57 — 7.50 (m, 1H), 6.83 (dt, ] =
7.0, 3.8 Hz, 1H), 6.74 — 6.67 (m, 1H), 4.52 (s, 1H), 4.26 (td, J = 6.6, 2.1 Hz, 2H), 3.11 (d, T = 7.0
Hz, 2H), 1.82 — 1.71 (m, 2H), 1.55 — 1.33 (m, 15H).
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BC{'H} NMR (126 MHz, CDCls) 6 164.1, 156.1, 147.0, 138.6, 116.6, 111.2, 79.1, 65.9, 40.7,
30.2,29.1, 28.6, 26.7, 25.9.

HRMS (ESI) [Ci6H26N203+H]+ calc’d: 295.2013; found: 295.2016

Scheme S13: Synthesis of 6-(pyridin-2-yloxy)hexan-1-amine (2u).

L - L)
S o S NHBoc pentane S o S S NH

tert-Butyl (6-(pyridin-2-yloxy)hexyl)carbamate (0.200 g, 1.00 equiv., 0.340 mmol) was
dissolved in 10 mL of pentane and added to a 20 mL vial with a Teflon stir bar. To this mixture
was added 200 pL of 6 M HCI (aq.). The reaction vessel was loosely capped to allow H»
evolution, then stirred at 800 rpm at room temperature for 16 h. Upon completion, 4 mL of water
was added. The pH of the aqueous layer was adjusted to 14 with 6 M NaOH (aq.). The aqueous
layer was extracted with ethyl acetate (2 x 5 mL). The organic layers were combined, dried with
sodium sulfate, filtered, and concentrated in vacuo to afford 6-(pyridin-2-yloxy)hexan-1-amine
(38.5 mg, 0.200 mmol, 58%) as a clear oil.

'H NMR (500 MHz, CDCls) § 8.13 (ddd, J = 5.0, 2.0, 0.8 Hz, 1H), 7.54 (ddd, J = 8.4, 7.1, 2.0
Hz, 1H), 6.83 (ddd, J = 7.0, 5.1, 1.0 Hz, 1H), 6.71 (dt, ] = 8.4, 0.9 Hz, 1H), 4.27 (t, J = 6.7 Hz,
2H), 2.69 (t, ] = 6.9 Hz, 2H), 1.78 (dq, J = 8.4, 6.7 Hz, 2H), 1.50 — 1.43 (m, 4H), 1.43 — 1.36 (m,
2H), 1.23 (s, 3H).

BC{'H} NMR (126 MHz, CDCl3) 5 164.2, 147.0, 138.6, 116.6, 111.2, 66.0, 42.3, 34.0, 29.2,
26.8,26.1.

HRMS (ESI) [C11H19N2O+H]+ calc’d: 195.1497; found: 195.1492
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CHAPTER THREE

Tandem Chemoenzymatic Hydroaminomethylation of Olefins in Water Forms Linear
Primary Amines
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3.1 Abstract

Linear primary amines serve as crucial building blocks in pharmaceuticals, fine chemicals,
polymers, and surfactants. Despite their importance, conventional methods for the synthesis of
linear primary amines often suffer from overalkylation and the requirement for elevated
temperatures and pressures. Herein, we report a tandem chemoenzymatic hydroaminomethylation
strategy that converts terminal olefins into linear primary amines under mild conditions by
integrating a Rh/DPPon-catalyzed hydroformylation performed in surfactant micelles with a wild-
type o-transaminase from wild-type Vibrio fluvialis (WT-VfTA) and an amine donor recycling
system composed of wild-type alanine dehydrogenase (WT-AlaDH) and wild-type glucose
dehydrogenase (WT-GDH) enzymes. This cooperative cascade uses inexpensive feedstock
reagents—including ammonium salts, alanine, carbon monoxide, hydrogen, and glucose—to
achieve high selectivity for primary amines without the formation of secondary and tertiary amine
byproducts. Moreover, the system’s versatility is demonstrated by the synthesis of *N-labeled
primary amines and biologically relevant compounds containing linear primary amines,
underscoring the potential of this integrated tandem process and other chemoenzymatic methods
for applications ranging from medicinal chemistry to industrial manufacturing.

3.2 Introduction

Linear primary amines are an increasingly important motif in pharmaceutical compounds' for fine
and industrial chemicals, such as polymers and surfactants.? More recently, diamines of varying
length and structure have been investigated as linkers in PROTACs (Figure 1a).** Despite their
importance, common methods for the synthesis of linear primary amines, such as the amination of
alcohols, the reduction of nitriles, and the reductive amination of carbonyl units, suffer from the
production of undesired side products, including overalkylation to form secondary and tertiary
amines.>® These methods also require pre-functionalization of a hydrocarbon starting material to
install the oxidized functional groups required for reactivity. Other common transformations, such
as the Schmidt reaction or the Gabriel synthesis, typically require high temperatures, reactive
intermediates, or harsh reagents, limiting the utility of these methods.®! In addition, methods to
synthesize amines from hydrocarbons, such as hydroamination of olefins or C—H amination of
alkanes, are typically selective for the installation of the amine at a secondary carbon over the
primary carbon.''"'* Hydroaminomethylation, the conversion of an olefin to a primary amine by
sequential hydroformylation and reductive amination, is an alternative method that can be
harnessed for the synthesis of linear primary amines. However, previously disclosed
hydroaminomethylation reactions have required high temperatures and pressures and suffered
from overalkylation of the desired primary amine.>”’> 1>-18

In 2024, Groger and coworkers disclosed a chemoenzymatic strategy for the formation of alcohols
from olefins using a hydroformylation, followed by enzymatic reduction (Figure 1b).!
Contemporaneously, our group reported a linear- and primary-selective hydroaminomethylation
by developing of a chemoenzymatic method?’?! for the selective synthesis of linear primary
amines by sequential Rh-catalyzed hydroformylation and enzymatic transamination.?? Exquisite
selectivity for linear primary amine products with no overalkylation was achieved by combining a
linear-selective rhodium catalyst and an w-transaminase that selectively forms the desired primary
amine. Groger and coworkers disclosed a tandem chemoenzymatic method for the synthesis of
branched 2-phenylpropan-1-amine from styrene.?® While this report demonstrates a method for the
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selective synthesis of primary amines under mild conditions, the reported methodology is limited
to the synthesis of a single branched product and to the reactions of vinylarenes, albeit with high

turnover numbers.

Fig. 1a: Bioactive Amines
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Figure 1. (a) Examples of bioactive molecules
containing amines, (b) recent examples of
chemoenzymatic hydrofunctionaliation reactions, and
(c) this work.
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In our iniital report of sequential
hydroformylation = and  reductive
amination, we reported one example of
a rhodium-catalyzed hydroformylation
with a catalyst that is encapsulated in a
surfactant micelle and that operates
simultaneously with an w-
transaminase in aqueous media. We
paired the Rh/DPPon
hydroformylation catalyst developed
by Breit and coworkers?* with the
wild-type transaminase enzyme from
Vibrio fluvialis (WT-VfTA). Coupling
the transamination reaction with an
amine donor recycling system enabled
the direct and highly selective
transformation of terminal olefins to
primary amines using feedstock
components (ammonium salts, alanine,
carbon monoxide, hydrogen, and
glucose).

The recycling system was composed of
a biocatalytic cascade, wherein a wild-
type alanine dehydrogenase enzyme
(WT-AlaDH) converts the byproduct
of the transamination reaction, oxalic
acid, to the amine donor alanine in the
presence of an ammonium salt. WT-
AlaDH is NADH/NADPH-dependent;
therefore a  wild-type glucose
dehydrogenase enzyme (WT-GDH)
was employed to turn over
NAD+/NADP+ using glucose as the
terminal reductant.”> We found that the
combination of alanine and ammonium
chloride as the nitrogen sources
avoided the formation of secondary
and tertiary amine side products.
However, the disclosed tandem
chemoenzymatic procedure suffered
from low yield and poor mass balance.



Herein, we report a tandem, cooperative hydroaminomethylation strategy for the selective
synthesis of linear primary amines in good yield from terminal olefins (Figure 1c). Our developed
system converts alkenes of varied structures and is suitable for the installation of '°N into primary
amine products and for the synthesis of biologically relevant fine chemicals containing linear,
primary amines.

3.3 Results & Discussion

3.3.1 Development of reaction conditions for tandem chemoenzymatic hydroaminomethylation
of olefins in water.

We initiated our search for a chemoenzymatic system that would convert olefins to linear primary
amines by studying the effect of conditions on the yield of linear primary amine from olefin 1a.
(Table 1). We found in initial experiments that lowering the concentration of substrate from 200
mM to 50 mM increased the yield of the linear primary amine (see the supporting information);
therefore, we conducted further experiments on reactions at 50 mM concentration.

With olefin 1a as substrate, we
observed 29% yield of primary amine

Table 1. Effect of the Deviation from Standard
Conditions on Yield of Linear Primary Amine 2a

from 1a.*

[Rh(acac)(CO),] (6 mol%)
DPPon (15 mol%)
WT-VFTA (0.09 mol%)

PhM GDH, AlaDH (0.025 mol%) Phj/\/\/\NH2

OH Triton X-100 (5 Wto/o) OH
1a NH,4CI, Ala, Glucose 2a
100 mM K, (POy), buffer
30°C,3h,pH=6.8

Entry Deviation from above: Conv. (%) 1a (%) 2a (%)
1 - 88 12 31
2 1/2 [VfTA, AlaDH, GDH] 54 46 20
3 1/2 [Ala, Glucose] 86 14 45
4 10 wt% Triton 82 18 66
5 10 wt% Triton, 40 bar syngas 54 46 48
6 10 wt% Triton, 10 mol% [Rh] 96 4 70
7 15 wt% Triton 80 20 71
8 15 wt% Triton, 2.5 mol% [Rh] 92 8 54

=9 15 wt% Triton, 2.5 mol% [Rh], 24 h 99 71

O
UPP“2 W o,
DPPon Triton X-100

“Yield and conversion determined by '"H qNMR spectroscopy with
1,2-dibromoethane as internal standard. See supporting
information for additional details. A [:b ratio of >20:1 was
observed for each entry.

product at 1 h, with 54% remaining
olefin and no observed aldehyde,
alcohol, or alkane side products.
However, after 3 h, we observed 46%
of primary amine product, with 4%
remaining olefin and 54% mass
balance unaccounted for. Because we
observed complete conversion of 1a
after 3 h and because we sought to
avoid background reactions such as
imine formation and reduction, we
shortened the reaction time to 3 h for
additional experiments.

We next evaluated the effect of catalyst
concentration on the yield of primary
amine and found that varying the
concentrations of rhodium, DPPon,
WT-1fTA, WT-AlaDH, and WT-GDH,
did not change the mass balance of the
reaction appreciably. We hypothesized

that the incomplete mass balance resulted from the reduction of imines formed in situ during the
reaction between alanine and the intermediate aldehyde, or between the product amine and the
intermediate aldehyde, or between the product amine and oxalate or gluconolactone formed from
oxidation of glucose. Therefore, we sought to eliminate the presence of Rh nanoparticles, which
could form during hydroformylation, by more effective encapsulation of the rhodium catalyst in
the micelle.
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Consistent with this hypothesis, decreasing the loading of the enzymes, which we had previously
found to increase the rate of the transamination reaction, resulted in a lower yield of product with
only a slight improvement to the mass balance. (Table 1, entry 2) and decreaseing the
concentrations of glucose and alanine resulted in little to no change in yield or mass balance (Table
1, entry 3), but increasing the amount of surfactant, Triton X-100, from 5 to 10 wt% led to an
increase in mass balance and a slight increase in the yield of primary amine (Table 2, entry 4).
Further increasing the loading of Triton X-100 to 15 wt% and reduction of the rhodium loading to
2.5 mol% resulted in a yield of 71% after 24 h (Table 2, entry 9). The addition of up to 10% DMSO
to the reaction did not adversely affect the yield or the mass balance (see SI for additional details).

3.4 Scope of the Tandem Chemoenzymatic Hydroaminomethylation Reaction

With conditions to conduct the tandem hydroaminomethylation, we evaluated the scope of the
process with the combination of chemical and enzymatic catalysts. Under the conditions described,
a range of olefins were transformed into the linear primary amines (Scheme 1). The
chemoenzymatic reaction was often complete (full conversion of the olefin) within 3 h. Reactions
of substrates that did not fully convert after 3 h were allowed to run for 24 h.

We first examined the range of monosubstituted terminal olefins that react under the described
conditions. Electron neutral (2b), poor (2¢), and rich (2d) homoallyl benzene derivatives react to
produce linear primary amines in yields of 67-83% with /:b ratios that vary from 3:1 to 7:1.
Additional pendant functional groups, such as the biologically relevant dihydroquionolone groups
(2e), heteroaromatic groups (2f), and protected amines (2g) and azetidines (2h), were tolerated.
Olefins bearing primary alkyl chlrodes (2i), cyclohexene (2j), and alcohols (2k and 21I) formed the
desired primary amines in good yield, with higher yields being observed for more soluble
substrates. In addition, heptene was converted to octanamine (2m) in 52% yield. Under the reaction
conditions, bioactive molecules also reacted: for example, unnatural amino acid 2n was formed in
63% yield from olefin 1n, and a precursor to vilanterol (20), a f2-adrenergic agonist, was produced
in 83% yield with a 17:1 /:b ratio. Primary amine 2p formed from citronellene in 33% yield, and
an analogue of probenecid (2q), an anti-gout medication, was formed in 31% yield.

In addition, we found that 1,1-disubstituted olefins bearing strained rings reacted. Primary amine
2r was formed in 43% yield, while [3.3] and [3.5] azaspirocycles 2s and 2t were formed in 55%
and 68% yields, respectively. A /:b ratio of >20:1 was observed for these 1,1-disubstituted olefins,
likely due to a steric preference for the formation of the primary alkylrhodium intermediate during
the hydroformylation step.

Finally, we found that the use of °N-labled alanine and ammonium chloride enables the formation
of isotopically labeled linear primary amine products with high radioisotope incorporation. Due to
the price of these isotopically labeled reagents, we performed the hydroaminomethylation
reactions at a concentration of >N-Ala and "NH4Cl reduced by 50%. Under these conditions, we
produced '"N-labeled amines '*N-20, 'SN-2g, and !'SN-2t in 82%, 68%, and 73% yields,
respectively, with /:b ratios comparable to the /:b ratios of their unlabeled counterparts. These
examples demonstrate the value of this method for the isotopic labelling of compounds of
biological interest.
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Scheme 1. Scope of terminal olefins that undergo the tandem chemoenzymatic
hydroaminomethylation reaction.”

[Rh(acac)CO]l, (2.5 mol%)
DPPon (7.5 mol%)

o)
Triton X-100 (15 wt%) PPh, {\/\o
O/g WT-VATA WT-AlaDH ) WT-GDH O)\/\ U
CO:Hj (1:1, 20 bar)

1a-xx Ala, NH4CI, glucose 2a-xx DPPon Triton X-100
(0.2 mmol) Ky(POy)y buffer, 30 °C, 3 h
NH, ©\/\/\ \©\/\/\ \©\/\/\
OH
2a: 71% >201/b 2b: 67% (7:1 1:b) 2c: 83% (4:1I:b) 2d: 79% (3:1 I:b)
H,N _N
Boc. /\/\/\
4(\/©\ Q - %N NH, N/j/\/\NHZ
NH, H Boc”
2e. 64% (5:1 I:b) 2f: 83% (9:1 I.'b)b 29: 86% (9:1 I:b) 2h: 94% (3:1 I:b)

PV N NH /\M/\/\
cl NH, z HOWNHZ S NH,

n=5 2k: 76% (6:1 /:b)

2i: 35% (6:1 I:b) 2j: 45% (>20:1 I:b) n=6 2I: 80% (6:1 I:b) 2m: 52% (3:1 I:b)°
Boc\NH Cl 2N
S (0]
\/O\[\“‘b‘\ NH, o V\) )\/Y\/\ (”Pr)zN\
5 o3
2n: 63% (3:1 1:b)° 20: 83% (17:1 I:b) 2p: 33% (6:1 I:b) 2q: 31% (8:1 I:b)
unnatural amino acid vilanterol precursor from citronellene probenecid analogue

1,1-disubstituted olefins

Boc Boc\
Boc. N
(BN
NH,

2r: 43% (>20:1 I'b) 2s: 55% (>20:1 I'b) 2t: 68% (>20:1 I:b)°
15N- labeled amines
Cl Boc\N
O N T
o> Q BOCH 15\H,
Cl H,'°N 15NH,
15N-20: 82% (16:1 I:b)° 5N-2g: 68% (7:1 I:b)° 15N-2t: 73% (>20:1 [:b)>°

?Yield determined by 'H qNMR spectroscopy with 1,2-dibromoethane as internal standard; /:b ratio determined by 'H
gNMR spectroscopy. “Reaction run for 24 h.‘Reaction conducted using ''NH4CI and '*N-alanine, at half the normal
concentration.

3.5 Summary

The tandem chemoenzymatic hydroaminomethylation strategy disclosed herein provides a robust
and sustainable alternative to conventional synthetic routes for the synthesis of linear primary
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amines. The cooperative integration of homogeneous catalysis with biocatalytic transformations
in aqueous media led and the need for organic solvents and multistep procedures. The versatility
of this chemoenzymatic method—evidenced by its broad substrate scope and the capability to
incorporate isotopic labels—underscores its potential for application to the development and
production of pharmaceuticals, agrochemicals, and beyond.
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3.7 Experimental Information
3.7.1 General Information

All reactions were conducted under inert atmosphere in a nitrogen-filled glovebox or with standard
Schlenk techniques, unless otherwise specified. All reagents and solvents were purchased from
commercial sources and used as received, unless otherwise noted. All glassware was flame-dried
or dried overnight at 120 °C, allowed to cool under vacuum, and stored in a N>-atomsphere drybox
until use, unless otherwise noted. Tetrahydrofuran, toluene, and diethyl ether were purified by
passing the degassed solvents (N2) through a column of activated alumina (solvent purification
system purchased from Innovative Technologies, Newburyport, MA). All other solvents were
stored over 4 A molecular sieves for at least 24 h prior to use. Compounds 1a-d, 1f-n, 1p, and 1r-
t are commercially available. Olefin 1q was synthesized according to a previously published
method.?® All reagents purchased from commercial suppliers were used as received. Deuterated
solvents, '’N-Alanine, and '>’NH4Cl were purchased from Cambridge Isotope Laboratories and
used as received. CO:Hz (1:1) was purchased from Praxair in 99.99% purity.
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Oligonucleotides were obtained from Integrated DNA Technologies. Enzymes and reagents used
for cloning were obtained from New England BioLabs and Thermo Fisher Scientific. All
expression media and buffers were prepared with ddH>O (MilliQ A10 Advantage purification
system, Millipore). All expression media were sterilized by either an autoclave (30 min, 121 °C)
or a sterile syringe filter (0.22 um). To maintain sterile conditions, sterile materials and E. coli cells
were manipulated near a lit Bunsen burner. Cells were pelleted with centrifugation and lysed with
a Qsonica Q125 equipped with a quarter-inch probe at 62% amplitude.

'H, 13C, N, and '°F NMR spectra were recorded on Bruker AV-300, AVB-400, AV-500, AV-600,
NEO-500, NEO-501, and AV-700 spectrometers at the University of California, Berkeley NMR
facility. Chemical shifts are reported relative to residual solvent peaks (CDCls = 7.26 ppm for 'H
NMR spectra and 77.16 ppm for 1*C NMR spectra, DMSO-ds = 2.50 ppm for 'H NMR spectra and
39.52 ppm for 3C NMR spectra). For ”F NMR spectra, chemical shifts are reported relative to
the 6 —113.15 resonance of PhF used as an external reference or the 6 —63.72 resonance of PhCFs.
The following abbreviations are used in reporting NMR data: s, singlet; d, doublet; t, triplet; q,
quartet; p, pentet; hept, heptet; m, multiplet.

Gas Chromatography (GC) was performed on an HP 6890 GC system with an Agilent HP-5
column (25 m x 0.200 mm, 0.33 um) for aldehyde quantification. Analysis of amine products was

performed on an HP 6890 GC system with an Agilent CP-Sil 8 CB column for amines (30 m x
0.32 mm x 1.00 um).

High-resolution mass spectra were recorded on a Perkin Elmer AxXION 2 TOF mass spectrometer
in ESI mode operated by the LBNL Catalysis Laboratory at the University of California, Berkeley
or were obtained from the QB3 Mass Spectrometry Facility at UC Berkeley. Analytical thin layer
chromatography (TLC) was performed on Kieselgel 60 F254 glass plates precoated with a 0.25
mm thickness of silica gel. The TLC plates were visualized with UV light and by staining with
KMnOs. Preparatory TLC was performed on AnalTech preparatory TLC plates with a 1000 um-
thick silica coating and visualized by UV. Column chromatography was generally performed on a
Teledyne Isco Combiflash® Rf system with RediSep Gold™ columns.

3.7.2 General Procedure for The Tandem Chemoenzymatic Hydroaminomethylation Reaction

Scheme S1. General procedure for the tandem chemoenzymatic hydroaminomethylation reaction.

[Rh(acac)CO], (2.5 mol%)
DPPon (7.5 mol%)
Triton X-100 (15 mol%)

Q/g CO:H, (1:1, 20 bar) NH,
Ala, NH4CI, glucose
Kx(POy), buffer, 30 °C, 3 h

In a nitrogen-filled glovebox, [Rh(acac)(CO):] (1.3 mg, 2.5 mol%) and DPPon (4.2 mg, 7.5 mol%)
were added to a flame-dried 18x150mm (25 mL) test tube. Degassed Triton X-100 (300 uL, 15
wt%) was added by glass pipette directly to the solid at the bottom of the test tube, and the test
tube was tilted to ensure all the powder was covered. A flame-dried Teflon stir bar was then added,
and the surfactant and catalyst were stirred for 10 seconds, forming a dark brown oil. To the test
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tube was then added alanine buffer (100 mM potassium phosphate, pH = 7.0, 3.0 mL, 1 M alanine,
250 mM glucose, 0.5 mM pyridoxal phosphate, 2 mM NADPH, 0.27 mM NADPH) that had been
degassed for 1 hour down the sides of the tube, washing any solid off of the walls of the test tube.
The resulting solution was stirred for 15 seconds, forming a light green suspension that darkens
over time. Solutions of WT-V{TA (700 uL), WT-AlaDH (200 uL), and WT-GDH (100 uL), that
had been degassed by gentle vacuum for 30 minutes, were added carefully down the side of the
test tube via micropipette, ensuring that bubbles are not formed (NOTE: allowing the rhodium,
ligand, and enzyme mixture to sit for greater than 15 minutes at this stage has been observed to
result in a decrease in yield and mass balance). After the addition of enzyme, the reaction mixture
adopts a more yellow hue. Finally, the substrate (200 umol) was added in one portion directly to
the solution via Hamilton syringe and the final reaction mixture was then stirred for 5 seconds.
The test tube was then placed into a 450 mL Parr bomb, the bomb was sealed, and the apparatus
was removed from the glovebox. The Parr bomb was purged with 1:1 CO:H> (2 x 20 bar), then
pressurized to 20 bar with 1:1 CO:H». The Parr bomb was then placed into a heating block pre-set
to 30 °C and the reaction solutions were stirred at 800 rpm for 3 h. After this time, the Parr bomb
was placed into an ice bath, and the pressure was vented once the bomb was cooled (NOTE:
successful reactions are typically light green without precipitation of the enzyme).

Upon completion, internal standard (either dodecane for GC analysis or dibromomethane for NMR
analysis) and 1 mL of 6 M NaOH was added to the reaction solution, followed by 3 mL of
extraction solvent. The solution was transferred to a 20 mL vial and the test tube was further
washed with 3 mL of water followed by 3 mL of extraction solvent. The resulting solution was
vortexed until thoroughly mixed. The mixture was then centrifuged to separate the organic and
aqueous layers and analyzed by gas chromatography or quantitative '"H NMR to determine yield
of product. If isolated, the crude residue was purified by flash column chromatography (SiO2,
neutral Al2Os3, or Amine-functionalized SiO>) to afford pure product.

3.7.3 General Methods for Protein Expression, Purification, and Characterization

Media Preparation: Autoinduction media?’ was prepared according to published procedures and
2 mL of the relevant 1000X antibiotics was added (0.05 mg/L of kanamycin and 0.1 mg/L of
ampicillin).

Protein Expression: Rosetta2 competent E. coli cells (QB3 Macrolab, UC Berkeley) were thawed
on ice for 15 minutes. Then, 40 pL of Rosetta2 cells were transferred to sterile 14 mL Falcon tubes
and transformed with the specified plasmid. Single colonies were picked to inoculate cultures (5-
8 mL, LB media), which were grown for 12-18 hours at 37 °C while shaking at 225 rpm. Each
overnight culture was used to inoculate 1-2 L of autoinduction media, which was further grown
for 24 h at 37 °C, while shaking at 200-225 rpm. Cells were harvested by centrifugation (5000
rpm, 10 min, 4 °C), and the pellets were resuspended in 20 mL suspension buffer (50 mM
NaxHy(POs), 250 mM NaCl, 10 mM imidazole, pH 8.0).

Protein Purification: Cell suspensions were thawed in a water bath at 25 °C and lysed on ice by
sonication (10 x 12 s on, 10 x 12 s off, 62% amplitude with a quarter-inch probe). Crude lysates
were transferred to sterile 50 mL Falcon tubes, and cell debris was removed by centrifugation
(10,000 rpm, 45 min, 4 °C). The crude lysate was poured over Ni-NTA resin. The resin was washed
with lysis buffer (15 mL), and protein was eluted with 15 mL elution buffer (50 mM sodium
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phosphate, 250 mM NaCl, 250 mM imidazole, pH 8.0). The protein was concentrated to 2.5 mL
with an Amicon Ultra 15 spin concentrator (30,000 Da cut off for transaminase and 10,000 Da cut
off for GDH and AlaDH) and desalted into the specified storage buffer with Sephadex G-25
desalting columns.

Protein Storage: proteins were flash frozen in liquid nitrogen and stored at -80 °C for up to 2
months.

Protein Characterization Gel Electrophoresis: Protein purity was analyzed by sodium dodecyl
sulfate-polyacrylamide (SDS-PAGE) gel electrophoresis with precast gels (polyacrylamide, 10-
20% linear gradient, Biorad).

UV-Vis Spectroscopy: Protein concentration was determined by a NanoDrop 2000 UV-Vis
Spectrophotometer (Thermo Scientific).

Protein Storage Buffers:

WT-VfTA: 100 mM sodium phosphate pH 7.5, 100 mM sodium chloride, 0.5 mM pyridoxal
phosphate, 10% glycerol

WT-BsGDH: 100 mM potassium phosphate, 100 mM sodium phosphate, pH 7.5, 10% glycerol
WT-BsAlaDH: 50 mM trisHCl, 50 mM NaCl, pH 7.5, 10% glycerol

3.7.4 Evaluation of Conditions for the Formation of Primary Amine Products in the Tandem
Hydroaminomethylation Reaction

Scheme S2. General procedure for the evaluation of conditions for the tandem chemoenzymatic
hydroaminomethylation reaction.

[Rh(acac)CO]l, (5 mol%)
DPPon (15 mol%)
Triton X-100 (10 mol%) OH

Z — LTy "WT-GDH gy NA,
CO:H, (1:1, 20 bar)
Ala, NH4CI, glucose

Ky(POy), buffer, 30 °C, 3 h 2a

1a (0.2 mmol)

In a nitrogen-filled glovebox, [Rh(acac)(CO)2] (2.6 mg, 5.0 mol%) and DPPon (8.4 mg, 15 mol%)
were added to a flame-dried 18x150mm (25 mL) test tube. Degassed Triton X-100 (200 pL, 10
mol%) was added by glass pipette directly to the solid at the bottom of the test tube, and the test
tube was tilted to ensure all the powder was covered. A flame-dried Teflon stir bar was then added,
and the surfactant and catalyst were stirred for 10 seconds, forming a dark brown oil. To the test
tube was then added alanine buffer (100 mM potassium phosphate, pH = 7.0, 3.0 mL, 1 M alanine,
250 mM glucose, 0.5 mM pyridoxal phosphate, 2 mM NADPH, 0.27 mM NADPH) that had been
degassed for 1 hour (3.0 mL) down the sides of the tube, washing any solid off of the walls of the
test tube. The resulting solution was stirred for 15 seconds, forming a light green suspension that
darkens over time. Degassed solutions of WT-VfTA (700 uL unless otherwise specified), WT-
AlaDH (200 uL unless otherwise specified) and WT-GDH (100 uL unless otherwise specified)
were added carefully down the side of the test tube via micropipette, ensuring that bubbles are not

87



formed. Finally, 1-phenylpent-4-en-1-ol 1a (32.4 mg, 0.2 mmol) was added in one portion directly
to the solution via Hamilton syringe, and the final reaction mixture was then stirred for 5 seconds.
The test tube was then placed into a 450 mL Parr bomb, the bomb was sealed, and the apparatus
was removed from the glovebox. The Parr bomb was purged with 1:1 CO:Hz (2 x 20 bar), then
pressurized to 20 bar with 1:1 CO:H». The Parr bomb was then placed into a heating block pre-set
to 30°C and the reaction solutions were stirred at 800 rpm for 3 hours. After this time, the Parr
bomb was placed into an ice bath, and the pressure was vented once the bomb was cooled. Upon
completion, internal standard (either dodecane for GC analysis or dibromomethane for NMR
analysis) and 1 mL of 6 M NaOH was added to the reaction solution, followed by 3 mL of
extraction solvent. The solution was transferred to a 20 mL vial and the test tube was further
washed with 3 mL of water followed by 3 mL of extraction solvent. The resulting solution was
vortexed until thoroughly mixed. The mixture was then centrifuged to separate the organic and
aqueous layers and analyzed by gas chromatography or quantitative 'H NMR to determine yield
of product.

3.7.5 Synthesis of Olefins
7-(pent-4-en-1-yloxy)-3,4-dihydroquinolin-2(1H)-one (1e)

B~
H 25e uiv)\ 0) H 0
K,CO3 (1.5 equiv)
iPrOH (0.3 M)
80°C,16 h

To a 20 mL vial equipped with a stir bar was added 7-hydroxy-3,4-dihydro-2(1H)quinolineone
(456 mg, 1.00 equiv, 2.80 mmol) and K>CO3 (579 mg, 1.50 equiv, 4.19 mmol), followed by
isopropanol (10.0 mL, 0.30 M) and 5-bromopent-1-ene (828 pL, 2.50 equiv, 6.99 mmol),
sequentially. The headspace of the vial was flushed with N», the vial was sealed with a Teflon-
lined cap, and the suspension was heated to 80 °C for 16 h. After this time, the suspension was
cooled to 25 °C, diluted with EtOAc, and the phases were separated with water. The aqueous layer
was extracted with EtOAc (3x). The organic layers were combined, dried with Na>SOs, filtered,
and the resulting filtrate was concentrated in vacuo. The crude residue was subjected to flash
column chromatography (SiO2, 20% - 40% EtOAc in hexanes) to afford 7-(pent-4-en-1-yloxy)-
3,4-dihydroquinolin-2(1H)-one (469 mg, 72%) as a white solid. The spectra agree with those
reported in the literature.”

'H NMR (500 MHz, CDCL3) § 8.06 (s, 1H), 7.04 (d, J = 8.3 Hz, 1H), 6.52 (dd, J = 8.3, 2.5 Hz,
1H), 6.32 (d, J= 2.4 Hz, 1H), 5.84 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.06 (dq, J= 17.1, 1.7 Hz,
1H), 5.02 — 4.98 (m, 1H), 3.93 (t, J = 6.4 Hz, 2H), 2.93 — 2.86 (m, 2H), 2.62 (dd, J = 8.4, 6.6 Hz,
2H), 2.27 - 2.18 (m, 2H), 1.91 — 1.81 (m, 2H).

BC{'H} NMR (126 MHz, CDCl3) 5 171.88, 158.84, 138.19, 137.88, 128.82, 115.85, 115.42,
108.86, 102.35, 67.50, 31.22, 30.22, 28.51, 24.72.
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1,3-dichloro-2-((2-(pent-4-en-1-yloxy)ethoxy)methyl)benzene (10)

cl Brao cl
O/\/OH (2.0 equiv) O/\/OM
KOtBu (1.25 equiv)
cl tBuOH (0.5 M) cl
50 °C,16 h

To a 40 mL vial equipped with a stir bar charged with 2-(2,6-dichlorobenzyloxy)ethanol (2.00 g,
1.00 equiv, 9.05 mmol) in tert-butanol (18.1 mL, 0.50 M) was added potassium fert-butoxide (1.27
g, 1.25 equiv, 11.3 mmol), and 5-bromo-1-pentene (2.17 mL, 2.00 equiv, 18.1 mmol) sequentially.
The headspace of the vial was flushed with N2, and the vial was subsequently sealed with a Teflon-
lined cap and heated to 50 °C in a heating block for 16 h. After this time, the crude reaction mixture
was cooled to rt, diluted with EtOAc, and poured into a separatory funnel containing H2O. The
aqueous layer was extracted with EtOAc (3x), the combined organics were dried with sodium
sulfate, and the solid was filtered off. The filtrate was concentrated in vacuo, and the resulting
crude oil was purified by flash column chromatography (SiO2, 20 — 40% EtOAc in hexanes) to
afford 1,3-dichloro-2-((2-(pent-4-en-1-yloxy)ethoxy)methyl)benzene (55%, 1.45g) as a clear oil.

IH NMR (500 MHz, CDCls) 5 7.31 (d, J = 8.1 Hz,2H), 7.17 (ddd, J = 8.5, 7.5, 0.9 Hz, 1H), 5.81
(ddt, J=16.9, 10.2, 6.6 Hz, 1H), 5.01 (dq, J = 17.1, 1.8 Hz, 1H), 4.94 (ddt, J = 10.2, 2.4, 1.3 Hz,
1H), 4.83 (s, 2H), 3.70 (dd, J= 5.9, 4.0 Hz, 2H), 3.61 (dd, J = 5.9, 4.0 Hz, 2H), 3.47 (t, J= 6.7 Hz,
2H), 2.11 (dtt, J = 8.0, 6.7, 1.5 Hz, 2H), 1.72 — 1.62 (m, 2H).

BC{'H} NMR (126 MHz, CDCl3) § 138.52, 137.10, 133.58, 129.99, 128.51, 114.78,70.85, 70.21,
70.11, 67.69, 30.41, 29.02.

HRMS (ESI) [C14Hi3C1,02+H]+ calc;d.: 289.0758, found: 289.0757
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3.7.6 'H and "°’F NMR spectra of Olefins

7-(pent-4-en-1-yloxy)-3,4-dihydroquinolin-2(1H)-one (2¢)

"H NMR spectrum (CDCls, 500 MHz)
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1,3-dichloro-2-((2-(pent-4-en-1-yloxy)ethoxy)methyl)benzene (10)

"H NMR spectrum (CDCls, 500 MHz)
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CHAPTER FOUR

Copper-Mediated Cyanodifluoromethylation of (Hetero)aryl lodides and Activated
(Hetero)aryl Bromides with TMSCF2CN.



4.1 Abstract

The cyanodifluoromethyl group is unique because its size is closer than that of any other
substituted difluoromethyl group to the size of the trifluoromethyl group, but its electronic
properties are distinct from those of the trifluoromethyl group. In addition, the presence of the
cyano group provides synthetic entry to a wide range of substituted difluoromethyl groups.
However, the synthesis of cyanodifluoromethyl compounds requires multiple steps, highly reactive
reagents (such as DAST, NSFI, or IFs), or specialized starting materials (such as a,0-
dichloroacetonitriles or a-mercaptoacetonitriles). Herein, we report a copper-mediated
cyanodifluoromethylation of aryl and heteroaryl iodides and activated aryl and heteroaryl
bromides with TMSCF2CN. This cyanodifluoromethylation tolerates an array of functional
groups, is applicable to late-stage functionalization of complex molecules, yields analogues of
FDA-approved pharmaceuticals and fine chemicals, and enables the synthesis of a range of
complex molecules bearing a difluoromethylene unit by transformations of the electron-poor CN
unit. Calculations of selected steps of the reaction mechanism by Density Functional Theory
indicate that the barriers for both the oxidative addition of iodobenzene to [(DMF)CuCF,CN] and
the reductive elimination of the fluoroalkyl product from the fluoroalkyl copper intermediate lie
in between those of [(DMF)CuCF3] and [(DMF)CuCF.C(O)NMe:].

4.2 Introduction

Molecules containing alkyl or aryl fluorides are widespread in materials chemistry and are
increasingly prevalent in approved pharmaceuticals' and agrochemicals,? constituting 20% and
50% of the market, respectively. Fluorine is prevalent because substitution of hydrogen atoms with
fluorine can favorably impact the pKa, lipophilicity, molecular conformation, and metabolic
stability of the parent compound.’ To exert these effects, either an aryl fluoride or
aryltrifluoromethyl group is often installed,"* in large part due to the commercial availability and
synthetic accessibility of fluoro- and trifluoromethylarenes.>!° Other fluorinated groups, such as
mono- and difluoromethyl groups, have beneficial properties,® but they are typically used less
frequently because they are more difficult to introduce.

One such group is the cyanodifluoromethyl group. A comparison of the modified Swain-Lupton
field parameter of a cyano group to that of a fluorine atom (Fen = 0.51, Fr = 0.45)!! suggests that
the cyanodifluoromethyl group is more electron withdrawing than a trifluoromethyl group, and
this electron-withdrawing property would deactivate an adjacent aryl group towards oxidative
metabolism. The nitrile also provides opportunities for polar and hydrogen-bonding interactions
with target substrates and serves as a bio-isostere for carbonyl groups, hydroxyl groups, and other
hydrogen-bond acceptors.* '? Arylacetonitriles are resistant to oxidation when the a-position lacks
C-H bonds,'? and the cyano group in these compounds typically undergoes hydrolysis, rather than
releasing cyanide.!*!* In addition to modulating the electronic properties of the adjacent nitrile
and the electrophilicity of the nitrile carbon, the gem-difluoromethylene unit itself is commonly
invoked as a bio-isostere of a carbonyl group, of ether oxygens, or of thioether sulfur atoms.

As a result of these properties, aryl-o,a-difluoroacetonitriles have garnered interest as
herbicides,!>!® pharmaceutical ingredients,!”?° and liquid crystals (Figure 1a);?! however, the
investigation of aryl-a,a-difluoroacetonitriles has been limited because the cyanodifluoromethyl
group is difficult to install. The most common route to cyanodifluoromethylarenes is a multi-step



sequence beginning with
copper-mediated reductive

coupling of an aryl iodide
\Q\/\ en with a bromodifluoroester
or with deoxofluorination of

an aryl 2-oxoacetate to form
an  aryl-o,a-difluoroester

F (Figure 1b, i-ii). Subsequent
Il(,\, addition of ammonia and
dehydration of the resulting
H amide affords the aryl-o,a-
difluoroacetonitrile.?*%?
FF

o o These syntheses generally
11~5

CHK1 inhibitor SOS1 modulator liquid crystals herb|C|de occur in low overall yields
and require de novo

construction of each

Fig. 1a: applications of cyanodifluoromethylarenes

prostaglandin D2 receptor antagonlst NSAID herbicide

Fig. 1b: prior methods to generate cyanodifluoromethylarenes

1. Cu, BrCF,CO,Et t-BuLi (2.2 equiv) cyanodifluoromethylarene.

) Al 2. NH3, EtOH NFSI (2.5 equiv) A /\CN v Int d t. f th
3. TFAA, pyridine THF, 78°C A ' ntroduction 0 e [
1. DAST £ E CFzCN] group .by
i 2. NHj, EtOH IFs SMe " alternative routes involving
0 Ar">co,Et 3. TFAA, pyridine A N hexanes, it Ar""“cN the formation of a C—F bond

1.(TMS);SiH, CsO,CH, . o
o DAST /SbFsT N Berown6, 4-FM e o requires harsh . condltlor}s
-
(i) A )kCN DCM  refiux s 2. NH,OHeHCI 3 and highly reactive or toxic
i) N 3. Ac,0, NEt, reagents, such as N,N-
A CN : :
' diethyl-1,1,1-trifluoro-A*-
Fig. 1c: this work - copper-mediated coupling to form cyanodifluoromethylarenes sulfanamine (DAST) 21
b

o SbF3,*  N-fluorobenzene
@ X, TMS. ON  GuTC (1.0 equiv "\ o>\_© sulfonamide (NFSI),”® or
_—
FF DMF (0.4 M) @ NN IFs (Figure 1b, iii-vi).2® The
~ : 80°C, 16 h u .
X=1,Br (2 equiv) functional group tolerance
@ >35examples @ broad scope @ product derivatization @ DFT calculations Of SLICh C_F bOHd-fOI”mmg

Figure 1. (a) Applications of cyanodifluoromethylarenes, (b) reactions, therefore, is
prior methods to generate cyanodifluoromethylarenes, and (c) this ~ limited, and these methods

work: copper-mediated coupling to form are not typically amenable
cyanodifluoromethylarenes. TFAA = trifluoroacetic acid; 4-FM = to rapid diversification of
4-formylmorpholine. the aryl substituent.

Recently, Bandar  and
coworkers reported a base-promoted reductive coupling platform for the defluorofunctionalization
of trifluoromethylarenes (Figure 1b, vii),2’ but this methodology, again, requires multiple steps to

access the corresponding aryldifluoroacetonitrile.

Copper-mediated and copper-catalyzed fluoroalkylation reactions have been developed for the
synthesis of trifluoromethylarenes, %33 aryldifluoromethylesters,**>> and
aryldifluoromethylamides.*® We sought to develop a coupling of aryl halides with a nucleophilic
form of the cyanodifluoromethyl group to address the lack of suitable methods to synthesize aryl-
a,0-difluoroacetonitriles rapidly, with broad scope, and in a fashion applicable to compounds of
potential biological interest.
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We report the copper-mediated coupling of aryl and heteroaryl iodides and electron-poor bromides
with 2,2-difluoro-2-(trimethylsilyl)acetonitrile (TMSCF2CN, 1). This method (Figure 1c) delivers
a diverse range of cyanodifluoromethylarenes in high yields with a simple, commercially
available, inexpensive copper compound. The reaction tolerates a wide range of functional groups,
making it suitable for the synthesis of complex, drug-like molecules, and DFT calculations show
the barriers to oxidative addition and reductive elimination involving cyanodifluoromethyl copper
complexes are lower in energy than those to oxidative addition and reductive elimination involving
analogous trifluoromethylcopper complexes.

4.3 Results & Discussion
4.3.1. Development of reaction conditions for the coupling of aryl iodides with TMSCF>CN.

Copper-mediated and copper-catalyzed fluoroalkylation reactions often require transmetallation of
the fluoroalkyl group from a main group element to copper, and the rate of such transmetallation
depends on the LX-type ligand on
copper. We envisioned that a silicon-
based reagent’’ containing the desired

Table 1. Evaluation of conditions for the copper-
mediated coupling of aryl iodides and TMSCF2CN

). . fluoroalkyl group,”® TMS-CF,CN (1)
I TMs_ _cN [Cu] could transfer the cyanodifluoromethyl

. /©/ * ,?<F solvent CN group to a copper compound containing
! 1 80°C,16h  nBu the proper X-type ligand that would be
Entry [Cu] (equiv) Equivi  solvent(M)  Yield (%)*  replaced by the CF.CN unit. The
! Cul (2.0) 5.0 DMSO (0.2) 16 resulting  fluoroalkylcopper  species
CuDPP (2.0) 5.0 DMSO (0.2) 84 1dth d dative addition of

3 CuDPP (2.0) 5.0 DME (0.2) 91 could then undergo oxidative addition o

4 CuDPP (1.0) 5.0 DME (0.2) 73 an aryl halide, followed by reductive
5 CuDPP (1.0) 2.0 DME (0.2) 76 liminati o deli the desired

6 CuDPP (1.0) 20 NMP (0.2) 96 climination (6} cuver V] CSIre
7 CuDPP (1.0) 2.0 DMF (0.2) 96* product, but the effect of the nitrile in a

8 &BEE 8 2; 3:8 BME Eg::i Zg* fluoroalkyl group on these two steps is
100 CuDPP (1.0) 2.0 DMF (0.4) 99* unknown. To investigate the potential of
*Y'111dd cuTC d(1b O)D : 2.0 ) DM‘.F 53‘” _ dgs o this scenario, we conducted a set of
ield determined by Dr. Tomasso Fantoni; “determined by experiments with -n-butyl-4-

NMR spectroscopy with a,a,a-trifluorotoluene as internal | . £
standard. "Reaction time = 1 h. See Supporting Information for iodobenzene, a series of Cu(l)
additional details. complexes, and TMSCF,CN (Table 1).

After evaluating a variety of Cu(I) reagents, we found that Cu(I) diphenylphosphinate (CuDPP)
mediated the cyanodifluoromethylation with excess 1 in DMSO and DME (entries 2-3). The
reactions in DMF as solvent occurred with one, rather than two, equivalent of copper and with just
2 equivalents of 1 (entry 8). Reactions with 0.5 equivalents of Cu occurred in only 48% yield (entry
9). Ultimately, we found that the inexpensive Cu(l) thiophenecarboxylate (CuTC) complex
mediated the reaction in DMF in high yield (entry 11). Reactions conducted with added ligands,
such as 1,10-phenanthroholine or bipyridine, that

are common in copper-mediated transformations and reactions conducted with oxalamide- or
oxalylhydrazide-bound copper species resulted in lower yields than those without added ligands
in all cases (see Table S2 in the Supporting Information).
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We hypothesize that TMSCF2CN undergoes transmetallation to copper by a cyclic transition state
involving the carboxylate group of the thiophenecarboxylate ligand. No decomposition of 1 in the
presence of the reaction partners and solvent in the absence of CuTC is observed. In principle, the
reaction could be rendered catalytic by addition of NaTC or NaDPP to regenerate CuTC or CuDPP
from the presumed Cul or CuBr product. However, NaDPP, NaTC, and other exogeneous
activators of organosilanes, such as KF or CsF, lead to decomposition of silane 1 over the course
of the reaction at 80 °C (see Tables S3 and S4 in the Supporting Information for these data).

Table 2. Yield of the cyanodifluoromethylation CuTC is less expensive than CuDPP,

reaction under various conditions.” and reactions conducted with CuTC
| FF generally delivered the products in

/@/ . TMSXCN [Cu] (1 equiv) oy  Similar yields to those of reactions
nBu F F DMF (0.4 M) conducted with CuDPP (see Figure
1(20equiv) 80°C,16h  nBu S3 in the Supporting Information).
Entry Conditions Yield w/ CuTC Yield w/ CuDPP When compared to the cost of
1 Standard conditions 99% 99% common  catalysts used in

2 under air 25%* 45%* fl lkvlati i h

3 Schlenk technique 99%* 93%* uoroalkylation rg;ac ions such as
4 under air + N, purge 91% 36% (BrettPhos)Pd-G3, at the
5 t, 48 h 99%* 99%* . e .

: ropri ichiom TC i1

. 1 equiv 1. 48 h 05" 99%" appropriate stoichiometry, CuTC is

among the lowest cost available
($0.25/mmol;  see  Supporting
Information Table S5).

*Yield determined by Dr. Tomasso Fantoni; “determined using '°F
NMR spectroscopy with a,a,0-trifluorotoluene as internal standard.

Although our studies were conducted in a nitrogen-filled glovebox, the reaction also proceeded
smoothly when using Schlenk techniques or when assembling under air and flushing the reaction
vessel with nitrogen before heating (Table 2, entries 3 and 4). The reaction proceeded at room
temperature, albeit at a slower rate (entries 5-6), so further reactions were conducted at 80 °C to
increase the rate of the cyanodifluoromethylation reaction.

The TMSCF2CN nucleophile 1 was synthesized on decagram-scale batches at Berkeley and was
stable on the benchtop for over six months. This reagent is currently available in small-scale
batches from Enamine while a process-scale synthesis is being developed.

4.3.2 Scope of the cyanodifluoromethylation reaction.

Having established conditions that deliver coupled product in high yield, we explored the scope of
the copper-mediated cyanodifluoromethylation with an array of aryl and heteroaryl iodides and
bromides (Chart 1). Products of the cyanodifluoromethylation reaction with low molecular weights
were often too volatile to isolate in yields approaching those of the crude material. These products
were converted in a one-pot procedure, as shown at the top of Chart 1, to more tractable derivatives
for purification. Some products underwent decomposition to some degree upon purification by
flash column chromatography,

although this did not prevent their isolation. A wide range of aryl iodides, including electron-poor
(3a-e), electron-neutral (3f-g), and electron-rich arenes (3h-i) reacted under the developed
conditions. Those containing common functional groups, including bromides and chlorides (3a-b,
3j), esters (3¢), nitro groups (3d), and carbamates (3i) reacted in high yield. An aryl iodides bearing
an ortho-isopropyl (3K) substituent reacted, as did those with 2,6-dichloro (31) and 2-methyl-6-
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ethyl (3m) groups. Meta-substituted iodoarenes (3n-p) also reacted, as did heterocycles such as
dibenzofuran (3s), pyridine (3t), and bipyrazole (3u). The yield of product 3r on a 1 g scale was

Chart 1. Scope of (hetero)aryl iodides and activated (hetero)aryl bromides that undergo the
cyanodifluoromethylation reaction with TMSCF2CN (1).

. R F H2 / ‘
X TMS._CN CuTC (1.0 equiv) S
+ K —_—— CN o_ ~
F F DMF (0.4 M) Y = NMe, O S cl
80°C,16 h

2a-aj (0.1 mmol) 1 (2 equiv) 3a-aj 4a-aj
R F R F R F R F R F R F
Br Cl MeO,C 02N NC nBu
3a 88%° 3b 81%° 3¢ 70%° 3d 45%° 3e 3f 99%?
4a 55%° 4b 69%° 4c 58%° 4d 38%° 81%7 (74%P) 4f 88%°
FF FF Vi Cl R F
o T o S o
H MeO BocHN O
39 85%7 3h 91%7 3i 71% 3k 93%"’ 3193%°
49 82%° 4h 74%° 4i 41%° 87%? 74% 4k 65%7 4l 66%’
FF o) F F R F O EF
Ph
[I :CN CN \©)<CN
3m 86%2° 3n 82%7 30 79%7 3p 93% 3q 3r 76%° 6%")
4m 68%" 4n 53%9 40 68%7 4p 74%9 76%? (63%") 1.0g: 73% (46%"%)
N
O o F F Ph N / MeO “Boc
‘ X7 CN N)/I PN
O 400 N )N NG
Ph
3s 3t 3v FFP o3
94%2 (82%”) 72%2 (59%") 67%° (36%") 53%7 (38%") 99%7 (93%") 58%7 (36%")
coumarin 1 derivative ipriflavone derivative phenylalanine derivative

F

. RF
CcN NGk
CN )
o E N\N F F
FF
F CN
o / CN
\ : O,N OMe
o  OMe o 3 o

3z 3aa 3ab 3ac 3ad
4% 5% 82% (57%") 68%% (68%") 62% (56%") 53%7 (44%") 82%7 (42%")
ce/ecoxm ana/ogue herbicide a-tocopherol derivative isomenthol derivative
FF |
R F RF RF N O N F
oN cN N o N o =N CN Y ‘ N LF
A N
| P \ N N on
O,N J 5
3ae 52%° 3af 3ah 3ai eaj
4ae 33%° 55%2 (16%”) 3°/ae( 7%P) 88%7 (56%") 58%%° (40%") 70%%° (40%")

caffeine derivative

Reaction conducted with 0.1 mmol (hetero)aryl halide; ®Yield of the cyanodifluoromethylarene determined by '
NMR spectroscopy with o,a,0-trifluorotoluene as internal standard. *Isolated yields of the cyanodifluoromethylarene.
“Isolated yield of the benzimidazole (Y = NMe); “Isolated yield of the benzoxazole (Y = O); 1 equiv of CuDPP used
instead of CuTC;/Isolated yield of the benzothiazole (Y = S).

similar to the yield of 3r on a 0.1 mmol scale, although the product did decay by hydrolysis of the
nitrile to a greater extent during chromatographic purification on large scale than on small scale.

The applicability of this method to the late-stage diversification of more structurally complex
molecules was assessed. Derivatives of the laser dye coumarin 1 (3v), ipriflavone (3w),
phenylalanine (3x), and an analogue of the NSAID celecoxib (3y) all formed in good to high yield

97



from the corresponding iodide. An herbicide bearing an alkyne (3z), and derivatives of vitamin E
(3aa) and isomenthol (3ab), were also produced using this reaction.

Bromides of electron-poor arenes and of heteroarenes also underwent cyanodifluoromethylation.
An aryl bromide with an ortho-pyrazole group (3ac) and aryl bromides bearing electron-
withdrawing groups (3ad-af) reacted in good yields. 2-Bromopyridines (3ag) and quinolines
bearing a bromide proximal to nitrogen (3ah-ai)

reacted. Biologically active heteroaryl bromides were also suitable for this transformation; an
analogue of caffeine (3a0) was synthesized using this method. The yields of additional (hetero)aryl
halides that were not isolated, and those that did not react, as determined by '°F NMR spectroscopy,
are provided in the Supporting Information.

4.3.3 Functionalization of the coupled products.
Chart 2. Functionalization reactions of aryl-a,o-difluoroacetonitriles.”

L,
R F PhOH NH, FF
Ph)QWNHZ HBr, AcOH MeOH Ph)&\/x
t, 18 h t-65 °C, 2-24 h h}\@
o 5a 80% YT (X = NMe)

5h 87% K4Sl
5i93% NUSE)

HS
FF N H2N/><;N—Boc F
Ph)%(s\/\ MeCN/H,0 HO

i, 2 h

F
Ph>k‘/o ~
MeOH, 65 °C, 16 h \\)’\,NBOC
NH 5b 88% 5j 69% N

KR F FE FF H
Ar)S/NHZ NH,OH K NaNs, DMSO Ph)ng
1 R S —— —_— N\

A i, 18 h ATy, 80°C,20h N

OH 5¢ 75%* 5k 97% N

)

Ni(COD), RF
PAd 3, o-xylene

-30°C—rt,2h 140 °C, 24 h N

e

R (S)-MBA, H,
F F ArMgBr, THF [Ni], triphos, TFE BL:\/@
Ph 0°C,4h 130 °C, 16 h Ph Y
o) R = H) X Exza :
(R = OMe) ELEIAA

*Yield determined by Dr. Tomasso Fantoni; “See Supporting Information for detailed
reaction conditions. Ar; = 4-nBuCg¢Ha.

LiAlH4, Et,0
then Boc,O

Because examples of aryl-a,a-difluoroacetonitriles are rare, we sought to explore the reactivity of
the cyanodifluoromethyl group. The aryl-a,a-difluoroacetonitrile products undergo a wide range
of reactions and enable the synthesis of molecules containing a benzylic difluoromethylene unit
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(Chart 2). Several of these reactions highlight the increase in electrophilicity of the nitrile imparted
by the vicinal fluorine atoms.

The nitrile carbon reacts with a range of nucleophiles. Acid-catalyzed addition of water gave a,a-
difluoroamide Sa in 80% yield. The addition of propylthiol and hydroxylamine formed
imidothioate Sb and hydroxyformamide Sc. Hydroxyformamides, such as Se, can be used to
synthesize a,a-difluorinated oxadiazoles*’ and other heterocycles. Reduction and protection of the
cyanodifluoromethylarene afforded B,B-difluoroamide Sd in 60% yield. Like the additions of
hydrides, the addition of organomagnesium reagents formed aryl-a,a-difluoromethylketones Se-f
in high yields. While one might be concerned about abstraction of the fluorine by electrophilic
metals, this was not observed.

Condensations of ortho-substituted anilines also occurred to form benzimidazole Sg, benzoxazole
5h, and benzothiazole 5i. Molecules containing the benzylic benzimidazole motif have been
investigated as LRRK2 inhibitors*' and as potent analgesics,** and this route provides access to
difluorinated analogues of these compounds. Current methods to form such aryl-o,a-
difluoroheterocycles require the use of a pre-formed heteroaryl-CF2Br coupling partner, limiting
opportunities for rapid diversification.* The novel o,a-difluorinated [3.4]-spirocycle 5j also
formed by the addition of a B-amino alcohol. We have demonstrated that these cycloaddition
reactions can be conducted without isolation of the intermediate aryldifluoroacetonitrile (see
Supporting Information).

The aryl cyanodifluoromethyl compounds also underwent cycloaddition and hydrogenative
coupling reactions. Sodium azide reacted cleanly with the cyano group to give a,a-difluorinated
tetrazole 5k, which belongs to a class of compounds that has been investigated as URAT1
inhibitors.** A nickel-catalyzed dehydrogenative [4+2] reaction generated aryl-a,o-
difluoropyridine 51 in moderate yield when using PAd; as ligand.* Finally, a nickel-catalyzed
hydrogenative C-N coupling with (S)-methylbenzylamine provided B,B-difluorinated secondary
amine 5m.*® Thus, the elaboration of cyanodifluoromethylarenes prepared by our coupling
reaction enables the construction of a wide range of structurally diverse a,a-difluoromethylarenes
from aryl or heteroaryl halides, TMSCF2CN, and common additional components.

To assess the differences in reactivity imparted by the fluorine atoms, we conducted a selection of
control reactions with benzyl nitrile under analogous conditions (see Supporting Information for
details). After 30 minutes, the fluorinated amide 5a formed in 70% yield while the hydrolysis of
benzyl nitrile converted only 34% of the nitrile to the amide. The addition of thiols or
hydroxylamine to arylacetonitriles typically requires forcing conditions*” or an acid catalyst,*® and
no product was observed from reactions of benzyl nitrile with these two reagents under conditions
for reaction of S5b and Sc, respectively. The reduction of arylacetonitriles lacking fluorine
substitution at the benzylic position also often requires high temperatures or catalysts to proceed;
the addition of LAH to benzyl nitrile under analogous conditions for 5d formed no reduced
product.*->® Cyclization reactions to form products analogous to benzothiazole 5i without fluorine
atoms did not proceed under analogous conditions, even with the addition of AICl3 as Lewis acid.>!"
3 We ascribe the demonstrated difference in reactivity between aryldifluoroacetonitriles and
arylacetonitriles to the inductive effect of the fluorine atoms adjacent to the nitrile carbon.
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4.4 Analysis of the cyanodifluoromethylation reaction by DFT calculations.

Having developed a method for the widely applicable conversion of aryl and heteroaryl iodides
and bromides to cyanodifluoromethylarenes, we conducted calculations with density functional
theory (DFT) to gain information on the barriers for reaction of aryl halides with the
difluorocyanomethyl copper complex, relative to those for related fluoroalkylcopper complexes.
To do so, we computed the barriers to oxidative addition of Phl to the [(DMF)CuCF2R]
intermediate and reductive elimination from the resulting [(DMF)Cu(Ph)(I)CF2R] complex.>*
Unless otherwise noted, the energies we report are Gibbs free energies in kcal/mol for reactions
computed with a DMF solvent continuum (see Supporting Information for complete computational
details).
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Figure 2. Computed free energy diagram for the reaction of Phl with [(DMF)CuCF2R], in which
R = CN, F, and C(O)NMe,. Gibbs free energies calculated at the def2-TZVP level of theory for
Cu and I with accompanying ECP; all other atoms were treated at the def2-SVPD level. Solvent
= DMF, temperature = rt. Empirical dispersion is considered. See Supporting Information for
additional details

The combined energy of [(DMF)CuCF2R] and Phl was set to zero, and the copper complexes
containing two DMF ligands, [(DMF),CuCF:R], were computed to be higher in energy than the
complexes [(DMF)CuCF2R] by 7.34, 7.00, and 11.8 kcal/mol for R = CN, F, and CONMex,
respectively.  Computational’’  and  experimental®®>®  studies of copper-mediated
trifluoromethylation reactions imply that [(S)Cu(nucleophile)] (S = DMSO, DMF) complexes
oxidatively add iodoarenes more rapidly than do [(L)Cu(nucleophile)]™ (L = phen, n=0; L =
halide, nucleophile, n = 1) complexes. We calculated the pathways in which one DMF remains
bound to the copper because the computed free energies for oxidative additions occurring to
[(DMF)CuCF3] reported by Grushin and coworkers were lower than those for the combination of
dissociation of DMF from [(DMF),CuCF;] and oxidative addition.>* The mechanism in which one
DMF remains bound to Cu has been shown to reproduce the results of Hammett studies accurately
and to capture the effects of ortho-substitution on reaction rate.
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Figure 2 shows the computed reaction coordinates for the reaction of Phl with [(DMF)CuCF2R]
in which R = CN, F, and C(O)NMe>. Complexes [Cu]-1a—c containing the cyanodifluoromethyl,
trifluoromethyl and difluoro amide enolate groups are formed by coordination of the arene p
system to the copper species prior to oxidative addition. The cyanodifluoromethyl- and
trifluoromethylcopper species were computed to form a Lewis acid-base pair with the iodine atom
of Phl ([Cu]-2a and [Cu]-2b), while no complex between Phl and the copper difluoroamide
enolate was located along the pathway to oxidative addition. The barriers for the step that cleaves
the C-I bond in iodobenzene were computed to be 12.9, 14.1, and 12.0 kcal/mol for R = CN, F,
and C(O)NMe,, respectively, while the overall barriers for reaction of Phl with the
[(DMF)CuCF2R] complexes were computed to be 18.7, 19.2, and 16.6 kcal/mol, respectively.

Due to the lower endothermicity of the oxidative addition of Phl to the cyanodifluoromethyl
copper complex than to the trifluoromethyl copper complex, the transition state for the
cyanodifluoromethylation should be earlier than that for the analogous trifluoromethylation
reaction. This hypothesis is supported by our calculations: the Cu—Cijp distance in TSoa*-a for
oxidative addition of Phl to the difluorocyanomethyl copper complex is longer (2.08 A vs 2.05 A),
and the Ph—I bond is shorter (2.31 A vs. 2.34 A) than those in transition state TSoa¥-b for oxidative
addition of PhI to the trifluoromethyl copper complex.

The arylcopper complexes [Cu]-3-a—c¢ formed by oxidative addition all adopt a distorted square-
planar geometry. Complex [Cu]-3-a is more destabilized, relative to the starting materials, than
are complexes [Cu]-3-b and [Cu]-3-c. The difference in energy between transition state TSre*-a
and complex [Cu]-3-a is smaller than the difference in energy between transition state TSre*-b
and complex [Cu]-3-b. The calculated energy differences indicate that reductive elimination to
form the cyanodifluoromethylarene product occurs with a lower barrier than formation of the
analogous trifluoromethylarene product.

The reductive eliminations from copper complexes [Cu]-3-a—c proceed through transition states
TSre*-a—c to form the fluoroalkylarene complexes [Cu]-4-a—c with barriers of just 3.2, 4.7, and
1.2 kcal/mol respectively. Oxidative addition is computed to be rate-determining because the
differences in energies between TSre*-a—c¢ and [Cu]-3-a—c respectively are smaller than the
differences between TSoa*-a—c and the respective starting materials for each of the fluoroalkyl
groups investigated. Our group has previously identified by computation®’ a stabilizing interaction
between the palladium center and the nitrile CN bond during reductive elimination from a
phosphine-ligated fluoroalkyl-arylpalladium complex; however, we did not identify an analogous
stabilizing interaction between the copper center and the nitrile CN bond using an independent
gradient model based on Hirschfield partitions (IGMH analysis).>®

4.5 Summary

We have developed a copper-mediated cyanodifluoromethylation of aryl and heteroaryl iodides
and electron-poor aryl and heteroaryl bromides with TMSCF2CN that occurs with inexpensive,
commercially available CuTC, requires no exogenous ligand, and occurs with broad functional
group compatibility. We demonstrate that this method can be applied to the late-stage
functionalization of complex molecules, and we show that the cyanodifluoromethyl group is a
versatile synthon to generate a diverse range of products containing an aryl-o,a-difluoromethylene
unit. DFT calculations suggest that the barriers to both oxidative addition and reductive elimination
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are lower for the copper-mediated cyanodifluoromethylation than for the copper-mediated
trifluoromethylation with the same DMF-ligated copper center, and that oxidative addition is rate-
limiting.
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4.7 Experimental Information
4.7.1 General Information

All reactions were conducted under inert atmosphere in a nitrogen-filled glovebox or with standard
Schlenk techniques, unless otherwise specified. All reagents and solvents were purchased from
commercial sources and used as received, unless otherwise noted. All glassware was flame-dried
or dried overnight at 120 °C, allowed to cool under vacuum, and stored in a N2>-atomsphere drybox
until use unless otherwise noted. Tetrahydrofuran, toluene, and diethyl ether were purified by
passing the degassed solvents (N2) through a column of activated alumina (solvent purification
system purchased from Innovative Technologies, Newburyport, MA). All other solvents were
stored over 4 A molecular sieves for at least 24 h prior to use. Compounds 2a-s, 2x, 2ac-aj are
commercially available. CuDPP was purchased from Ambeed. CuTC was purchased from either
ChemScene or AA Blocks. All reagents purchased from commercial suppliers were stored in the
glove box and used as received.

Deuterated solvents were purchased from Cambridge Isotope Laboratories and used as received.

'H, 13C, and '°F NMR spectra were recorded on Bruker AV-300, AVQ-400, AV-500, AV-600, NEO-
500, NEO-501 and AV-700 spectrometers at the University of California, Berkeley NMR facility.
Chemical shifts are reported relative to residual solvent peaks (CDCl; = 7.26 ppm for 'H NMR
spectra and 77.16 ppm for 3C{'H} NMR spectra, DMSO-d6 = 2.50 ppm for 'H NMR spectra and
39.52 ppm for C{'H} NMR spectra). For ’F NMR spectra, chemical shifts are reported relative
to the 0 —113.15 resonance of fluorobenzene used as an external reference or the 6 —63.72
resonance of a,a,a-trifluorotoluene. The following abbreviations are used in reporting NMR data:
s, singlet; d, doublet; t, triplet; q, quartet; p, pentet; hept, heptet; m, multiplet.

High-resolution mass spectra were recorded on an Agilent Time of Flight (Q-TOF) mass
spectrometer in ESI mode operated by the Catalysis Center at the University of California,
Berkeley or were obtained from the QB3 Mass Spectrometry Facility at UC Berkeley. Analytical
thin layer chromatography (TLC) was performed on Kieselgel 60 F254 glass plates precoated with
a 0.25 mm thickness of silica gel. The TLC plates were visualized with UV light. Preparatory TLC
was performed on AnalTech preparatory TLC plates with a 1000 um-thick silica coating and
visualized by UV. Column chromatography was generally performed on a Teledyne Isco
Combiflash® Rf system with RediSep Gold™ columns.

106



4.7.2 Initial Investigation of Reaction Conditions

In a nitrogen-filled glovebox, the copper salt (from 0.20 to 2.0 equiv) was added to a 4 mL vial
equipped with a Teflon-coated stir bar. If applicable, the additive (from 0.00 to 1.20 equiv) and the
ligand (0.110 mmol, 1.10 equiv) were added, if solid at rt. The solvent (from 0.10 to 1.00 mL) was
added, followed by 1-butyl-4-iodobenzene (17.8 pL, 0.10 mmol, 1.00 equiv). When applicable,
ligands that were liquid were then added at rt (0.110 mmol, 1.10 equiv). The reaction was sealed
with a Teflon-lined cap and heated to 80 °C h for 16 h. After 16 h, the reaction was allowed to cool
to rt. The internal standard, a,a,a-trifluorotoluene (12.27 pL, 0.10 mmol, 1.00 equiv), was added,
and the yield of the reaction was determined by '°F NMR spectroscopy.

Table S1. Effect of the copper complex, stoichiometry, and solvent on the copper-mediated
coupling of aryl iodides and TMSCF,CN (1). Yield determined using '°F NMR spectroscopy with
a,0,0-trifluorotoluene as internal standard; “reaction conducted at rt; “reaction conducted at 65 °C;
‘reaction conducted at 100 °C.

| F F
™
™o oy
F F solvent
nBu 1 16 h nBu
Entry [Cu] (equiv) 1 (equiv) solvent (M) T (°C) Yield (%)

1 Cul (0.2) 5.0 DMSO (0.2) 80 0
2 Cul (0.5) 5.0 DMSO (0.2) 80 6
3 Cul (1.0) 5.0 DMSO (0.2) 80 19
4 Cul (2.0) 5.0 DMSO (0.2) 80 27
5 Cul (5.0) 5.0 DMSO (0.2) 80 48
6 CuCl (2.0) 5.0 DMSO (0.2) 80 65
7 CuBr (2.0) 5.0 DMSO (0.2) 80 41
8 CuBreSMe, (2.0) 5.0 DMSO (0.2) 80 50
9 CuOAc (2.0) 5.0 DMSO (0.2) 80 65
10 CuTC (2.0) 5.0 DMSO (0.2) 80 72
11 CuDPP (2.0) 5.0 DMSO (0.2) 80 84
12 CuDPP (2.0) 5.0 DME (0.2) 80 91
13 CuDPP (1.0) 5.0 DME (0.2) 80 73
14 CuDPP (1.0) 2.5 DME (0.2) 80 79
15 CuDPP (1.0) 2.0 DME (0.2) 80 76
16 CuDPP (1.0) 1.2 DME (0.2) 80 64
17 CuDPP (1.0) 2.0 DCE (0.2) 80 67
18 CuDPP (1.0) 2.0 THF (0.2) 80 70
19 CuDPP (1.0) 2.0 NMP (0.2) 80 96
20 CuDPP (1.0) 2.0 DMF (0.2) 80 96
21 CuDPP (1.0) 2.0 DMF (0.1) 80 94
22 CuDPP (1.0) 2.0 DMF (1.0) 80 93
23 CuDPP (1.0) 2.0 DMF (0.4) 80 99
24 CuDPP (1.0) 2.0 DMF (0.4) rt 86
25 CuDPP (1.0) 2.0 DMF (0.4) 65 95
26 CuDPP (1.0) 2.0 DMF (0.4) 100 99
27 CuTC (1.0) 2.0 DMF (0.4) 80 99
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Table S2. Effect of ligands on the copper-mediated coupling of aryl iodides and TMSCF2CN (1).
Yield determined by '°F NMR spectroscopy with 3-nitrofluorobenzene as internal standard. “2
equiv CuDPP.

CuDPP (1.0 equiv) FF
' TMSXCN Ligand (1.1 equiv) N
F F DCE (0.2 M)
nBu 1 (5 equiv) 80C,Xh nBu
7 N/ N\ —
a —_ N
none N N Me,N NMe, MeHN NHMe
84% 50% 12% 0%

AN O O O O

N/ Q OEt Me HO/\k\OH
OH MeHN  NHMe OH
5% 0% 10% 14% 4%
o o dcon
N 2 AN
tBu tBu H Me,N™  "CO,H
9% 1% 1%

Table S3. Evaluation of additives in the copper-mediated cyanodifluoromethylation reaction.
Yield determined using 'F NMR spectroscopy with 3-nitrofluorobenzene as internal standard;
“Reaction conducted at 100 °C.

CuDPP (2.0 equiv)

| ™S N KF (X equiv) K F
/©/ . > 18-crown-6 (Y equiv) N
F E solvent (0.2 M)
nBu 1 80 °C, 16 h nBu
Entry KF (equiv) 18-crown-6 (equiv) solvent Yield (%)
1 - - DCE 84
2 0.50 - DCE 61
3 0.50 0.50 DCE 52
4 1.20 0.00 DCE 74
5 1.20 1.20 DCE 61
6 5.00 - DCE 64
7 5.00 5.00 DCE 10
82 1.20 1.20 toluene 56
99 1.20 1.20 dioxane 41
10 1.20 1.20 DMSO 55
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Table S4. Effect of the identity of the copper complex and the effect of additives on the
cyanodifluoromethylation reaction. “Reaction conducted with 4-fluorobromobenzene as substrate.
Yields determined using '°F NMR spectroscopy with a,a,a-trifluorotoluene as internal standard.

[Cu] (20 mol%) F F
BrTMS><CN Ligand (20 mol%)
/©/ F F Additive (1 equiv) CN
nBu 1 (5 equiv) solvent(0.2M), T, 12h pgy
Entry [Cu] / Ligand Solvent, T (°C) Additive Yield
14 [Cu-1] DMSO, 100 °C - 0
24 [Cu-1] DMSO, 100 °C KF 0
34 [Cu-1] DMSO, 100 °C CsF 0
44 [Cu-2] DMSO, 100 °C - 0
5 CuDPP DME, 80 °C KF 12
6 CuDPP DME, 80 °C CsF 0
7 CuDPP DME, 80 °C RbF 0
8 CuDPP DME, 80 °C NaDPP 0
9 [Cu-3] DME, 80 °C - 0
10 [Cu-3] DME, 80 °C CsF 0
11 CuDPP + L1 DME, 80 °C - 0
12 CuDPP + L2 DME, 80 °C - 0
13 CuDPP +L3 DME, 80 °C - 0
CuTC DMF, 80 °C NaTC 0

o
>

/

I

K K
o o o Ph '
F:%i\ N ’f;:j P N C$\ f?
N N\N\ N-N
/Cu\
N N %i:T/N N\T;f§‘
fbds LD L ;/ 9
= —

N

N ’Ph

[Cu%]

o o ()
S P
W NaO
ONa
NaTC NaDPP
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Table SS. Cost comparison of CuTC with other reagents and catalysts used in fluoroalkylation
reactions at their required reagent or catalyst loadings. Prices retrieved from Ambeed, unless noted
as retrieved from “Strem. Specific reagent stoichiometry was adapted from Buchwald and
coworkers,>® Liu and coworkers,* and Xiao and coworkers.®

Entry Reagent mol% used cost/mol cost/1.0 mmol rxn
1 Cul / phen 20720 $97 $0.03
2 CuTC 100 $250 $0.25
3 [Pd(allyl)Cl], / RuPhos 4/12  $29,2132 $1.18
4 Pd(OAc), / Box-1 10/15  $21,880 $2.70
5 (BrettPhos)PdGy 10 $27,376 $2.74
6 CuDPP 100 $3,300 $3.30
7 Cu(MeCNy4)PFg 500 $6637 $3.32
8 (phen)CuCF; 100 $44,1244 $44.12
O 0]
VeQ plpgy "oy CTY
Oﬁ; /PrO
BrettPhos RuPhos Box-1

4.7.3 General Procedures

Scheme S1. General procedure 1: synthesis of aryl-a,a-difluoroacetonitriles.
R F
X TMSXCN CuTC (1.0 equiv)
> CN
F F DMF (0.4 M), 80 °C, 16 h @
0.100 mmol 1
(het)Arl or (het)ArBr (2.0 equiv)

In a glovebox, a dry, 4 mL vial equipped with a Teflon stir bar was charged with the copper salt
(1.00 equiv) and aryl halide (if solid) (0.100 mmol). Dry DMF was then added, followed by aryl
halide (if liquid) and 1 (2.0 equiv). The vial was then capped, sealed with electrical tape, and stirred
for 16 h at 80 °C. After this time, the crude reaction mixture was concentrated, then subjected to
flash column chromatography (SiO2, 20% EtOAc in Hexanes unless otherwise noted) to afford
pure product. If derivatized, the crude reaction mixture was cooled, then subjected to general
procedures 2-4 before concentration.
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Scheme S2. General procedure 2: synthesis of aryl-a,a-difluoromethyl-1-N-methyl-1H-

benzoimidazoles.
MeHN:©
H,N

General FF (5 equiv) EF
X Procedure 1_ o NH,CI (3 equiv) ’\{
@ MeOH: DMF (2:1, 0.2 M) @ l\}\@
0.100 mmol 65°C,24 h

(het)Arl or (het)ArBr
pass through

syringe filter
with methanol

General procedure 1 was followed with 0.100 mmol of the aryl halide. Once cooled, the crude
reaction mixture from general procedure 1 was passed through a syringe filter into a separate dry
4 mL vial charged with a stir bar and NH4Cl1 (16.0 mg, 0.30 mmol, 3.0 equiv). Dry MeOH (500
pL) was passed through the syringe filter into the new vial to wash the material in the syringe filter.
Freshly distilled 1-N-methylbenzene-1,2-diamine (56.7 pL, 0.50 mmol, 5.0 equiv) was then added
to the vial, the headspace was flushed with nitrogen, and the vial sealed. The resulting mixture was
stirred at 65 °C for 24 h. After this time, the reaction mixture was diluted with EtOAc and poured
into a separatory funnel containing sat. aq. NH4Cl. The aqueous solution was extracted with EtOAc
(3x). The combined organic layers were dried over magnesium sulfate and filtered, and the filtrate
was concentrated in vacuo. The crude residue was then purified by flash column chromatography
(S102, 20% EtOAc in Hexanes unless otherwise noted) to afford the pure product.

Scheme S3. General procedure 3: synthesis of aryl-a,a-difluoromethylbenzoxazoles.

Be
H,N

X General R F . F F
_Procedure 1_ N (5 equiv) o
@ MeOH: DMF (2:1, 0.2 M) @ '\L@
0.100 mmol 65°C, 24 h
(het)Arl or (het)ArBr

pass through
syringe filter
with methanol

General procedure 1 was followed with 0.100 mmol of the aryl halide. Once cooled, the crude
reaction mixture from general procedure 1 was passed through a syringe filter into a separate dry
4 mL vial charged with a stir bar. Dry MeOH (500 pL) was passed through the syringe filter into
the new vial to wash the material. 2-aminophenol (54.6 mg, 0.50 mmol, 5.0 equiv) was then added,
the headspace was flushed with nitrogen, and the resulting mixture was stirred at 65 °C for 24 h.
After this time, the reaction mixture was diluted with EtOAc and poured into a separatory funnel
containing sat. aq. NH4Cl. The aqueous solution was extracted with EtOAc (3x). The combined
organic layers were dried over magnesium sulfate, filtered, and the filtrate concentrated in vacuo.
The crude residue was then purified by flash column chromatography (SiO2, 20% EtOAc in
Hexanes unless otherwise noted) to afford the pure product.
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Scheme S4. General procedure 4: synthesis of aryl-a,a-difluoromethylbenzothiazoles.

=

X General R F HaN ) R F
Procedure 1 oN (5 equiv) N s
@ MeOH: DMF (2:1, 0.2 M) @ |
rt, 24 h N
0.100 mmol ’

(het)Arl or (het)ArBr

pass through
syringe filter
with methanol

General procedure 1 was followed with 0.100 mmol of the aryl halide. Once cooled, the crude
reaction mixture from general procedure 1 was passed through a syringe filter into a separate dry
4 mL vial charged with a stir bar. Dry MeOH (500 uL) was passed through the syringe filter into
the new vial to wash the material. 2-aminobenzenethiol (53.5 pL, 0.50 mmol, 5.0 equiv) was then
added, the headspace was flushed with nitrogen, and the resulting mixture was stirred at 65 °C for
24 h. After this time, the reaction mixture was diluted with EtOAc and poured into a separatory
funnel containing sat. aq. NH4Cl. The aqueous solution was extracted with EtOAc (3x). The
combined organic layers were dried over magnesium sulfate and filtered, and the filtrate was
concentrated in vacuo. The crude residue was then purified by flash column chromatography
(S102, 20% EtOAc in hexanes) to afford the pure product.

4.7.4 Procedure for Gram-Scale Reaction
R F
' TMSXCN CuTC (1.0 equiv)
> CN
X wesmmonr (1
1
(1.0 equiv)

In a nitrogen-filled glovebox, a flame-dried 20 mL vial equipped with a stir bar was loaded with
2-iodonaphthalene (1.00 g, 3.94 mmol, 1.0 equiv) and CuTC (751 mg, 3.94 mmol, 1.0 equiv).
DMF (0.40 M, 9.84 mL) was then added, followed by 1 (587 mg, 3.94 mmol, 2.00 equiv). The
vial was capped, and the resulting suspension was stirred at 80 °C for 16 h. After this time, the
DMF was removed in vacuo, and the crude residue was loaded directly onto a celite plug on top
of a silica column. The crude residue was purified by flash column chromatography (SiO2, 1%
EtOAc, 1% DCM, 98% pentanes) to afford 2,2-difluoro-2-(naphthalen-2-yl)acetonitrile (370.6
mg, 46%, clear oil).
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4.7.5 Evaluation of the Reactivity of Additional (hetero)Aryl lodides and Bromides

Figure S1. "’F NMR Yields of additional (hetero)aryl difluoroacetonitriles from their (hetero)aryl
halides.
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42 equiv CuDPP, 4 equiv 1; *3 equiv CuDPP, 6 equiv 1.
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Figure S2. (Hetero)aryl or vinyl iodides and (hetero)aryl bromides that did not undergo the
cyanodifluoromethylation reaction.
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Figure S3. Comparison of yields from reactions with CuTC and CuDPP for selected (hetero)aryl

1odides and bromides.
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“Yields were determined using "F NMR spectroscopy with a,a,a-trifluorotoluene as internal
standard; 2 equiv CuDPP, 4 equiv 1.
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4.7.6 Synthesis of TMSCF>CN
2,2-difluoro-2-(trimethylsilyl)acetonitrile (1)

N
TMS%
F F

Compound 1 was prepared by a reported procedure.*® A mixture of TMSCN (3.96 g, 40.0 mmol,
1.00 equiv), TMSCF2Br (8.12 g 40.0 mmol, 1.00 equiv), BnNEt:CI (372 mg, 2.00 mmol, 5 mol%),
and benzonitrile (15 mL) was heated to 110 °C for 80 min. The mixture was cooled to 0 °C, styrene
oxide (5.5 mL, 48.0 mmol, 1.20 equiv) was added dropwise, and the mixture was stirred for 1 h at
rt. Then, the reaction flask was immersed in a rt bath, and volatile components were removed by
distillation under vacuum (1.00 Torr), collecting into a cold trap (—200 °C). The collected liquid
was filtered through a glass wool plug and carefully fractionally distilled at atmospheric pressure
at 110 °C using a Vigreux column to provide 2,2-difluoro-2-(trimethylsilyl)acetonitrile 1 as a
colorless liquid (3.58 g, 24.0 mmol, 60% yield).

"H NMR (500 MHz, CDCl3) § 0.36 (s, 9H).
YF NMR (565 MHz, CDCl3) § -115.41

CAUTION: Extra care should be taken during the synthesis and distillation of this reagent due
to the presence of TMSCN that hydrolyzes to form HCN.

4.7.7 Synthesis of (Hetero)Aryl lodides
Scheme S5. Synthesis of 2-((2,5,8,11-tetraoxatridecan-13-yl)oxy)-5-iodopyridine (2t).

xr! cs,co,

|

F N

On the benchtop, tetracthyleneglycol monomethylether (1.13 mL, 2.0 equiv, 5.56 mmol) and 2-
fluoro-5-iodopyridine (620.0 mg, 1.0 equiv, 2.78 mmol) were added to a suspension of cesium
carbonate (2.26 g, 2.50 equiv, 6.95 mmol) in DMF (5.50 mL). The resulting suspension was heated
to 150 °C for 72 h, then diluted with Ethyl acetate, extracted from NH4Cl (sat. aq.) 4 times with
EtOAc, the combined organics concentrated in vacuo, and the crude residue purified by flash
column chromatography (SiO2, 30% to 90% EtOAc in hexanes) to afford pure 2-((2,5,8,11-
tetraoxatridecan-13-yl)oxy)-5-iodopyridine (442.2 mg, 39%) as a clear oil.

'H NMR (500 MHz, CDCls) & 8.28 (dd, J= 2.4, 0.7 Hz, 1H), 7.75 (dd, J= 8.7, 2.4 Hz, 1H), 6.61
(dd, J=8.7, 0.7 Hz, 1H), 4.44 — 4.39 (m, 2H), 3.84 — 3.79 (m, 2H), 3.72 — 3.60 (m, 10H), 3.54 —
3.51 (m, 2H), 3.36 (s, 3H).

BC{'H} NMR (126 MHz, CDCl3) § 162.8, 152.3, 146.1, 113.5, 82.1, 71.7, 70.5, 70.4, 70.3, 69.3,
65.2, 58.8.

HRMS (ESI-TOF) [C14H22INOs+H]+ calc’d: 412.0616, found: 412.0612
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Scheme S6. Synthesis of 4-iodo-1',3",5'-triphenyl-1'H-1,4'-bipyrazole (2u).

/

NBS, AcOH NS N \;
\ /N
N H

(1.5 equiv) 3 5 equiv) @ O

Compound 2v was prepared by following a modified literature procedure.®’ To a solution of
dibenzoylmethane (2.00 g, 1.00 equiv, 8.92 mmol) in NMP (7.93 mL) was added NBS (1.90 g,
1.20 equiv, 10.7 mmol). This reaction mixture was stirred for 12 h at rt, then 4-iodopyrazole (6.05
g, 3.50 equiv, 31.2 mmol) was added. The reaction was heated to 65 °C for 12 h, then diluted with
acetic acid (5.00 mL). A solution of phenylhydrazine (1.33 mL, 1.50 equiv, 13.4 mmol) in MeOH
(9.91 mL) was then added. The product began to precipitate from the solution as a yellow
suspension upon addition of the hydrazine. After 12 h, the reaction was diluted with water (10.0
mL). The resulting crystals were stirred for 2 h, then filtered. The filter cake was washed
sequentially with water, then with cold methanol, and then with hexane. This procedure provided
4-i0do-1',3',5'-triphenyl-1'H,2H-114-1,4'-bipyrazole (1.767 g, 3.61 mmol, 40.5 %) as a white, free-
flowing powder.

'H NMR (500 MHz, CDCl3) § 7.79 (s, 1H), 7.49 — 7.45 (m, 2H), 7.43 — 7.31 (m, 10H), 7.28 (d, J
= 8.0 Hz, 2H), 7.16 (dt, ] = 7.0, 1.4 Hz, 2H).

BC{'H} NMR (126 MHz, CDCls) § 147.8, 146.1, 140.9, 139.6, 137.0, 130.6, 129.3, 129.2, 129.1,
128.7, 128.6, 128.6, 128.0, 127.2, 126.8, 125.3, 120.3, 57.5.

HRMS (ESI-TOF): Calc’d for [CasHigIN4]+ (M+H)+ 489.0571, found 489.0550.

7-(diethylamino)-3-iodo-4-methyl-2H-chromen-2-one (2v)

h

~_N 0._0

Compound 2x was prepared using a known method.®> Under an ambient atmosphere, 7-
(diethylamino)-4-methyl-chromen-2-one (300.0 mg, 1.00 equiv, 1.29 mmol), silver mesylate
(263.2 mg, 1.00 equiv, 1.29 mmol), lithium carbonate (95.8 mg, 1.00 equiv, 1.29 mmol), and iodine
(329.2 mg, 1.00 equiv, 1.29 mmol) were dissolved in MeCN (5.0 mL). The reaction was capped
and then stirred vigorously for 24 h at rt. After this time, the crude reaction mixture was passed
through a silica plug with EtOAc as eluent. The filtrate was acidified with 2M HCI and extracted
with EtOAc (3x). The combined organic layers were dried over magnesium sulfate and filtered,
and the organic filtrate was concentrated in vacuo. The crude residue was purified by flash column
chromatography (SiO2, 10% EtOAc in hexanes) to afford 7-(diethylamino)-3-iodo-4-methyl-2H-
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chromen-2-one (140.3 mg, 392.8 umol, 30 %) as a light yellow solid. The spectral data match
those reported in the literature.

'H NMR (500 MHz, CDCl3) § 7.48 (d, J=9.1 Hz, 1H), 6.60 (dd, J =9.1, 2.6 Hz, 1H), 6.52 (d,J =
2.6 Hz, 1H), 3.44 (q,J = 7.1 Hz, 4H), 2.62 (s, 3H), 1.24 (t, ] = 7.1 Hz, 6H).

5-iodo-6-isopropoxy-2-phenyl-4H-chromen-4-one (2w)

e
av

Compound 2x was prepared using a known method.®? Under ambient atmosphere, ipriflavone
(264.4 mg, 1.00 equiv, 943.2 umol), silver tosylate (394.8 mg, 1.50 equiv, 1.41 mmol), and iodine
(359.0 mg, 1.5 equiv, 1.41 mmol) were dissolved in MeCN (5.0 mL) in a 20 mL vial. The vial was
capped, and the reaction mixture was stirred vigorously for 24 h at rt. After this time, the mixture
was passed through a silica plug with EtOAc as eluent; the filtrate was concentrated in vacuo, then
purified by flash column chromatography (SiO», 40% EtOAc in hexanes) to afford 8-iodo-7-
isopropoxy-3-phenyl-4H-chromen-4-one (122.4 mg, 301.3 umol, 32%) as a white solid. The
spectral data match those reported in the literature.

'H NMR (500 MHz, CDCls) § 8.20 (d, ] = 8.9 Hz, 1H), 8.00 (s, 1H), 7.52 — 7.48 (m, 2H), 7.40 —
7.35 (m, 2H), 7.36 — 7.29 (m, 1H), 6.89 (d, J = 9.0 Hz, 1H), 4.73 (p, ] = 6.1 Hz, 1H), 1.40 (d, J =
6.1 Hz, 6H).

1-(4-iodophenyl)-5-phenyl-3-(trifluoromethyl)-1H-pyrazole (2y)

Compound 2y was prepared using a reported method.®* To a solution of 4,4,4-trifluoro-1-(p-
tolyl)butane-1,3-dione (500.0 mg, 1.00 equiv, 2.17 mmol) in DMAc (7.24 mL) was added 1-(4-
iodophenyl)hydrazine hydrochloride (587.6 mg, 1.00 equiv, 2.17 mmol) at rt, followed by 6M HCI
(1.20 mL, 1.00 equiv, 2.17 mmol). The mixture was stirred at rt for 24 h, then cooled to 0 °C. Then,
water (5.0 mL) was added slowly. After diluting with toluene (5 mL), the organic layer was washed
with water (2x), dried over magnesium sulfate, and filtered; the filtrate was concentrated in vacuo.
The crude residue was purified by flash column chromatography (SiO2, 15% EtOAc in hexanes)
to afford 1-(4-iodophenyl)-5-(p-tolyl)-3-(trifluoromethyl)-1H-pyrazole (842.8 mg, 1.97 mmol,
91%) as an off-white solid. The spectral data match those reported in the literature.
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'H NMR (500 MHz, CDCls) 8 7.63 — 7.57 (m, 2H), 7.08 (d, J = 7.8 Hz, 2H), 7.03 (d, ] = 7.9 Hz,
2H), 7.01 — 6.97 (m, 2H), 6.63 (s, 1H), 2.29 (s, 3H).

F NMR (470 MHz, CDCls) § -62.3.

Scheme S7. Synthesis of 4-fluoro-1-((3-(3-iodophenyl)prop-2-yn-1-yl)oxy)-2-methoxybenzene
(2z).

Br |

F Br F I /©\ MeHN  NHMe
—— | Br Cul
" F —
OH  K,CO3, DMF o Pd(Phs),Cl, Il Nal Il
OMe OMe Cul, NEt3 dioxane
85% o o]

4-fluoro-2-methoxy-1-(prop-2-yn-1-yloxy)benzene

F\(O;MEOJ

This compound was prepared using a reported method.** Under an inert atmosphere of nitrogen,
1,2-methoxy-4-fluorophenol (710 mg, 5.00 mmol, 1.00 equiv) was dissolved in anhydrous DMF
(10 mL). K2CO3 (1.40 g, 10.0 mmol, 2.00 equiv) was added, and the resulting mixture was heated
to 55 °C for 30 min. The reaction mixture was allowed to cool to rt, and propargyl bromide (650
uL, 6.00 mmol, 1.20 equiv) was added. The solution was stirred at rt for 6 h, monitoring for
completion using TLC, then poured into ice-cold water. The aqueous layer was extracted with
EtOAc (3 x 10 mL), and the combined organic phases were dried over MgSO4 before removal of
the solvent in vacuo. The crude residue was purified by flash column chromatography (SiO2, 10%
EtOAc in hexanes) to provide 4-fluoro-2-methoxy-1-(prop-2-yn-1-yloxy)benzene as a colorless
liquid (765 mg, 4.25 mmol, 85% yield). The spectral data match those reported in the literature.

'H NMR (500 MHz, CDCls) § 7.00-6.97 (dd, J = 8.9, 5.5 Hz, 1H), 6.66 (dd, J = 10.1, 3.0 Hz, 1H),
6.62-6.58 (td, ] = 8.4, 2.9 Hz, 1H), 4.72 (d, J = 2.4 Hz, 2H), 3.86 (s, 3H), 2.50 (t, ] = 2.4 Hz, 1H).

13C{'H} NMR (151 MHz, CDCls) & 158.52 (d, J = 240.4 Hz), 151.004 (d, J = 10.10 Hz), 143.06
(d,J=3.2 Hz), 116.17 (d, J = 10.10 Hz), 106.01 (d, J = 22.5 Hz), 100.55 (d, J = 27.6 Hz), 78.70,
75.94, 57.76, 56.16.

F NMR (565 MHz, CDCl3) § -118.74
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1-((3-(3-bromophenyl)prop-2-yn-1-yl)oxy)-4-fluoro-2-methoxybenzene

FQO f

This compound was prepared using a modified literature procedure.%® In a nitrogen-filled
glovebox, a 20 mL vial equipped with a Teflon magnetic stir bar was charged with Pd(PPh;3).Cl>
(0.10 mmol, 70.10 mg, 5 mol%), Cul (0.20 mmol, 38.0 mg, 10 mol%) and 4-fluoro-2-methoxy-1-
(prop-2-yn-1-yloxy)benzene (360 mg, 2.00 mmol, 1.00 equiv). Triethylamine (10 mL) was added
to the vial, and the reaction mixture was stirred for 10 min at 65°C. After stirring for 10 min, 1-
bromo-3-iodobenzene (622 mg, 2.20 mmol, 1.10 equiv) was added, and the mixture was stirred
overnight. The resulting mixture was then poured into an aqueous saturated solution of NH4Cl (5
mL) and extracted twice with EtOAc (10 mL). The combined organic layers were washed with
brine and dried over anhydrous Na;SO4. The crude residue was purified by flash column
chromatography (SiO2, 10% EtOAc in hexanes) to provide 1-((3-(3-bromophenyl)prop-2-yn-1-
yl)oxy)-4-fluoro-2-methoxybenzene as a beige powder (402 mg, 1.20 mmol, 60% yield).

'"H NMR (500 MHz, CDCl3) § 7.56 (m, 1H), 7.46 (m, 1H), 7.34 (m, 1H), 7.17 (t, ] = 7.9 Hz, 1H),
7.03 (dd, J =8.9, 5.5 Hz, 1H), 6.68 (dd, J = 10.2, 2.9 Hz, 1H), 6.62 (td, J = 8.4, 2.9 Hz, 1H), 4.93
(s, 2H), 3.88 (s, 3H).

BC{'H} NMR (151 MHz, CDCls) § 158.53 (d, J = 240.4 Hz), 151.008 (d, ] = 9.9 Hz), 143.18 (d,
J=3.2Hz) 134.61,131.98,130.47,129.88, 116.19 (d, ] = 10.0 Hz), 106.06 (d, J =22.5 Hz), 100.56
(d, J =27.5 Hz), 86.04, 85.46, 58.46, 56.18.

F NMR (565 MHz, CDCl3) & -118.78
HRMS (ESI-TOF) [C16H12BrFO,]+ calc'd: 334.00050, found: 334.00150

Br

4-fluoro-1-((3-(3-iodophenyl)prop-2-yn-1-yl)oxy)-2-methoxybenzene (2z)

FQO f

OMe

Compound 2ab was prepared using a reported method.® In a nitrogen-filled glovebox, a 20 mL
vial equipped with a Teflon magnetic stir bar was charged with Cul (8.0 mg, 0.04 mmol, 5.0
mol%), 1-((3-(3-bromophenyl)prop-2-yn-1-yl)oxy)-4-fluoro-2-methoxybenzene (285 mg, 0.85
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mmol, 1.00 equiv) and Nal (255 mg, 1.70 mmol, 2.00 equiv). Racemic trans-N,N’-dimethyl-1,2-
cyclohexanediamine (12.10 mg, 0.08 mmol, 10 mol%) and dioxane (1.00 mL) were added to the
vial. The vial was sealed, and the reaction mixture was stirred at 110°C for 48 h. The resulting
suspension was cooled to reach rt, diluted with 30% aq. ammonia (5 mL), poured into water (20
mL), and extracted with dichloromethane (3%x10 mL). The combined organic layers were washed
with brine and dried over anhydrous Na;SOs. The crude residue was purified by flash column
chromatography (SiO2, 10% EtOAc in hexanes) to provide 4-fluoro-1-((3-(3-iodophenyl)prop-2-
yn-1-yl)oxy)-2-methoxybenzene as a yellow oil (273 mg, 0.710 mmol, 84% yield).

'H NMR (500 MHz, CDCl3) & 7.77 (m, 1H), 7.66 (m, 1H), 7.37 (m, 1H), 7.05-7.01 (m, 2H), 6.68
(dd, J = 10.2, 2.9 Hz, 1H), 6.64-6.60 (td, ] = 8.4, 2.9 Hz, 1H), 4.92 (s, 2H), 3.88 (s, 3H).

13C{1H} NMR (151 MHz, CDCls) § 158.49 (d, J = 240.4 Hz), 151.004 (d, J = 9.8 Hz), 143.17 (d,
J=3.10 Hz) 140.41, 137.81, 131.00, 129.92, 116.15 (d, J = 9.8 Hz), 106.04 (d, J = 22.6 Hz), 100.53
(d, J=27.3 Hz), 93.67, 85.84, 85.47, 58.44, 56.16.

F NMR (565 MHz, CDCls) § -118.71
HRMS (ESI-TOF) [CisH12FIO2+H]+ calc'd: 382.9895, found: 382.9900
2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-yl 4-iodobenzoate (2aa)

|
OY@
(@]
(0]

To a solution of (+)-a-tocopherol (250.0 mg, 580.4 umol, 1.00 equiv) and triethylamine (81.00 pL,
580.4 pmol, 1.00 equiv) in DCM (2.90 mL) at 0 °C was added 4-iodobenzoyl chloride (154.7 mg,
580.4 umol, 1.00 equiv) in one portion. The resulting suspension was then stirred for 2 h at rt. The
reaction mixture was then diluted with DCM and washed with 2 M NaOH (3x), and the combined
organic phases were concentrated in vacuo. The crude residue was purified by flash column
chromatography (SiO2, 20% EtOAc in hexanes) to provide 2,5,7,8-tetramethyl-2-(4,8,12-
trimethyltridecyl)chroman-6-yl-4-iodobenzoate as a viscous clear oil (77.7 mg, 117.6 mmol, 20%
yield). The spectral data match those reported in the literature.®’

'H NMR (500 MHz, CDCl3) § 7.95 (d, ] = 8.4 Hz, 2H), 7.89 (d, J = 8.2 Hz, 2H), 2.61 (1, ] = 6.8
Hz, 2H), 2.11 (s, 3H), 2.03 (s, 3H), 1.99 (s, 3H), 1.81 (td, J = 15.1, 6.9 Hz, 2H), 1.47 — 1.05 (m,
25H), 0.88 — 0.84 (m, 12H).

BC{'H} NMR (126 MHz, CDCl3) § 164.88, 155.27, 149.72, 140.61, 138.12, 131.69, 129.25,
126.92, 125.17, 123.36, 117.68, 101.47, 75.28, 40.63, 39.53, 37.69, 37.54, 37.44, 32.93, 31.38,
29.85, 28.13, 24.97, 24.60, 24.35, 23.83, 22.87, 22.78, 21.20, 20.78, 19.91, 19.84, 19.75, 13.18,
12.34,12.01
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(18,2R,5R)-2-isopropyl-5-methylcyclohexyl 4-iodobenzoate (2ab)
|

070

In a 20 mL vial equipped with a stir bar, 4-iodobenzoyl chloride (350.0 mg, 1.17 equiv 1.31 mmol)
was added in one portion to a solution of (15,2R,5R)-5-methyl-2-(propan-2-yl)cyclohexan-1-ol
(175.0 mg, 1.00 equiv, 1.12 mmol) in pyridine (2.24 mL). The reaction mixture was stirred at 50
°C for 16 h. Then, the resulting suspension was diluted with DCM, filtered, and the filtrate
concentrated in vacuo. This crude residue was purified by flash column chromatography (SiOz, 2-
10% MeOH in DCM) to afford (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl-4-iodobenzoate
(279.1 mg, 722.6 umol, 65 % yield) as a clear oil.

'H NMR (400 MHz, CDCl3) § 7.83 — 7.73 (m, 2H), 7.61 — 7.52 (m, 2H), 5.50 (td, J = 6.5, 3.3 Hz,
1H), 1.91 (tt, J = 7.7, 3.7 Hz, 1H), 1.74 (ddd, J = 13.4, 8.9, 4.5 Hz, 2H), 1.65 (td, J = 9.3, 3.6 Hz,
1H), 1.59 — 1.39 (m, 3H), 1.23 - 1.11 (m, 1H), 0.97 (dd, J = 13.9, 6.9 Hz, 6H), 0.90 (d, J = 6.8 Hz,
3H).

BC{'H} NMR (101 MHz, CDCl3) § 169.7, 142.6, 135.9, 105.2, 77.2, 50.7, 40.6, 34.8, 32.6, 31.3,
26.2,25.7,25.5,24.1.

HRMS (EI) calc’d [C17Has10.+H]+ 386.0741, found 386.0743

4.7.8 Functionalization Reactions of Aryl-a,a-difluoromethylacetonitriles
2-(4-butylphenyl)-2,2-difluoroacetamide (5a)
R F

NH,
o)

Compound 4a was prepared using a literature procedure.’® A 4 mL vial equipped with a Teflon
magnetic stir bar was charged with 2,2-difluoro-2-phenylacetonitrile (21.00 mg, 0.10 mmol, 1.00
equiv) then with a solution of phenol (19.0 mg, 0.20 mmol, 2.00 equiv) in 33% HBr/AcOH (300
mg). The resulting solution was stirred for 18 h at rt. After this time, the reaction mixture was
extracted with diethyl ether, dried over sodium sulfate, and concentrated in vacuo to provide 2,2-
difluoro-2-phenylacetamide as a white solid (18.2 mg, 0.08 mmol, 80% yield).

'H NMR (500 MHz, DMSO-d6) § 8.37 (s, 1H), 8.02 (d, J = 9.6 Hz, 1H), 7.60 (td, J = 7.0, 3.5 Hz,
2H), 7.52 (d, ] = 7.5 Hz, 3H).

13C{'H} NMR (126 MHz, DMSO-d6) 5 165.8 (td, ] =29.7, 8.6 Hz), 133.9 (t, J = 25.6 Hz), 131.3,
129.1 (d, J = 2.2 Hz), 125.6 (t, = 6.0 Hz), 118.3 — 112.2 (m).

9F NMR (471 MHz, DMSO-d6) & -101.9.
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HRMS (EI) [CsH7F2NO+H]+ calc'd: 172.0553, found: 172.0547

propyl 2,2-difluoro-2-phenylethanimidothioate (Sb)
R F

SN
NH

A 50 mL round bottomed flask equipped with a magnetic stir bar was charged with 2,2-difluoro-
2-phenylacetonitrile (79.0 mg, 0.516 mmol, 1.00 equiv), acetonitrile (4.0 mL), and water (1.0 mL).
The headspace was flushed with nitrogen and propanethiol (464 pL, 5.00 mmol, 10 equiv) was
added dropwise. The resulting solution was stirred at rt for 2 h. After this time, the solvent was
removed in vacuo. The resulting residue was dissolved in dichloromethane, dried over sodium
sulfate, filtered, and the organic filtrate concentrated. Purification by column chromatography
(S102, 2% to 10% EtOAc in hexanes) provided propyl 2,2-difluoro-2-phenylethanimidothioate as
a colorless liquid (101.4 mg, 0.4422 mmol, 86% yield).

'H NMR (600 MHz, CDCls) & 9.56 (br s, 1H), 7.57 (d, J = 7.4 Hz, 2H), 7.51— 7.43 (m, 3H), 2.91
(t, J=7.3 Hz, 2H), 1.68 (h, J = 7.3 Hz, 2H), 1.00 (t, J = 7.4 Hz, 3H).

BC{'H} NMR (151 MHz, CDCl3) 6 173.6 (t, ] = 32.10 Hz), 133.9 (t, ] = 26.6 Hz), 130.9, 128.7,
125.6 (t, J = 6.0 Hz), 116.7 (t, ] = 249.10 Hz), 31.7, 21.8, 13.6.

F NMR (565 MHz, CDCl;) & -97.0.
HRMS (ESI-TOF) [C11H3F2NS+H]+ calc’d.: 230.0808, found: 230.0810

(Z)-2-(4-butylphenyl)-2,2-difluoro-/N'-hydroxyacetimidamide (5¢)
R F

MNHZ
|
N
OH

This compound was prepared using a literature procedure.*’ A 4 mL vial equipped with a Teflon
magnetic stir bar was charged with 2,2-difluoro-2-phenylacetonitrile (21.00 mg, 0.10 mmol, 1.00
equiv) and a 50 wt% aqueous hydroxylamine solution (7.92 mg, 0.12 mmol, 1.20 equiv). EtOH
(0.100 M) was added and the mixture was stirred at rt for 18 h. After this time, the reaction mixture
was concentrated under reduced pressure and the residue was purified by flash column
chromatography (10/90 EtOAc in hexanes) to provide (Z)-2-(4-butylphenyl)-2,2-difluoro-N'-
hydroxyacetimidamide as a white powder (18.2 mg, 0.075 mmol, 75% yield)

'H NMR (500 MHz, CDCls) & 7.87 (s, 1H), 7.44 (d, J = 8.3 Hz, 2H), 7.24 (d, J = 8.3 Hz, 2H), 4.79
(s, 2H), 2.65 (t, ] = 7.7 Hz, 2H), 1.61 (m, 2H), 1.36 (m, 2H), 0.93 (t, ] = 7.4 Hz, 3H).

BC{'H} NMR (151 MHz, CDCl3) § 149.75 (t,J =32.2 Hz), 145.85, 130.88 (t, ] = 25.7 Hz), 128.51,
125.90 (t, J =5.8 Hz), 116.94 (t, ] = 242.2 Hz), 35.69, 33.48, 22.40, 14.05.
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F NMR (565 MHz, CDCls) § -97.3.
HRMS (EI) [C12H16F2N2O+H]+ calc'd: 243.1301, found: 243.1303

tert-butyl (2,2-difluoro-2-phenylethyl)carbamate (5d)

R F

©}§/NHBOC

Step 1:

In a nitrogen-filled glovebox, a dry 4 mL vial equipped with a Teflon magnetic stir bar was charged
with lithium aluminum hydride (94.9 mg, 2.50 mmol, 5.00 equiv) and dry and degassed diethyl
ether (1.00 mL). The resulting suspension was cooled to —30 °C in the glovebox freezer. Then, a
solution of 2,2-difluoro-2-phenylacetonitrile (76.6 mg, 0.500 mmol, 1.00 equiv) in dry, degassed
diethyl ether (1.00 mL) was prepared and cooled to —30 °C in the glovebox freezer. The solution
containing the nitrile was transferred cold, and dropwise, to the suspension of lithium aluminum
hydride with stirring. Diethyl ether (0.5 mL) was used to complete the transfer, the reaction vial
was sealed, allowed to warm to rt, and stirred vigorously for 2 h. After this time, the reaction
mixture was cooled to 0 °C and carefully diluted with water, dropwise. The resulting mixture was
extracted with EtOAc, dried over sodium sulfate, and concentrated in vacuo in a 20 mL vial.

Step 2:

In the 20 mL vial, the crude product was dissolved in dry DCM (2.0 mL) and treated with di-tert-
butyl dicarbonate (105.0 mg, 0.481 mmol, 0.962 equiv). The reaction vial was sealed and the
reaction mixture was stirred at rt for 24 h. After this time, the reaction mixture was concentrated
in vacuo and the product was purified by column chromatography (2% to 10% EtOAc in hexanes)
to provide tert-butyl (2,2-difluoro-2-phenylethyl)carbamate as a white powder (113.7 mg, 0.434
mmol, 87% yield). Note: The product exists as a 5.5:1 mixture of amide E/Z isomers that
interconvert more slowly than the NMR timescale.

'"H NMR (600 MHz, CDCl3) § 7.53 — 7.47 (both isomers, m, 2H), 7.47 — 7.39 (both isomers, m,
3H), 4.87 (major isomer, broad t, J] = 6.3 Hz, 1H), 4.58 (minor isomer, broad s, 1H), 3.76 (both
isomers, td, J = 14.3, 6.4 Hz, 2H), 1.39 (major isomer, s, 9H), 1.30 (minor isomer, s, 9H).

BC{'H} NMR (151 MHz, CDCl3) § 155.6, 134.9 (t, J = 25.5 Hz), 130.3, 128.6, 125.4 (t, J = 6.10
Hz), 120.7 (t, ] = 243.8 Hz), 80.1, 47.0 (t, J = 31.10 Hz), 28.4.

F NMR (565 MHz, CDCl3) 6 -102.8 (major isomer, t, J = 14.3 Hz), -103.0 (minor isomer, broad
t,J=13.3 Hz)

HRMS (EI) [C13H7FaNOL+H]H cale’d.: 258.1301, found: 258.1300.
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2,2-difluoro-1,2-diphenylethan-1-one (5e)

Yo
(1

The title compound was prepared according to the following procedure: In a nitrogen-filled
glovebox, a 25 mL Schlenk flask with a Teflon plug was charged with 2,2-difluoro-2-
phenylacetonitrile (76.6 mg, 0.500 mmol, 1.00 equiv) and dry, degassed THF (1.5 mL). The
Schlenk bomb was sealed and taken out of glovebox, where it was cooled in a dry ice/acetone bath
(=78 °C) under nitrogen. Then, a solution of phenyl magnesium bromide (1.00 M, 0.525 mL, 0.525
mmol, 1.00 equiv) was added dropwise with a gas-tight syringe with stirring. After complete
addition, the reaction mixture was transferred to a water ice bath (0 °C) and stirred on ice for 4 h.
After this time, 3 M HCI was added on ice dropwise (2 mL). The resulting mixture was heated to
65 °C for 20 h. After this time, the reaction mixture was extracted with DCM, dried over sodium
sulfate, and concentrated in vacuo. The resulting residue was purified by column chromatography
(1% to 4% EtOAc in hexanes) to provide 2,2-difluoro-1,2-diphenylethan-1-one as a colorless
liquid (99.7 mg, 0.429 mmol, 85% yield).

H NMR (600 MHz, CDCl3) & 8.04 (d, J = 7.5 Hz, 2H), 7.62 (d, J = 6.6 Hz, 2H), 7.59 (ddt, J = 8.7,
7.2, 1.3 Hz, 1H), 7.51.00— 7.42 (m, 5H).

BC{'H} NMR (151 MHz, CDCl3) § 189.1 (t, J = 31.00 Hz), 134.3, 133.3 (t, J = 25.10 Hz), 132.3,
131.1 (t, J = 1.5 Hz), 130.4 (t, J = 2.9 Hz), 129.0, 128.8, 125.8 (t, J = 6.0 Hz), 117.1 (t, J = 253.2
Hz).

F NMR (565 MHz, CDCl3) § -97.5.
HRMS (EI) [Ci4H10F20+H]+ calc’d.: 233.0774, found: 233.0772.

2,2-difluoro-1-(4-methoxyphenyl)-2-phenylethan-1-one (5f)

OMe
I
(1

In a nitrogen-filled glovebox, a 25 mL Schlenk flask with a Teflon plug was charged with 2,2-
difluoro-2-phenylacetonitrile (76.6 mg, 0.500 mmol, 1.00 equiv) and dry, degassed THF (1.5 mL).
The Schlenk bomb was sealed and taken out of glovebox, where it was cooled in a dry ice/acetone
bath (=78 °C) under nitrogen. Then, a solution of para-methoxy phenyl magnesium bromide (0.5
M, 1.00 mL, 0.525 mmol, 1.00 equiv) was added dropwise with stirring. After complete addition,
the reaction mixture was transferred to a water ice bath (0 °C) and stirred on ice for 4 h. After this
time, 3 M HCI was added on ice dropwise (2 mL). The resulting mixture was heated to 60 °C for
18 h. After this time, the reaction mixture was extracted with diethyl ether, dried over sodium
sulfate, and concentrated in vacuo. The resulting residue was purified by column chromatography
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(1% to 8% EtOAc in hexanes) to provide 2,2-difluoro-1-(4-methoxyphenyl)-2-phenylethan-1-one
as a colorless solid (113.7 mg, 0.434 mmol, 87% yield).

'H NMR (600 MHz, CDCl3) & 8.04 (d, J = 9.0 Hz, 2H), 7.64 — 7.59 (m, 2H), 7.50 — 7.42 (m, 3H),
6.91 (d,J=9.10 Hz, 2H), 3.85 (s, 3H).

BC{'H} NMR (151 MHz, CDCls) § 187.4 (t, ] = 30.4 Hz), 164.5, 133.7 (t, ] = 25.10 Hz), 133.0
(t, J=3.10 Hz), 130.9, 128.9, 125.7 (t, J = 6.0 Hz), 125.1, 117.2 (t, ] = 252.9 Hz), 114.1, 55.7.

F NMR (565 MHz, CDCl3) § -96.2.
HRMS (EI) [Ci5sH12F202+H]+ calc’d.: 263.0877, found: 263.0878.

2-(difluoro(phenyl)methyl)-1-methyl-1H-benzo[d]imidazole (5g)
F F /

St

A 20 mL vial was charged with 2,2-difluoro-2-phenylacetonitrile (78.5 mg, 0.512 mmol, 1.00
equiv). Then, a solution of freshly vacuum distilled N-1-methylbenzene-1,2-diamine (183.3 mg,
1.50 mmol, 3.00 equiv) in dry methanol (5.0 mL) was added, followed by ammonium chloride
(26.7 mg, 0.500 mmol, 1.00 equiv) and a Teflon stir bar. The headspace was flushed with nitrogen,
and the vial was sealed with a Teflon cap and heated to 65 °C in a heating block for 24 h. After
this time, the reaction was cooled to rt and concentrated in vacuo. The resulting residue was
purified by flash column chromatography (SiO2, 5% to 15% EtOAc in hexane) to provide 2-
(difluoro(phenyl)methyl)-1-methyl-1H-benzo[d]imidazole as a white solid (124.2 mg, 0.481
mmol, 94% yield).

'H NMR (600 MHz, CDCl3) § 7.91 (d, J = 8.0 Hz, 1H), 7.67 (d, J = 6.5 Hz, 2H), 7.53 — 7.42 (m,
3H), 7.40 (m, 2H), 7.32 (m, 1H), 3.91 (s, 3H).

F NMR (470 MHz, CDCl3) & -89.0.

3C{'H} NMR (126 MHz, CDCl3) § 147.2 (t, J = 33.0 Hz), 141.2, 136.4, 134.5 (t, ] = 25.6 Hz),
130.7 (t, J = 1.9 Hz), 128.5, 125.9 (t, J = 5.6 Hz), 124.2, 122.7, 121.1, 117.1 (¢, J = 240.0 Hz),
109.7, 30.9

HRMS (EI) [CisH12FoNo+H]+ cale’d.: 259.1039, found: 259.1041.
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2-(difluoro(phenyl)methyl)benzo[d]oxazole (Sh)
FF

Stn

A 20 mL vial was charged with 2,2-difluoro-2-phenylacetonitrile (76.6 mg, 0.500 mmol, 1.00
equiv). Then, a solution of 2-aminophenol (81.8 mg, 0.750 mmol, 1.50 equiv) in dry methanol (5.0
mL) was added, and a Teflon stir bar was added. The headspace was flushed with nitrogen, the vial
was sealed, and the reaction mixture was heated in a heating block at 65 °C for 24 h. After this
time, the solvent was removed in vacuo and the resulting residue was purified by column
chromatography  (SiO2, 1% to 10% EtOAc in hexanes) to provide 2-
(difluoro(phenyl)methyl)benzo[d]oxazole as a colorless viscous liquid (107.1 mg, 0.437 mmol,
87% yield).

'H NMR (600 MHz, CDCl3) § 8.04 (d, J = 9.0 Hz, 2H), 7.64 — 7.59 (m, 2H), 7.50 — 7.42 (m, 3H),
6.91 (d,J=9.10 Hz, 2H), 3.85 (s, 3H).

BC{'H} NMR (151 MHz, CDCls) § 187.4 (t, J = 30.4 Hz), 164.5, 133.7 (t, ] = 25.10 Hz), 133.0
(t,]=3.10 Hz), 130.9, 128.9, 125.7 (t, ] = 6.0 Hz), 125.1, 117.2 (t, ] = 252.9 Hz), 114.1, 55.7.

F NMR (565 MHz, CDCI3) § -97.0.
HRMS (EI) [C14HoF2NO+H]+ calc’d.: 246.0724, found: 246.0725.

2-(difluoro(phenyl)methyl)benzo|d]thiazole (5i)
R F

Sars

A 20 mL vial was charged with 2,2-difluoro-2-phenylacetonitrile (76.6 mg, 0.500 mmol, 1.00
equiv). Then, a solution of 2-aminobenzenethiol (93.9 mg, 0.750 mmol, 1.50 equiv) in dry
methanol (5.0 mL) was added, followed by a Teflon stir bar. The headspace was flushed with
nitrogen, the vial was sealed, and the reaction mixture was stirred at rt for 1 hr. After this time, the
solvent was removed in vacuo, and the resulting residue was purified by column chromatography
(S102, 1% to 10% EtOAc in hexanes) to provide 2-(difluoro(phenyl)methyl)benzo[d]thiazole as a
colorless viscous liquid (121.6 mg, 0.465 mmol, 93% yield).

'H NMR (600 MHz, CDCl3) § 8.11 (d, J = 8.2 Hz, 1H), 7.95 (d, J = 8.0 Hz, 1H), 7.75 — 7.70 (m,
2H), 7.53 (ddd, T = 8.3, 7.1, 1.3 Hz, 1H), 7.50 — 7.45 (m, 4H).

BC{'H} NMR (151 MHz, CDCl3) § 165.2 (t, ] = 36.5 Hz), 153.0, 135.2, 135.1 (t, ] = 26.5 Hz),
130.9 (t, J = 1.5 Hz), 128.7, 126.8, 126.6, 126.0 (t, ] = 5.8 Hz), 124.6, 122.0, 117.5 (t, ] = 243.6
Hz).

F NMR (565 MHz, CDCl3) & -87.0.
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HRMS (EI) [C14HoF2NS+H]+ calc’d.: 262.0494, found: 262.0497.

tert-butyl 6-(difluoro(phenyl)methyl)-5-oxa-2,7-diazaspiro[3.4]oct-6-ene-2-carboxylate (5j)
R F

o)
\\)CN Boc
w

In a 20 mL vial, 2,2-difluoro-2-phenylacetonitrile (100.0 mg, 64.35 pL, 1.00equiv 653.0 pmol)
was weighed, then dissolved in dry MeOH (3.265 mL). To this was added tert-butyl 3-
(aminomethyl)-3-hydroxyazetidine-1-carboxylate (264.2 mg, 2.0 equiv 1.306 mmol), the
headspace was flushed with N>, and the vial was capped and stirred at 65 °C for 16 h. After this
time, the reaction mixture was concentrated in vacuo. The crude solid was purified by flash column
chromatography (SiO2, 80% EtOAc in pentanes) to afford pure tert-butyl 6-
(difluoro(phenyl)methyl)-5-oxa-2,7-diazaspiro[3.4]oct-6-ene-2-carboxylate (0.15 g, 0.45 mmol,
69%) as a clear glassy solid.

'H NMR (500 MHz, CDCls) § 7.62 — 7.58 (m, 2H), 7.53 — 7.44 (m, 3H), 4.25 (dd, J = 10.1, 1.3
Hz, 2H), 4.13 (t, ] = 2.2 Hz, 2H), 3.98 (dd, J = 10.1, 1.3 Hz, 2H), 1.43 (s, 9H).

F NMR (470 MHz, CDCI3) § -100.2.

13C{'H} NMR (126 MHz, CDCl3) § 159.5 (t, J = 34.7 Hz), 155.0, 132.3 (t, J = 25.6 Hz), 130.2 (d,
J=2.0 Hz), 127.7, 124.6 (t, ] = 6.10 Hz), 112.7 (¢, J = 244.8 Hz), 80.4, 79.5, 63.2, 61.2 (s, brz),
27.4.

HRMS (EI) [C17H20F2N203+H]+ cale’d: 339.1517, found 339.1515

5-(difluoro(phenyl)methyl)-1H-tetrazole (5k)
R F

H
N\
Y
N\N

A 20 mL vial equipped with a Teflon magnetic stir bar was charged with 2,2-difluoro-2-
phenylacetonitrile (78.5 mg, 0.512 mmol, 1.00 equiv) and DMSO (5.0 mL). Then, sodium azide
(65.0 mg, 1.00 mmol, 1.95 equiv) was added. The headspace was flushed with nitrogen, and the
vial was sealed with a Teflon cap and heated to 80 °C in a heating block for 20 h. After this time,
the reaction was cooled to rt, transferred to a separatory funnel, and diluted with EtOAc (50 mL)
and 1.5 M HCI (40 mL). The aqueous layer was extracted with EtOAc (4 x 50 mL), and the
combined organic layers were concentrated in vacuo to provide the desired product as a mixture
with DMSO. To remove residual DMSO, the product was taken up in EtOAc (20 mL) and washed
with 1M HCI (8 x 5 mL). The organic layer was dried over sodium sulfate and concentrated in
vacuo to provide a thick oil. This oil was stored at —10 °C for 24 h, after which time it solidified.
The resulting solid was crushed to a powder and dried under high vacuum to provide 5-
(difluoro(phenyl)methyl)-1H-tetrazole as a white powder. (97.5 mg, 0.497 mmol, 97% yield).
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'H NMR (600 MHz, CDCls) & 15.42 (s, 1H), 7.66 (d, J = 7.8 Hz, 2H), 7.50 (m, 3H).

13C{'H} NMR (151 MHz, CDCls) § 166.4 (t, J = 32.2 Hz), 133.5 (t, ] = 26.4 Hz), 131.5, 128.9,
125.6 (t, ] = 6.0 Hz), 116.7 (t, ] = 245.7 Hz).

F NMR (565 MHz, CDCl3) § -92.2.
HRMS (EI) [Ci3H12F2]+ cale’d.: 197.0632, found: 197.0633.

2-(difluoro(phenyl)methyl)-4,5-dimethylpyridine (51)
R F

l\
N~

Compound 41 was prepared by a modified literature procedure.*’ To a solution of Ni(COD) (11.9
mg, 10 mol%, 43.3 umol), tri(1-adamantanyl)phosphine (75.70 mg, 40.0 mol%, 173.4 umol), and
difluoro(phenyl)acetonitrile (42.7 pL, 1.00 equiv, 433 umol) in o-xylene (1.00 mL) was added 2,3-
dimethyl-1,3-butadiene (196 uL, 4.00 equiv, 1.73 mmol). The vial was then capped, sealed with
electrical tape, and heated to 140 °C for 24 h. Once cooled, the crude reaction mixture was
concentrated in vacuo, then subjected to flash column chromatography (SiO2, 30% EtOAc in
hexanes) to afford 2-(difluoro(phenyl)methyl)-4,5-dimethylpyridine (43.2 mg, 185 umol, 43%) as
a yellow oil.

'H NMR (500 MHz, CDCl3) 5 8.36 (s, 1H), 7.58 (ddd, J = 5.5, 3.2, 1.3 Hz, 2H), 7.48 (s, 1H), 7.43
~7.37 (m, 3H), 2.32 (s, 3H), 2.26 (s, 3H).

F NMR (470 MHz, CDCl3) § -94.5.

3C{'H} NMR (126 MHz, CDCl) § 153.2 (t, J = 30.3 Hz), 150.1, 146.9, 137.0 (t, J = 27.6 Hz),
133.4(d,J= 1.6 Hz), 129.9 (t, ] = 2.0 Hz), 128.4, 125.9 (t, J = 5.8 Hz), 121.1 (t, ] = 4.2 Hz), 119.0
(t,J=243.0 Hz), 19.5, 16.3.

HRMS (EI) [Ci14H13FoaN+H]+ calc'd: 234.1087, found: 234.1089

(5)-2,2-difluoro-2-phenyl-N-(1-phenylethyl)ethan-1-amine (Sm)

R F

P

Compound 4m was prepared using a literature procedure.*® To a flame-dried glass vial in the
glovebox was added nickel(Il) triflate (4.63 mg, 5.0 mol%, 13.0 umol),
((phenylphosphinediyl)bis(ethane-2,1-diyl))bis(diphenylphosphine) (8.32 mg, 6.0 mol%, 15.6
umol), and degassed TFE (1.30 mL). The reaction mixture was stirred at rt in the box for 15 min;
then, 2,2-difluoro-2-phenylacetonitrile (39.7 mg, 1.00 equiv 259 pmol) was added in one portion
followed by (S)-(-)-1-phenylethylamine (167 pL, 5 equiv, 1.30 mmol). The vial was fitted with a
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septum cap and needle, then placed into a parr bomb. The bomb was sealed, the assembly was
removed from the glovebox, and the autoclave was flushed with 20 bar H» (2x) then pressurized
to 40 bar H». The reaction mixture was stirred in a 130 °C heating block for 16 h. After this time,
the reaction mixture was cooled, diluted with EtOAc, and extracted from aq. NaCl (sat.) with
EtOAc (3x). The combined organic layers were dried over magnesium sulfate, filtered, and the
filtrate concentrated in vacuo. The residue was purified by flash column chromatography (SiO2,
20% EtOAc in hexanes) to afford pure (5)-2,2-difluoro-2-phenyl-N-(1-phenylethyl)ethan-1-amine
(43.10 mg, 165 umol, 64%) as a white solid.

'H NMR (500 MHz, CDCl3) 8 7.64 — 7.59 (m, 2H), 7.52 — 7.48 (m, 1H), 7.44 (t, ] = 7.5 Hz, 2H),
7.40 — 7.33 (m, 2H), 7.30 — 7.27 (m, 3H), 6.64 (s, 1H), 5.10 (p, J = 7.2 Hz, 1H), 1.66 — 1.58 (m,
SH).

F NMR (470 MHz, CDCl3) § -102.3 (d, J = 43.7 Hz).

BC{'H} NMR (126 MHz, CDCls) § 163.3 (t, ] =31.00 Hz), 141.9, 133.1 (t, ] = 25.4 Hz), 131.00
(t, ] = 2.0 Hz), 129.0, 128.7, 128.0, 126.3, 125.7 (t, ] = 6.10 Hz), 115.0 (t, ] = 252.9 Hz), 49.4,
21.5.

HRMS (EI) [Ci6H17F2N]+ cale’d.: 276.1193, found: 276.1194.

4.7.9 Control Reactions with Benzyl Nitrile
Scheme S8. Control reaction with PhOH, HBr/AcOH, and the respective nitrile.

LiAlH, (5 equiv)

NH
CN THF 2
-30°C > rt,2h

A 4 mL vial equipped with a stir bar was charged with 2,2-difluoro-2-phenylacetonitrile (76.6 mg,
1.0 equiv, 0.500 mmol) or benzyl nitrile (57.7 pL, 1.0 equiv, 0.500 mmol); to this vial was added
a solution of phenol (94.1 mg, 2.0 equiv, 1.00 mmol) in 33% HBr in AcOH (1.50 g, 1.00 mL). The
headspace was flushed with nitrogen, and the reslting solution was stirred for 30 minutes at room
temperature. After this time the mixture was extracted with diethyl ether (3x), dried over Na;SO4,
and filtered. The organic was concentrated, and internal standard (mesitylene or a,o,0-
trifluorotoluene) was added; the yield was determined by 'H or '°F gNMR spectroscopy.

Scheme S9. Control reaction with LiAlH4 and benzyl nitrile.

LiAIH,4 (5 equiv)

NH
-30°C—>rt,2h

In a nitrogen-filled glovebox, solutions of LiAlH4 (1.25 mL, 2.0 molar, 5.0 equiv, 2.50 mmol) and
of benzyl nitrile (58.6 mg, 57.7 uL, 1 equiv, 0.500 mmol) in diethyl ether (1.00 mL) were prepared
separately and cooled to -30 °C in the glovebox freezer. Once cool, the solution containing the
nitrile was added dropwise via glass pipette to the solution containing the LiAlH4 with stirring,
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with an additional 0.50 mL diethyl ether used to complete the transfer. The vial was sealed and the
reaction mixture was stirred vigorously at room temperature for 2 h. After this time, the rxn mixture
was cooled to 0 °C, and water was added dropwise. The resulting solution was extracted with
EtOAc (3x), then dried over magnesium sulfate. The resulting suspension was filtered, and the
organics were concentrated in vacuo. There was no conversion as determined by 'H gNMR
spectroscopy with 1,3,5-trimethoxybenzene as internal standard. Analysis by GC-MS showed only
starting material.

Scheme S10. Control reaction with 1-propanethiol and benzyl nitrile.
HS/\/

©/\ MeCN, rt, 2 h ©/\m-|

A 50 mL round bottom flask equipped with a stir bar was charged with Benzyl nitrile (58.6 mg,
57.7 uL, 1 Eq, 0.500 mmol) and MeCN (4.00 mL); the headspace was flushed with nitrogen, and
1-propanethiol (454 pL, 10.0 equiv, 5.00 mmol) was added dropwise. The resulting solution was
stirred at rt for 2 h. After this time, the solvent was removed in vacuo. There was no conversion as

determined by 'H gNMR spectroscopy with 1,3,5-trimethoxybenzene as internal standard.
Analysis by GC-MS showed only starting material.

Scheme S11. Control reaction with NH2OH and benzyl nitrile.
NH,OH
cN  (1.2equiv) | NH
()A EtOH, rt, 18 h m
OH

A 4 mL vial was equipped with a stir bar, benzyl nitrile (11.5 pL, 1.0 equiv, 0.10 mmol), and
hydroxylamine (7.25 puL, 50% Wt in H20O, 1.2 equiv, 120 pmol) followed by EtOH (1.00 mL). The
resulting solution was stirred for 18h at rt. Then, the solvent was removed in vacuo. There was no

conversion as determined by '"H gNMR spectroscopy with 1,3,5-trimethoxybenzene as internal
standard. Analysis by GC-MS showed only starting material.

Scheme S12. Control reaction with 2-aminothiophenol and benzyl nitrile.

HS
©/\CN ms
HZNID MeOH, rt, 1 h N@

(1.0 equiv)

In a nitrogen-filled glovebox, a 20 mL vial was charged with benzyl nitrile (57.7 pL, 1.0 equiv,
0.50 mmol). A solution of 2-aminothiophenol (53.5 pL, 1.0 equiv, 0.50 mmol) in dry methanol
(2.00 mL) was added, and the resulting mixture was stirred at rt for 1 h. After this time, the solvent
was removed in vacuo. There was no conversion as determined by 'H qNMR spectroscopy with
1,3,5-trimethoxybenzene as internal standard. Analysis by GC-MS showed only starting material.
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Scheme S13. Control reaction with 2-aminothiophenol, AlCl3, and benzyl nitrile.

HS
©/\CN D AICl; (1.2 equiv) ©/\/
HoN DMF, 1t, 1 h @

(1.0 equiv)

In a nitrogen-filled glovebox, a 20 mL vial was charged with benzyl nitrile (57.7 pL, 1.0 equiv,
0.50 mmol). A solution of 2-aminothiophenol (53.5 pL, 1.0 equiv, 0.50 mmol) in DMF (2.00 mL)
was added. AICIz (80.0 mg, 1.20 equiv, 0.60 mmol) in DMF (2.00 mL) was added dropwise to a
solution of the thiol and benzyl nitrile at rt. The resulting solution was then stirred at rt for 1 h.
After this time, the solvent was removed in vacuo. There was no conversion as determined by 'H
gNMR spectroscopy with 1,3,5-trimethoxybenzene as internal standard. Analysis by GC-MS
showed only starting material.

4.7.10 Characterization Data of Isolated Products
2-((4-bromophenyl)difluoromethyl)-1-methyl-1H-benzo[d]imidazole (4a)

F F /

Begug

The title compound was prepared by performing general procedure 1 then general procedure 2 on
28.20 mg of the corresponding (hetero)aryl iodide: 18.40 mg, 55% yield (yellow oil).

'H NMR (500 MHz, CDCl3) 5 7.81 (d, J = 8.10 Hz, 1H), 7.64 (d, J = 8.3 Hz, 2H), 7.53 (d, ] = 8.4
Hz, 2H), 7.43 — 7.38 (m, 2H), 7.31 (ddd, J = 8.3, 6.6, 1.6 Hz, 1H), 3.95 (t, ] = 1.10 Hz, 3H).

19F NMR (470 MHz, CDCls) & -88.6.

3C{'H} NMR (126 MHz, CDCl) § 146.8 (t, J = 33.2 Hz), 141.3, 136.5, 133.5 (t, J = 26.0 Hz),
131.8, 127.9 (t, J = 5.8 Hz), 125.5 (t, J = 2.5 Hz), 124.6, 122.9, 121.4, 117.1 (t, J = 239.7 Hz),
109.8, 31.1 (t, ] = 3.9 Hz).

HRMS (ESI-TOF) [CisH11BrFaNo+H]J+ cale’d.: 337.0146, found: 337.0145

2-((4-chlorophenyl)difluoromethyl)-1-methyl-1H-benzo[d]imidazole (4b)
K F /

Begug

The title compound was prepared by performing general procedure 1 then general procedure 2 on
23.60 mg of the corresponding (hetero)aryl iodide: 20.10 mg, 69% yield (light yellow solid).
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'H NMR (500 MHz, CDCl3) § 7.82 (d, J = 8.2 Hz, 1H), 7.60 (d, J = 8.3 Hz, 2H), 7.48 (d, J = 8.3
Hz, 2H), 7.41 (q, J = 8.4 Hz, 2H), 7.31 (ddd, T = 8.2, 6.7, 1.5 Hz, 1H), 3.95 (s, 3H).

F NMR (470 MHz, CDCls) & -88.4.

13C{'H} NMR (126 MHz, CDCls) & 146.9 (t, ] = 33.2 Hz), 141.3, 137.1 (t, J = 2.5 Hz), 136.4,
133.0 (t, J = 26.0 Hz), 128.9, 127.7 (1, ] = 5.8 Hz), 124.6, 123.0, 121.4, 117.1 (t, J = 239.7 Hz),
109.8,31.2 (t, ] = 3.9 Hz).

HRMS (ESI-TOF) [C15H11CIF2N2+H]+ cale’d.: 293.0652, found: 293.0654

methyl 4-(difluoro(1-methyl-1H-benzo[d]imidazol-2-yl)methyl)benzoate (4¢)
F F /

N
N
MeOZC

The title compound was prepared by performing general procedure 1 then general procedure 2 on
26.50 mg of the corresponding (hetero)aryl iodide: 18.50 mg, 58% yield (light brown solid).

'H NMR (500 MHz, CDCl3) 3 8.17 (d, J = 8.10 Hz, 2H), 7.80 (d, J = 8.2 Hz, 1H), 7.74 (d, J = 8.10
Hz, 2H), 7.43 — 7.38 (m, 2H), 7.31 (t, J = 7.4 Hz, 1H), 3.95 (s, 6H).

F NMR (470 MHz, CDCl3) & -89.4.

3C{'H} NMR (126 MHz, CDCls) § 165.2, 145.7 (t, J = 27.7 Hz), 140.3, 137.7 (t, ] = 21.4 Hz),
135.4, 131.4, 128.9, 125.3 (t, J = 5.0 Hz), 123.6, 121.9, 120.3, 116.0 (t, J = 200.10 Hz), 108.8,
51.4,30.1 (t, 7= 2.5 Hz).

HRMS (ESI-TOF) [C17H14F2N202+Na]+ calc’d.: 339.0915, found: 339.0912

2-(difluoro(4-nitrophenyl)methyl)-1-methyl-1H-benzo[d]imidazole (4d, 4ae)

F F /

/@)S/N
\\©
N

O,N

Compound 4d was prepared by performing general procedure 1 then general procedure 2 on 24.70
mg of the corresponding (hetero)aryl iodide: 11.30 mg, 38% yield (orange solid).

Compound 4ae was prepared by performing general procedure 1 then general procedure 2 on 20.1
mg of the corresponding (hetero)aryl bromide: 10.10 mg, 33% yield (orange solid).

'H NMR (500 MHz, CDCl5) & 8.37 (d, J = 8.4 Hz, 2H), 7.88 (d, J = 8.4 Hz, 2H), 7.76 (d, J = 8.2
Hz, 1H), 7.46 — 7.40 (m, 2H), 7.31 (t, ] = 7.6 Hz, 1H), 4.05 (s, 3H).

F NMR (470 MHz, CDCl3) & -89.1.
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13C{'H} NMR (126 MHz, CDCls) & 149.4, 146.1 (t, ] = 27.7 Hz), 141.2, 140.5 (t, ] = 21.4 Hz),
136.5, 127.8 (t, = 5.0 Hz), 124.9, 123.6, 123.1, 121.4, 118.4, 116.9 (t, ] = 200.3 Hz), 109.9, 31.2
(t, J=2.5 Hz).

HRMS (ESI-TOF) [2(C:1sH11FaN3O2)+H]+ cale’d.: 607.1711, found: 607.1724

4-(cyanodifluoromethyl)benzonitrile (3e)
R F

o
NC

The title compound was prepared by performing general procedure 1 on 22.90 mg of the
corresponding (hetero)aryl iodide: 13.10 mg, 74% yield (colorless oil). Flash column
chromatography (SiO2, 5% EtOAc in hexanes).

'H NMR (400 MHz, CDCL3) & 7.88 (d, J = 8.8 Hz, 2H), 7.83 (d, J = 8.7 Hz, 2H).

BC{!H} NMR (151 MHz, CDCI3) § 135.2 (t, J = 25.8 Hz), 133.1, 126.2 (t, J = 5.0 Hz), 117.0,
116.8, 111.6 (t, ] =47.9 Hz), 107.6 (t, ] = 245.5 Hz).

F NMR (376 MHz, CDCl3) & -84.2.
HRMS (EI) [CoH4F2N2]+ calc’d.: 178.0343, found: 178.0340.

2-((4-butylphenyl)difluoromethyl)-1-methyl-1H-benzo[d]imidazole (4f)

F F /

/@)S/N
\\©
N

nBu

The title compound was prepared by performing general procedure 1 then general procedure 2 on
17.80 pL of the corresponding (hetero)aryl iodide: 27.60 mg, 88% yield (yellow oil).

'H NMR (500 MHz, CDCl3) § 7.85 (d, J = 8.1 Hz, 1H), 7.53 (d, J = 8.0 Hz, 2H), 7.42 — 7.36 (m,
2H), 7.34 — 7.27 (m, 3H), 3.87 (d, J = 1.3 Hz, 3H), 2.66 (1, J = 7.8 Hz, 2H), 1.67 — 1.57 (m, 2H),
1.37 (b, J = 7.4 Hz, 2H), 0.93 (t, J = 7.4 Hz, 3H).

19F NMR (470 MHz, CDCls) & -88.3.

BC{'H} NMR (126 MHz, CDCl3) § 146.1, 141.4. 136.5, 128.8, 126.1 (t, ] = 6.3 Hz), 124.5, 123.0,
121.4,109.9,35.7,33.4,31.3,22.5, 14.1

HRMS (ESI-TOF) [2(C1oH20F2N2)+H]+ cale’d.: 629.3263, found 629.3246
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2-(difluoro(phenyl)methyl)-1-methyl-1H-benzo|d]imidazole (4g)
R F /

SRR

The title compound was prepared by performing general procedure 1 then general procedure 2 on
11.20 pL of the corresponding (hetero)aryl iodide: 21.00 mg, 82% yield (white solid).

'H NMR (600 MHz, CDCls) 8 7.91 (d, J = 8.0 Hz, 1H), 7.67 (d, ] = 6.5 Hz, 2H), 7.53 — 7.42 (m,
3H), 7.40 (m, 2H), 7.32 (m, 1H), 3.91 (s, 3H).

F NMR (470 MHz, CDCI3) § -89.0.

BC{'H} NMR (126 MHz, CDCl3) § 147.2 (t, ] = 33.0 Hz), 141.2, 136.4, 134.5 (t, ] = 25.6 Hz),
130.7 (t, ] = 1.9 Hz), 128.5, 125.9 (t, ] = 5.6 Hz), 124.2, 122.7, 121.1, 117.1 (t, J] = 240.0 Hz),
109.7, 30.9

HRMS (EI) [Ci3H12F2]+ cale’d.: 259.1039, found: 259.1041.

2-(difluoro(4-methoxyphenyl)methyl)-1-methyl-1H-benzo[d]imidazole (4h)
F F /

@N
\\©
N

MeO

The title compound was prepared by performing general procedure 1 then general procedure 2 on
22.40 mg of the corresponding (hetero)aryl iodide: 22.50 mg, 74% yield (yellow oil).

'H NMR (500 MHz, CDCls) & 7.86 (d, J = 8.1 Hz, 1H), 7.55 (d, J = 8.4 Hz, 2H), 7.46 — 7.36 (m,
2H), 7.32 (ddd, J = 8.2, 6.4, 1.9 Hz, 1H), 6.98 (d, J = 8.5 Hz, 2H), 3.88 (s, 3H), 3.85 (s, 3H).

19F NMR (470 MHz, CDCls) & -87.2.

3C{'H} NMR (126 MHz, CDCLs) & 161.5 (t, ] = 1.9 Hz), 147.7 (t, ] = 33.6 Hz), 141.5, 136.5,
127.7 (t, T = 5.5 Hz), 126.8 (t, ] = 26.2 Hz), 124.4, 122.9, 121.4, 117.4 (t, ] = 239.3 Hz), 114.0,
109.8, 55.4,31.2 (t, ] = 3.4 Hz).

HRMS (ESI-TOF) [2(Ci6H14F2N20)+H]+ cale’d.: 577.2221, found: 577.2194
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tert-butyl (4-(difluoro(1-methyl-1H-benzo[d]imidazol-2-yl)methyl)phenyl)carbamate (4i)

/@)S/N
\\©
N

BocHN

The title compound was prepared by performing general procedure 1 then general procedure 2 on
31.50 mg of the corresponding (hetero)aryl iodide: 15.10 mg, 41% yield (yellow oil).

'H NMR: (500 MHz, CDCI3) § 7.83 (d, J = 8.10 Hz, 1H), 7.53 (d, J = 8.9 Hz, 2H), 7.46 (d, ] = 8.5
Hz, 2H), 7.41 — 7.36 (m, 2H), 7.31 (ddd, J = 8.2, 6.3, 1.8 Hz, 1H), 3.86 (s, 3H), 1.51 (s, 9H).

YF NMR (470 MHz, CDCIs) § -88.0.

BC{'H} NMR (126 MHz, CDCl3) § 152.4, 147.5, 141.4, 140.8, 136.4, 128.7, 127.0 (t, ] = 5.5 Hz),
124.3,122.8,121.3,118.0, 109.7, 81.0, 31.1, 28.3, 14.2.

HRMS (ESI-TOF) [2(Ca0H21F2N302)+Na]+ calc’d.: 769.3096, found 769.3129

2-(4'-bromo-[1,1'-biphenyl]-4-yl)-2,2-difluoroacetonitrile (3j)

R F

S
Br

The title compound was prepared by performing general procedure 1 on 35.0 mg of the
corresponding (hetero)aryl iodide: 22.6 mg, 75% yield (white solid).

'H NMR (500 MHz, CDCl3) 5 7.7 (d, J = 8.4 Hz, 2H), 7.7 (d, ] = 8.4 Hz, 2H), 7.6 (d, J = 8.6 Hz,
1H), 7.5 (d, ] = 8.5 Hz, 2H).

19F NMR (470 MHz, CDCls) & -82.9.

13C{'H} NMR (126 MHz, CDCls) 5 144.8 — 144.2 (m), 138.4, 138.1, 132.4, 130.5 (t, ] = 25.3 Hz),
129.0, 127.9, 126.1 (t, J = 4.9 Hz), 123.1, 112.7 (t, ] = 48.3 Hz), 108.9 (t, J = 243.0 Hz).

HRMS (ESI-TOF) [2(C14HsBrFoaN)+ACN+H]+ calc’d.: 655.9954, found: 655.9933
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2-(difluoro(2-isopropylphenyl)methyl)benzo|d]oxazole (4k)

The title compound was prepared by performing general procedure 1 then general procedure 3 on
15.9 uL of the corresponding (hetero)aryl iodide: 18.80 mg, 65% yield (white solid).

'H NMR (500 MHz, CDCl3) & 7.83 — 7.79 (m, 1H), 7.71 (dd, J = 8.0, 1.5 Hz, 1H), 7.60 (dd, J =
8.0, 1.3 Hz, 1H), 7.52 (t, J = 7.6 Hz, 1H), 7.49 — 7.43 (m, 2H), 7.41 (td, J = 7.7, 1.2 Hz, 1H), 7.36
~7.31 (m, 1H), 3.15 (dq, J = 8.1, 6.6 Hz, 1H), 1.12 (d, ] = 6.8 Hz, 6H).

19F NMR (470 MHz, CDCls)  -90.9.

13C{'H} NMR (126 MHz, CDCls) § 159.0 (t, J = 29.6 Hz), 150.7, 148.3 (t, J = 2.4 Hz), 140.1,
131.5, 130.2 (t, J = 18.9 Hz), 127.3, 126.8, 125.9, 125.7 (t, ] = 7.7 Hz), 125.3, 121.4, 114.9 (¢, ] =
202.9 Hz), 111.4, 29.8, 24.1.

HRMS (ESI-TOF) [C17H15sFaNO+H]+ cale’d.: 288.1194, found: 288.1196

2-((2,6-dichlorophenyl)difluoromethyl)benzo[d]thiazolecarboxylate (41)

Cl R F
LY
-0
N
cl

The title compound was prepared by performing general procedure 1 then general procedure 4 on
26.50 mg of the corresponding (hetero)aryl iodide: 21.30 mg, 66% yield (white solid).

'H NMR (500 MHz, CDCls) § 8.08 — 8.03 (m, 1H), 8.00 — 7.95 (m, 1H), 7.55 — 7.46 (m, 2H), 7.44
(q,J = 0.9 Hz, 1H), 7.43 (d, J = 1.1 Hz, 1H), 7.33 (ddt, ] = 8.5, 7.4, 0.9 Hz, 1H).

F NMR (470 MHz, CDCl3) § -79.8.

13C{'H} NMR (126 MHz, CDCls) & 164.3 (t, J = 34.7 Hz), 152.5, 135.6, 135.3 (t, J = 2.6 Hz),
131.7,130.9, 130.1 (t, J = 23.4 Hz), 126.8 (d, ] = 9.7 Hz), 124.9, 122.1, 117.4 (t, ] = 246.0 Hz).

HRMS (ESI-TOF) [C14H7CLF2NS+H]+ calc’d.: 329.9717, found: 329.9720

137



2-((2-ethyl-6-methylphenyl)difluoromethyl)benzo[d]thiazole (4m)

FF
s

-0

The title compound was prepared by performing general procedure 1 then general procedure 4 on
24.10 mg of the corresponding (hetero)aryl iodide: 20.20 mg, 68% yield (clear oil).

'H NMR (500 MHz, CDCl3) & 8.09 (d, J = 8.1 Hz, 1H), 7.94 (d, J = 8.0 Hz, 1H), 7.55 — 7.44 (m,
2H), 7.32 (t, ] = 7.6 Hz, 1H), 7.18 (d, J = 7.7 Hz, 1H), 7.12 (d, J = 7.6 Hz, 1H), 2.80 — 2.71 (m,
2H), 2.47 (t, ] = 4.6 Hz, 4H), 1.23 (t, ] = 7.5 Hz, 3H).

1F NMR (470 MHz, CDCL3) § -76.8.

13C{'H} NMR (126 MHz, CDCl3) 3 165.8 (t, J = 36.10 Hz), 152.8, 144.4 (t, J = 2.8 Hz), 137.8 (¢,
J=3.10 Hz), 135.6, 131.3 (t, ] = 22.7 Hz), 130.4 (d, ] = 10.3 Hz), 129.2, 126.7 (d, J = 7.2 Hz),
124.9,122.0, 119.9 (t, J = 243.7 Hz), 28.5 (t, ] = 5.2 Hz), 22.8 (t, ] = 6.3 Hz), 16.9 (d, J = 2.2 Hz).

HRMS (ESI-TOF) [C17H15FaNS+H]+ cale’d.: 304.0966, found: 304.0969

1-(3-(benzo|d]oxazol-2-yldifluoromethyl)phenyl)ethan-1-one (4n)

O FF
)‘\@)S/O
=0
N

The title compound was prepared by performing general procedure 1 then general procedure 3 on
24.40 mg of the corresponding (hetero)aryl iodide: 15.30 mg, 53% yield (yellow solid). flash
column chromatography (SiO2, 30% EtOAc in hexanes).

'H NMR (500 MHz, CDCl3) § 8.31 (t, J = 1.9 Hz, 1H), 8.12 (dt, J= 8.1, 1.3 Hz, 1H), 7.93 (dt, J =
8.1, 1.5 Hz, 1H), 7.83 — 7.78 (m, 1H), 7.66 — 7.58 (m, 2H), 7.49 — 7.38 (m, 2H), 2.65 (s, 3H).

19F NMR (470 MHz, CDCls) § -95.2.

BC{'H} NMR (126 MHz, CDCI3) & 196.9, 158.0 (t, J = 36.5 Hz), 150.8, 140.0, 137.6, 134.3,
130.9, 130.2 (t, J = 5.10 Hz), 129.3, 127.0, 125.7 (t, J = 6.3 Hz), 121.5, 114.0 (t, J = 244.5 Hz),
111.5,26.7.

HRMS (ESI-TOF) [2(C16H11F2NO2)+Na]+ cale’d.: 597.1408, found: 597.1383
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2-([1,1'-biphenyl]-3-yldifluoromethyl)benzo|d]oxazole (40)

R F
Ph o
|
-0

The title compound was prepared by performing general procedure 1 then general procedure 3 on
17.2 uL of the corresponding (hetero)aryl iodide: 21.70 mg, 68% yield (yellow oil).

'H NMR (500 MHz, CDCl3) § 7.95 (d, J = 1.9 Hz, 1H), 7.85 — 7.81 (m, 1H), 7.77 — 7.73 (m, 1H),
771 (dt, T=7.9, 1.4 Hz, 1H), 7.63 — 7.56 (m, 4H), 7.49 — 7.37 (m, SH).

F NMR (470 MHz, CDCl3) § -95.2.

BC{'H} NMR (126 MHz, CDCl3) & 158.5 (t, J = 30.2 Hz), 158.8, 142.0, 140.1, 140.0, 134.2 (t,]
= 21.4 Hz), 129.9, 129.2, 128.9, 127.9, 127.3, 126.8, 125.3, 124.4, 121.4, 116.3, 114.5 (t, ] =
204.10 Hz), 111.4.

HRMS (ESI-TOF) [C20H13FaNO+H]+ cale’d.: 322.1039, found: 322.1038

2-((3-(tert-butyl)phenyl)difluoromethyl)benzo|d]oxazole (4p)

The title compound was prepared by performing general procedure 1 then general procedure 3 on
17.70 uL of the corresponding (hetero)aryl iodide: 22.20 mg, 74% yield (light yellow solid).

'H NMR (500 MHz, CDCl3) 8 7.83 (d, J = 7.8 Hz, 1H), 7.75 (s, 1H), 7.60 (d, ] = 8.0 Hz, 1H), 7.54
(dd, J = 14.0, 7.8 Hz, 2H), 7.42 (dd, J = 11.7, 7.4 Hz, 3H), 1.35 (s, 9H).

19F NMR (470 MHz, CDCls) & -95.0.

13C{1H} NMR (126 MHz, CDCl3) § 158.8 (t, /= 37.2 Hz), 152.1, 150.9, 140.3, 133.4 (1, J = 25.6
Hz), 128.6, 128.4, 126.8, 125.4, 123.1 (t, J = 5.8 Hz), 122.4 (t, ] = 5.9 Hz), 121.5, 114.8 (t, J =
243.8 Hz), 111.5,35.1, 31.4.

HRMS (ESI-TOF) [CigH17F2NO+H]+ cale’d.: 302.1351, found: 302.1354
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2,2-difluoro-2-(naphthalen-1-yl)acetonitrile (3q)

DY
o
The title compound was prepared by performing general procedure 1 on 14.6 pL of the

corresponding (hetero)aryl iodide: 19.70 mg, 63% yield (clear oil). The spectra correspond to those
previously reported.?®

'H NMR (600 MHz, CDCls) & 8.23 (dtd, J = 8.6, 2.2, 1.1 Hz, 1H), 8.08 (d, J = 8.3 Hz, 1H), 7.99 —
7.91 (m, 2H), 7.69 (ddd, J = 8.5, 6.9, 1.4 Hz, 1H), 7.63 (ddd, J = 8.0, 6.9, 1.1 Hz, 1H), 7.55 (t, ] =
7.8 Hz, 1H).

1F NMR (470 MHz, CDCL3) § -81.7.

BC{'H} NMR (151 MHz, CDCls) § 134.2, 133.9, 129.3, 128.7, 128.3, 127.2, 126.3 (t, J = 23.3
Hz), 125.5 (t, J = 8.0 Hz), 124.4, 123.6 (t, ] = 2.7 Hz), 112.9 (t, ] =47.8 Hz), 109.8 (t, ] = 243.4
Hz).

2,2-difluoro-2-(naphthalen-2-yl)acetonitrile (3r)

FF

CN

The title compound was prepared by performing general procedure 1 on 25.40 mg of the
corresponding (hetero)aryl iodide: 15.40 mg, 76% yield (clear oil).

'H NMR (500 MHz, CDCl5) & 8.21 (s, 1H), 8.01 — 7.92 (m, 3H), 7.68 — 7.61 (m, 3H)
19 NMR (470 MHz, CDCls) & -82.3

3C{'H} NMR (126 MHz, CDCls) § 134.9, 132.2, 129.7, 129.0, 128.7, 128.3, 128.0, 127.6, 126.3
(t, J=6.3 Hz), 120.7 (t, J = 3.8 Hz), 112.6 (t, ] = 47.9 Hz), 109.2 (t, ] = 243.2 Hz).

HRMS (ESI-TOF) [C1H7FsN+H]+ cale’d.: 204.0571, found: 204.0580
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2-(dibenzo[b,d]furan-4-yldifluoromethyl)benzo|d]thiazole (3s)

o

The title compound was prepared by performing general procedure 1 on 27.30 mg of the

corresponding (hetero)aryl iodide: 18.50 mg, 82% yield (white solid).

'H NMR (500 MHz, CDCl3) & 8.18 (dg, J = 7.8, 1.2 Hz, 1H), 8.00 (dt, J = 7.6, 0.9 Hz, 1H), 7.71
(ddt, T =12.3, 8.3, 1.0 Hz, 2H), 7.56 (ddd, J = 8.5, 7.3, 1.4 Hz, 1H), 7.47 (t, ] = 7.8 Hz, 1H), 7.43
(td, J = 7.6, 1.0 Hz, 1H).

1F NMR (470 MHz, CDCl3) § -85.1

13C{'H} NMR (126 MHz, CDCls) § 156.6, 152.1 (t, J = 2.5 Hz), 128.5, 126.4, 125.2 (t, J= 1.3
Hz), 123.7, 123.5 (t, ] = 6.3 Hz), 122.8, 122.7, 120.9, 115.4 (t, ] = 26.5 Hz), 112.3 (t, J = 244.5
Hz), 107.0.

HRMS (ESI-TOF) [Ci4H7F2NO+H]+ calc’d.: 244.0529, found: 244.0529

2-(6-((2,5,8,11-tetraoxatridecan-13-yl)oxy)pyridin-3-yl)-2,2-difluoroacetonitrile (3t)
R F

\O/\/O\/\O/\/O\/\O N/

The title compound was prepared by performing general procedure 1 on 37.90 mg of the
corresponding (hetero)aryl iodide: 18.50 mg, 59% yield (clear oil).

'H NMR (500 MHz, CDCls) & 8.47 (s, 1H), 7.79 (dd, J = 8.7, 2.7 Hz, 1H), 6.91 (d, J = 8.9 Hz,
1H), 4.54 (t, J = 5.0 Hz, 2H), 3.86 (t, ] = 5.0 Hz, 2H), 3.72 — 3.63 (m, 10H), 3.55 — 3.53 (m, 2H),
3.37 (s, 3H).

F NMR (470 MHz, CDCl3) & -82.0.

13C{'H} NMR (126 MHz, CDCl3) § 166.2, 145.2 (t, J = 6.3 Hz), 135.4 (t, J = 3.8 Hz), 120.7 (t,
=26.5 Hz), 112.1, 108.2 (t, ] = 243.2 Hz), 71.9, 70.7 (t, ] = 16.4 Hz), 69.3, 59.0.

HRMS (ESI-TOF) [C14H1sF2NOs+H]+ cale’d.: 361.1567, found: 361.1570
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2,2-difluoro-2-(1',3',5'-triphenyl-1'H-[1,4'-bipyrazol]-4-yl)acetonitrile (3u)

The title compound was prepared by performing general procedure 1 on 15.70 mg of the
corresponding (hetero)aryl iodide: 5.00 mg, 36% yield (orange solid).

'H NMR (500 MHz, CDCL3) 5 8.01 (d, J = 0.9 Hz, 1H), 7.68 (q, ] = 1.2 Hz, 1H), 7.47 — 7.43 (m,
2H), 7.40 — 7.31 (m, 10H), 7.30 — 7.24 (m, 2H), 7.16 — 7.12 (m, 2H).

1F NMR (470 MHz, CDCL3) § -77.2.

13C{'H} NMR (126 MHz, CDCls) § 147.7, 146.1, 141.1, 139.4, 138.2 (t, J = 3.8 Hz), 137.0, 132.9
(t,J=5.0 Hz), 130.3, 129.5, 129.3, 129.2, 129.1, 128.9, 128.8, 128.7, 128.6, 128.2

HRMS (ESI-TOF) [C26H17F2Ns+H]+ cale’d.: 438.1527, found: 438.1537

2-(7-(diethylamino)-4-methyl-2-ox0-2H-chromen-3-yl)-2,2-difluoroacetonitrile (3v)

h

~_N o0.__0O
7 CN
F F

The title compound was prepared by performing general procedure 1 on 34.50 mg of the
corresponding (hetero)aryl iodide: 11.30 mg, 38% yield (yellow solid). flash column
chromatography (SiO2, 20 — 40% EtOAc in hexanes).

'H NMR (500 MHz, CDCl3) § 7.57 (d, = 9.3 Hz, 1H), 6.65 (dd, J = 9.3, 2.7 Hz, 1H), 6.47 (d,J =
2.6 Hz, 1H), 3.45 (q, J = 7.1 Hz, 4H), 2.58 (t, J = 3.3 Hz, 3H), 1.23 (t, ] = 7.2 Hz, 6H).

19F NMR (470 MHz, CDCl3) § -78.3.

BC{'H} NMR (126 MHz, CDCl3) § 158.7, 156.1, 155.7, 152.4, 127.4, 112.6, 110.1, 109.7, 108.2,
108.1,97.0, 45.0, 14.9, 12.4.

HRMS (ESI-TOF) [Ci6H16F2N202+H]+ cale’d.: 307.1253, found: 307.1258
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2,2-difluoro-2-(7-isopropoxy-4-oxo-3-phenyl-4H-chromen-8-yl)acetonitrile (3w)

The title compound was prepared by performing general procedure 1 on 40.60 mg of the
corresponding (hetero)aryl iodide: 33.10 mg, 93% yield (white solid).

'H NMR (500 MHz, CDCl3) & 8.49 (dt, J = 9.0, 1.0 Hz, 1H), 8.01 (s, 1H), 7.58 — 7.53 (m, 2H),
7.48 —7.38 (m, 3H), 7.15 — 7.10 (m, 1H), 4.93 (p, = 6.1 Hz, 1H), 1.51 (d, J = 6.1 Hz, 6H).

1F NMR (470 MHz, CDCL3) § -81.3.

BC{'H} NMR (126 MHz, CDCl3) § 174.6, 160.9 (t, J = 3.8 Hz), 154.9, 152.4, 132.6, 131.0, 128.9,
128.6, 128.5, 125.6, 118.6, 112.9 (t, ] = 46.6 Hz), 111.2, 106.9, 106.6, 73.7, 21.6.

HRMS (ESI-TOF) [C20H15F2NO3+H]+ calc’d.: 356.1093, found: 356.1100

Methyl-(S)-2-((tert-butoxycarbonyl)amino)-3-(4-(cyanodifluoromethyl)phenyl)propanoate
(3x)

R F

BOCWCN
MeOZC

The title compound was prepared by performing general procedure 1 on 39.70 mg of the
corresponding (hetero)aryl iodide: 12.60 mg, 36% yield (light orange solid).

'H NMR (500 MHz, CDCl3) § 7.61 (dd, J = 8.5, 6.8 Hz, 2H), 7.31 (d, J = 7.9 Hz, 2H), 6.87 (d,J =
7.9 Hz, 1H), 5.10 — 4.90 (m, 1H), 4.68 — 4.54 (m, 1H), 3.73 (d, ] = 11.4 Hz, 3H), 3.29 — 3.03 (m,
1H), 1.41 (d, J = 4.0 Hz, 9H).

F NMR (470 MHz, CDCl3) & -82.7.

BC{'H} NMR (126 MHz, CDCl3) § 172.0, 171.8, 154.9, 141.5, 137.6, 135.7, 131.13, 130.3, 125.4,
80.3,54.1, 52.4, 38.3, 28.2.

HRMS (ESI-TOF) [C17H20F2N2O4+H]+ calc’d.: 627.1125, found: 627.1153
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2,2-difluoro-2-(4-(5-(p-tolyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl)phenyl)acetonitrile ~ (3y)
R F
NC

N-N
~,/ CF3

The title compound was prepared by performing general procedure 1 on 46.70 mg of the
corresponding (hetero)aryl iodide: 30.8 mg, 75% yield (white solid).

'H NMR (500 MHz, CDCls) & 7.67 (d, J = 8.4 Hz, 2H), 7.52 (d, J = 8.5 Hz, 2H), 7.20 (d, J = 7.9
Hz, 2H), 7.13 (d, J = 8.2 Hz, 2H), 2.39 (s, 3H).

YF NMR (470 MHz, CDCl3) § -62.3, -83.1.

BC{'H} NMR (126 MHz, CDCls) & 145.3, 144.3 (q, ] = 38.6 Hz), 142.8 (t, ] = 2.0 Hz), 140.0,
130.8 (t, J = 25.6 Hz), 129.9, 128.9, 126.4 (t, ] = 5.0 Hz), 125.9, 125.8, 121.2 (q, J = 269.10 Hz),
112.3 (t, ] = 48.0 Hz), 108.4, 106.5 (q, ] = 2.0 Hz), 21.5.

HRMS (ESI-TOF) [C19H12FsN3+H]+ calc’d.: 378.1024, found: 378.1028

2,2-difluoro-2-(3-(3-(4-fluoro-2-methoxyphenoxy)prop-1-yn-1-yl)phenyl)acetonitrile (3z)
R F
NC

HOQF

The title compound was prepared by performing general procedure 1 on 37.0 mg of the
corresponding (hetero)aryl iodide: 18.0 mg, 57% yield (white solid).

'H NMR (500 MHz, CDCl3) & 7.7 — 7.7 (m, 1H), 7.6 — 7.6 (m, 2H), 7.5 (t, ] = 7.8 Hz, 1H), 7.0
(dd,J=8.9, 5.4 Hz, 1H), 6.7 (dd, J = 10.1, 2.9 Hz, 1H), 6.6 (ddd, J = 8.8, 8.0, 2.9 Hz, 1H), 4.9 (s,
2H), 3.9 (s, 3H).

19F NMR (470 MHz, CDCls) & -83.7, -118.3 (td, J = 9.0, 5.6 Hz).

13C{'H} NMR (126 MHz, CDCl3) & 159.3, 157.7, 151.1 (d, J = 8.8 Hz), 143.0, 135.6, 131.7 (t, J
=21.4Hz), 129.4, 128.5(t, ] = 3.8 Hz), 125.1(t, J = 3.8 Hz), 123.9, 116.3 (d, ] = 8.8 Hz), 112.2 (t,
J=40.3 Hz), 108.2 (t, J = 204.10 Hz), 106.0 (d, J = 12.6 Hz), 100.5 (d, J = 22.7 Hz), 86.3, 85.5,
58.3, 56.0.
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HRMS (ESI-TOF) [CisH12F3NOx+H]+ calc’d.: 332.0893, found: 332.0893

2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-yl-4-(cyanodifluoromethyl)
benzoate (3aa)

NC

6]

The title compound was prepared by performing general procedure 1 on 62.10 mg of the
corresponding (hetero)aryl iodide: 39.20 mg, 68% yield (clear oil). Prep TLC (5% EtOAc in
Pentanes).

'H NMR (500 MHz, CDCls) & 8.42 (d, J = 8.2 Hz, 2H), 7.85 (d, J = 8.2 Hz, 2H), 2.63 (t, ] = 6.8
Hz, 2H), 2.14 (s, 3H), 2.06 (s, 3H), 2.02 (s, 3H), 1.90 — 1.75 (m, 2H), 1.67 — 1.02 (m, 24H), 0.87
(dd, ] = 8.6, 6.5 Hz, 12H).

1F NMR (470 MHz, CDCls) § -84.4

3C{'H} NMR (126 MHz, CDClz) & 163.7, 149.8, 140.4, 135.5 (t, J = 25.2 Hz), 133.7, 131.0,
126.6, 125.7 (t, J = 5.0 Hz), 124.9, 123.4, 117.7, 112.1 (t, ] = 47.9 Hz), 108.3 (t, ] = 244.4 Hz),
75.2,39.4,37.4,37.3,32.8,28.0, 24.8, 24.5, 22.7, 22.6, 21.1, 20.7, 19.7, 13.1, 12.2, 11.9.

HRMS (ESI-TOF) [C3sHs3F2NOs+H]+ calc’d.: 610.4066, found: 610.4075

(1S,2R,5R)-2-isopropyl-5-methylcyclohexyl 4-(cyanodifluoromethyl)benzoate (3ab)

0
6
CN
FF

The title compound was prepared by performing general procedure 1 on 41.70 mg of the
corresponding (hetero)aryl iodide: 20.40 mg, 56% yield (white solid). Flash column
chromatography (SiO2, 2 — 10% EtOAc in hexanes).

'H NMR (500 MHz, CDCI3) § 8.21 (dq, J = 7.8, 0.9 Hz, 2H), 7.76 (dg, J = 7.7, 0.9 Hz, 2H), 5.34
(td, J = 6.4, 3.3 Hz, 1H), 2.01 — 1.91 (m, 1H), 1.86 — 1.46 (m, 7H), 1.34 — 1.24 (m, 1H), 0.99 (dd,
7=9.5, 6.8 Hz, 6H), 0.90 (d, J = 6.8 Hz, 3H).

F NMR (470 MHz, CDCI3) § -84.2.
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13C{'H} NMR (126 MHz, CDCI3) & 164.4, 135.0 (d, ] = 2.4 Hz), 134.8, 134.6, 130.4, 125.4 (t, ]
=5.0 Hz), 112.2 (t, ] = 47.9 Hz), 108.3 (t, ] = 244.0 Hz), 73.6, 45.7, 35.7, 29.9, 27.7, 26.5, 21.3,
20.9,20.7, 19.3.

HRMS (EI) [C19H23F2NO2 ]+ cale’d.: 335.1652, found: 335.1661

2-(2-(1H-pyrazol-1-yl)phenyl)-2,2-difluoroacetonitrile (3ac)

v D

N F F

@XCN

The title compound was prepared by performing general procedure 1 on 34.50 mg of the
corresponding (hetero)aryl bromide: 14.90 mg, 44% (viscous clear oil).

'H NMR (500 MHz, CDCls) 8 7.74 (d, J = 1.9 Hz, 1H), 7.35 (dd, J = 8.0, 1.5 Hz, 1H), 7.15 (d,J =
2.4 Hz, 1H), 6.87 (t,J = 7.6 Hz, 1H), 6.83 — 6.74 (m, 2H), 6.19 (t, J = 2.2 Hz, 1H).

19F NMR (470 MHz, CDCL3) § -81.3.

13C{'H} NMR (126 MHz, CDCls) § 141.8, 139.0, 131.4 (d, J = 286.8 Hz), 126.8 (t, J = 7.8 Hz),
126.4, 112.4 (t, ] = 46.4 Hz), 109.0, 108.0, 107.1, 105.2, 29.9.

HRMS (ESI-TOF) [C11H7F2N3+H]+ calc’d.: 220.0681, found: 220.0681

2,2-difluoro-2-(2-methoxy-4-nitrophenyl)acetonitrile (3ad)

R F

o0
O,N 0

The title compound was prepared by performing general procedure 1 on 24.20 mg of the
corresponding (hetero)aryl bromide: 9.50 mg, 42% yield (white solid).

'H NMR (500 MHz, CDCls) & 7.94 (dd, J = 8.6, 2.1 Hz, 1H), 7.89 (d, J = 2.0 Hz, 1H), 7.77 (d, J =
8.5 Hz, 1H), 4.10 (s, 3H).

19F NMR (470 MHz, CDCls) & -89.1.

BC{'H} NMR (126 MHz, CDCl5) § 158.1, 151.7, 127.3 (t, ] = 7.6 Hz), 124.9 (t, ] = 25.2 Hz),
115.5, 111.8 (t, ] = 46.6 Hz), 107.2, 105.5 (t, ] = 244.4 Hz), 56.9

HRMS (ESI-TOF) [CoHsF2N203+H]+ cale’d.: 229.0376, found: 229.0375
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2-(4-acetylphenyl)-2,2-difluoroacetonitrile (3af)
R F
CN

0]

The title compound was prepared by performing General Procedure 1 on 24.60 mg of the
corresponding (hetero)Aryl bromide: 3.10 mg, 16% yield (5.90 mg, clear oil )

'H NMR (500 MHz, CDCl3) § 8.11 (dt, J = 8.9, 0.9 Hz, 1H), 7.79 (dt, J= 7.9, 0.9 Hz, 1H), 2.66
(s, 2H).

F NMR (470 MHz, CDCls) § -84.3.

BC NMR {!H} (126 MHz, CDCls3) § 196.6, 140.5 — 139.9 (m), 135.1 (t, ] =25.2 Hz), 129.1, 125.7
(t,]=5.0 Hz), 112.1 (t, ] = 47.7 Hz), 108.2 (t, ] = 244.1 Hz), 26.8.

HRMS (ESI-TOF) [CioH7F2NO+H]+ calc’d.: 196.0527, found 196.0527

2,2-difluoro-2-(pyridin-2-yl)acetonitrile (3ag)

The title compound was prepared by performing general procedure 1 on 9.60 pL of the
corresponding (hetero)aryl bromide: 24.0 mg, 77% yield (clear oil).

'H NMR (600 MHz, CDCl3) 6 8.75 (d, ] = 4.6 Hz, 1H), 7.93 (t, J = 7.8 Hz, 1H), 7.71 (d, = 7.9
Hz, 1H), 7.54 (dd, ] = 7.6, 4.9 Hz, 1H)

F NMR (376 MHz, CDCl;) & -86.6.

BC{'H} NMR (151 MHz, CDCl3) § 150.2, 149.4 (t, ] = 28.1

Hz), 138.1 (d, J = 2.9 Hz), 127.1, 120.1 (t, J = 2.6 Hz), 112.1 (t, J = 45.4 Hz), 108.3 (t, J = 244.5
Hz)

HRMS (ESI-TOF) [C7H4F2N>+H]+ calc’d.: 155.0415, found: 155.0414
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2,2-difluoro-2-(quinolin-2-yl)acetonitrile (3ah)

The title compound was prepared by performing general procedure 1 on 20.0 mg of the
corresponding (hetero)aryl bromide: 11.0 mg, 56% yield (yellow solid).

'H NMR (500 MHz, CDCl5) § 8.33 (d, J = 8.5 Hz, 1H), 8.19 (dd, J = 8.5, 1.2 Hz, 1H), 7.86 (dd, J
=82, 1.4 Hz, 1H), 7.79 (ddd, J = 8.4, 6.9, 1.5 Hz, 1H), 7.68 (d, J = 8.6 Hz, 1H), 7.64 (ddd, J = 8.1,
6.8, 1.2 Hz, 1H).

F NMR (470 MHz, CDCl3) 6 -85.5.

13C{'H} NMR (126 MHz, CDCls) & 148.8 (t, J = 28.7 Hz), 147.1, 138.6, 131.1, 130.3, 129.1,
127.7, 115.7 (t, = 2.0 Hz), 111.9 (t, ] = 44.8 Hz), 109.0 (1, ] = 244.8 Hz).

HRMS (ESI-TOF) [Ci1HeF2N2+H]+ cale’d.: 205.0572, found: 205.0573

2,2-difluoro-2-(2-methylquinolin-8-yl)acetonitrile (3ai)

|\N R F
CN

The title compound was prepared by performing general procedure 1 on 24.50 mg of the
corresponding (hetero)aryl bromide:9.70 mg, 40% yield (light yellow solid).

'H NMR (500 MHz, CDCl3) & 8.11 (d, J = 8.5 Hz, 1H), 8.00 (dd, J = 7.7, 4.0 Hz, 2H), 7.56 (t, ] =
7.8 Hz, 1H), 7.41 (d, J = 8.5 Hz, 1H), 2.81 (s, 3H).

19F NMR (470 MHz, CDCls) & -87.2

BC{'H} NMR (126 MHz, CDCls3) & 160.5, 144.5 (d, J= 3.6 Hz), 136.1, 132.4, 127.5 (t, J=23.3
Hz), 127.1- 126.3 (m), 124.7, 123.5, 113.7 (t, J= 46.5 Hz), 107.4 (t, J = 242.0 Hz), 29.9, 25.5.

HRMS (ESI-TOF) [Ci12HsF2No+H]+ cale’d.: 219.0728, found: 219.0731
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2,2-difluoro-2-(1,3,7-trimethyl-2,6-dioxo-2,3,6,7-tetrahydro-1H-purin-8-yl)acetonitrile (3aj)
|
0] N N F
F
Y | \:
/N\'g:N\ CN
0]

The title compound was prepared by performing general procedure 1 on 27.60 mg of the
corresponding (hetero)aryl bromide: 10.90 mg, 40% yield (white solid). Purified by flash column
chromatography (SiO2, 50% EtOAc in hexanes).

'H NMR (500 MHz, CDCL3) & 4.18 (t, J = 1.5 Hz, 3H), 3.60 (s, 3H), 3.42 (s, 3H).
19F NMR (470 MHz, CDCl3) & -82.9

BC{'H} NMR (126 MHz, CDCl3) & 155.4, 151.2, 146.6, 138.8 (t, ] = 30.2 Hz), 110.6, 109.9 (t, ]
=44.10 Hz), 104.3 (t, ] = 243.2 Hz), 33.3, 30.0, 28.3

HRMS (ESI-TOF) [C10HoF2NsO2+H]+ cale’d.: 270.0803, found: 270.0797
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4.7.11 Computational Details
Computational Details - DFT

DFT calculations were conducted at the Molecular Graphics and Computational Facility (MGCF)
at the University of California, Berkeley, using the Gaussian 16° software package. All
calculations, including geometry optimizations, were performed in DMF solvent using the SMD
solvent continuum model reported by Truhlar and co-workers according to the Solvent-Accessible
Surface (scrf=smd, sufrace=sas, SC=Qconv=VeryTight).®® Initial geometries were constructed in
GaussView’’ and optimized to stationary points (either minima or first-order saddle points) using
the PBEO functional (the hybrid functional based on the Perdew-Burke-Ernzerhof functional
[PBE]"! as described by Adamo’?) with Grimme's D3 dispersion correction with Becke-Johnson
damping (GD3BJ)”? and the basis sets def2-TZVP (with effective core potential) for Cu and I, and
def2-SVPD for all other atoms. The nature of each stationary point was evaluated by
accompanying frequency calculations (all positive eigenvalues for minima and exactly one
negative eigenvalue for transition states). Several isomers were considered, but only those
representing the minimum-energy paths are presented here. Transition states were connected to
ground states by following the intrinsic reaction coordinate (IRC) downhill from the transition
state. IGMH analysis>® was conducted with Multiwfn 3.8(dev)’* using the default parameters and
a grid resolution of 0.1 Bohr. Grid data were visualized with VMD.”® All other parameters were
left as their defaults.

Figure S14. Full-Color Visualization of NCI in TSoa*-a .“

VDW interactions

~

“Blue: attractive and stabilizing interactions; “red: repulsive and destabilizing interactions; ‘green:
van der Waals interactions.
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Figure S15. Full-Color Visualization of NCIs in TSre*-a. ¢

“Blue: attractive and stabilizing interactions; “red: repulsive and destabilizing interactions; ‘green:
van der Waals interactions.

Figure S16. Visualization of NCIs in [Cu]-3a. ¢

“Blue: attractive and stabilizing interactions; “red: repulsive and destabilizing interactions; ‘green:
van der Waals interactions.
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Table S6. Computed Energies of Reaction Components and of Fluroalkylcopper Complexes

Thermal Correction to

Structure E (Hartree) Free Energy (Hartree) G (Hartree)

PhI -528.951267 0.059372 -528.891895
(DMF)CuCF,CN -2218.461359 0.080141 -2218.381218
(DMF),CuCF,CN -2466.54901 0.171767 -2466.377240
(DMF)CuCF; -2225.492122 0.076056 -2225.416066
(DMF),CuCF3 -2473.576103 0.164799 -2473.411304
(DMF)CuCF,CONMe» -2373.286721 0.161644 -2373.125077
(DMF),CuCF,CONMe; -2621.362385 0.249738 -2621.112647
(DMF)Cul -2186.200629 0.066200 -2186.134429
PhCF,CN -561.288323 0.075566 -561.212757
o,0,0-trifluorotoluene -568.327251 0.071722 -568.255529
PhCF.CONMe; -716.122090 0.154746 -715.967344
[Cu]-1a -2747.421279 0.157965 -2747.263314
[Cu]-1b -2754.448954 0.152117 -2754.296837
[Cu]-1¢ -2902.247624 0.237961 -2902.009663
[Cu]-2a -2747.421341 0.157454 -2747.263887
[Cu]-2b -2754.450905 0.151112 -2754.299793
TSoa*-a -2747.401965 0.158603 -2747.243362
TSoa*-b -2754.431447 0.154080 -2754.277367
TSoa*-¢ -2902.231771 0.241279 -2901.990492
[Cu]-3a -2747.416185 0.165096 -2747.251089
[Cu]-3b -2754.448676 0.155121 -2754.293555
[Cu]-3¢ -2902.24998 0.243417 -2902.00656
TSre*-a -2747.407616 0.161669 -2747.245947
TSre*-b -2754.442177 0.156111 -2754.286066
TSre*-c -2902.24742 0.24281 -2902.00461
[Cu]-4a -2747.504194 0.162041 -2747.342153
[Cu]-4b -2754.538516 0.156706 -2754.381810
[Cu]-4¢ -2902.34006 0.241534 -2902.09852
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4.7.12 XYZ Coordinates of Optimized Geometries
Phl

0.00000 0.00000 -3.33070
0.00000 1.20630 -2.63060
-0.00000 -1.20630 -2.63060
0.00000 2.15550 -3.17080
-0.00000 -2.15550 -3.17080

C
C
C
H
H
C 0.00000 1.21470 -1.23550
C -0.00000 -1.21470 -1.23550
H 0.00000 2.16020 -0.69130
H -0.00000 -2.16020 -0.69130
C 0.00000 0.00000 -0.54740
H 0.00000 0.00000 -4.42240

I -0.00000 -0.00000 1.54360

(DMF)CuCF:CN
2.51500 -1.06500 0.00270
-3.07570  0.13240 -0.00220
-3.23730 -1.89720 0.00350
451700  0.26660 -0.00680
-4.98620 -0.72330 -0.00630
-4.84300 0.82200 0.88400

C

N

H

C

H

H

H -4.83750 0.81840 -0.90180
C -2.32980 1.36880 -0.00340
H -1.25090 1.17060 0.00160
H -2.58220 1.95220 -0.90010
H -2.58930 1.95800 0.88740
O -1.29790 -1.33010 0.00640
Cu 0.38620 -0.41340 0.00410
C 2.10060 0.48320 0.00150

F 231360 1.30810 1.10470

F 230310 1.32140 -1.09360
C

3.19710 -0.49300 -0.00960
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N

3.98190

-1.34660 -0.01840

(DMF),CuCF.CN

C
N
H
C
H
H
H
C
H
H
H
O

Cu

Zz O O T @m T O @D = T O T zZz O =T ™ 0O

-1.89170
-2.28410
-2.73500
-3.67170
-4.28750
-4.00700
-3.81690
-1.33320
-0.33740
-1.31030
-1.61750
-0.73090
0.12790
-1.49610
-2.40970
-1.29150
2.94600
4.11820
2.95400
5.29310
5.03710
6.06840
5.69460
4.28450
3.32520
4.65590
5.01760
1.90440
-2.20840
-2.68600

1.61330 -1.11890
1.95010 0.11610
1.54540 -1.83400
2.18650 0.42830
2.02530 -0.46460
1.50010 1.22010
3.21920 0.78080
2.12930 1.18560
1.83540 0.83850
3.18330 1.50360
1.51160 2.04880
1.39260 -1.46400
-0.64120 -0.31750
-1.70350 -0.16040
-1.52480 -1.20020
-3.08530 -0.13110
-0.36940 0.19260
0.24250 0.20580
-1.38390 0.62240
-0.39950 0.74910
-1.40130 1.11160
-0.48270 -0.02630
0.19490 1.58250
1.57860 -0.31870
1.94930 -0.69010
2.24410 0.47360
1.56720 -1.13800
0.14230 -0.26380
-1.36370 1.07710
-1.01140 2.07440

154



(DMF)CuCF;
241180 -0.97500 0.00220
-2.86700 0.26680 0.00200
-3.20470 -1.74030 -0.00200
429200 0.52250 -0.00910
-4.84380 -0.42370 -0.01460
-4.57390 1.10120 0.88200

C

N

H

C

H

H

H -4.55960 1.10290 -0.90350
C -2.02490 1.44040 0.00820
H -0.96380 1.16290 0.03630
H -2.21370 2.03590 -0.89630
H -2.25570 2.05400 0.89040
O -1.22260 -1.34810 0.00720
Cu 0.51160 -0.54520 -0.00270
C 227970 0.21400 -0.00200
F 2.80640 0.48740 1.24680
F  2.40620 1.42490 -0.65710

F 3.26780 -0.55400 -0.58780

(DMF):CuCF;

2.33350 -0.97930 0.09840
3.23710 -1.95890 0.03010
2.77930 0.00830 0.32090
4.64160 -1.69940 0.23300
4.79660 -0.63430 0.44170
5.02110 -2.28840 1.08160
5.21590 -1.97540 -0.66430
2.85340 -3.32080 -0.24940
1.76930 -3.37060 -0.38910
3.35710 -3.67590 -1.16090
3.14580 -3.97560 0.58520

o Em T T O T T m O T Z O

1.11830 -1.12230 -0.06170
Cu -0.23660 0.71980 -0.02300
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0.86620 2.31210 -0.02650
1.63550 2.50400 1.11240

1.81430 2.37210 -1.03780
0.22460 3.53520 -0.15530
-3.00670 -0.09190 0.01840
-4.03000 -0.93250 0.03390
-3.29120 0.97330 0.02370
-5.39410 -0.45730 0.05320

C

F

F

F

C

N

H

C

H -5.40970 0.63850 0.05260
H -5.93360 -0.82560 -0.83150
H -590840 -0.82450 0.95320
C -3.83610 -2.36400 0.03030
H -2.76610 -2.58920 0.01740
H -429470 -2.80370 0.92770
H -431560 -2.80230 -0.85690
O

-1.81480 -0.45070 -0.00070

(DMF)CuCF>:CONMe;

-3.05370  0.85930 0.04470
-3.11730 -0.44680 -0.15900
-4.03970 1.34460 0.12300
440110 -1.11250 -0.22580
-5.20920 -0.38490 -0.09350
451530 -1.60790 -1.20020
446810 -1.87380 0.56470
-1.96150 -1.30370 -0.29600
-1.04310 -0.71010 -0.37790
-1.88310 -1.97090 0.57400
-2.06810 -1.91500 -1.20230

O & T m o T =™ =m o - Z

-2.03160 1.56370 0.15120
Cu -0.13230 1.27930 0.10770
C 1.75950 0.87590 -0.04350
F 251160 1.02240 1.13910
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2.43140 1.70410 -0.93360
1.93410 -0.54900 -0.54850
2.26920 -0.75810 -1.71430
1.62470 -1.55190 0.31080
1.12940 -1.37000 1.65590
0.67860 -0.37890 1.77850
0.35500 -2.12430 1.85200
1.92690 -1.49180 2.40510
1.73750 -2.92220 -0.12680
2.27140 -2.95920 -1.08070
2.28770 -3.50950 0.62300

T T T QO T @m &m 0 z O o ™

0.74070 -3.37530 -0.25550

(DMF);CuCF:,CONMe:

3.05810 -1.51730 -1.06580
3.64580 -1.28860 0.10040
3.75050 -1.47570 -1.92400
5.04120 -0.91840 0.16170
5.47340 -0.92240 -0.84530
5.14370 0.08900 0.59170
5.59340 -1.62670 0.79590
2.94360 -1.33630 135990
1.93150 -1.73200 1.21710
3.48880 -1.99090 2.05380
2.87600 -0.33020 1.79590

O @ T m O T m = O =™ Z O

1.86080 -1.78690 -1.25610

@)
=

0.23160 -1.11140 -0.37030
-1.53930 -0.97690 0.41310
-2.14360 -2.21470 0.72370
-1.50910 -0.32370 1.67480
0.64010 1.94160 -0.21770
1.01860 3.18310 0.10110

— =z O ™ T O

-0.41960 1.86160 -0.52280
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o T T O B =T &m 0 zZz O 0 O @m E T O @m T T O

0.09060
-0.89140
-0.01540
0.44690
2.36780
2.95780
2.82390
2.36980
1.37500
-2.54840
-2.11680
-3.85750
-4.78210
-4.98380
-4.36660
-5.73200
-4.44530
-5.11620
-3.68640
-5.04310

(DMF)Cul

C
N
H
C
H
H
H
C
H
H
H

-2.93120
-3.28550
-3.77690
-4.67970
-5.30510
-4.97160
-4.84050
-2.31340
-1.93230
-2.79510
-1.46800

4.28550
3.92810
4.75010
5.05270
3.47710
2.55550
4.20990
3.90240
0.95130
-0.17390
0.43190
-0.15050
0.54310
1.56300
0.60890
-0.00820
-0.65750
-1.50370
-0.97700
0.14040

-0.93450
0.33950
-1.64060
0.71760
-0.18010
1.30950
1.32420
1.41130
1.63690
2.30760
1.14710

0.04510
-0.28650
1.03710
-0.65900
0.51580
0.50680
-0.16680
1.53070
-0.19460
-0.43230
-1.41610
-0.10380
-0.97220
-0.60560
-1.98200
-0.99980
1.11730
0.90250
1.83020
1.58340

0.01150
0.02580
-0.01090
-0.07240
-0.12910
0.80620
-0.97520
0.06420
-0.94300
0.47020
0.71560
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0]
Cu
|

-1.76880

-0.00700 -0.57770 0.00200

PhCF:CN

C
C
C
H
H
C
C
H
C
H
H
C
F
F
C
N

-2.28210
-0.90520
-2.96610
-0.36670
-4.04550
-0.22090
-2.27320
-2.80820
-0.89640
-0.35090
-2.82370
1.27050
1.66940
1.67060
2.01570
2.55450

-1.38350

-1.19940
-1.21640
0.01470
-2.16320
0.02350
-0.00790
1.21790
2.16770
1.21260
2.15080
-2.14080
-0.01940
-1.14220
1.03410
0.04410
0.09400

a,a,0-trifluorotoluene

Z O @&-m o o @=m =Zm o o O

-2.11930
-0.72820
-2.83140
-0.16770
-3.92290
-0.05230
-2.15130
-2.70710
-0.75750
-0.22280

-1.21620
-1.20200
-0.01520
-2.13860
-0.02960
0.02220
1.20150
2.14070
1.22520
2.17500

0.02450

2.30160 0.23350 -0.00730

0.18960
-0.01710
0.25460
-0.06840
0.41650
-0.16380
0.11750
0.16820
-0.08970
-0.19750
0.29680
-0.36910
-1.01370
-1.12180
0.91840
1.93730

0.00030
-0.00390
0.00270
-0.00590
0.00590
-0.00620
0.00050
0.00180
-0.00410
-0.00670
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H -2.65130 -2.16910
C 1.44700 0.01100

F 1.95000 -0.70160

F 197710 1.23670

F  1.94290 -0.55040

PhCF.CONMe:

C -3.13640 0.47230
C -1.79200 0.10860
C -3.85180 0.47190
H -1.23240 0.10960
H -4.90580 0.75580
C -1.16110 -0.25590
C -3.21810 0.10910
H -3.77440 0.10570
C -1.87320 -0.25550
H -1.37800 -0.53930
H -3.62880 0.75390
C 0.29290 -0.63910
C 1.25120 0.57750
O 0.75190 1.68250
N 257260 0.34950
C 3.23160 -0.92980
H 2.54040 -1.76920
H 3.98620 -1.04560
H 3.74520 -0.96490
C 3.47940 1.47350
H 4.05650 1.41850
H 291440 2.40880
H 4.18310 1.44660
F  0.57690 -1.30300
F 0.54920 -1.51720

0.00130
-0.00110
-1.02700
-0.08410

1.11950

1.20110
1.21310
0.00330
2.14910
-0.00380
0.02190
-1.18480
-2.12390
-1.17840
-2.10740
2.13380
0.03700
-0.10210
-0.27510
-0.02200
0.14130
0.07850
-0.65010
1.11370
-0.11680
-1.05230
-0.09440
0.72730
1.19870
-0.97990
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[Cu]-1a

(DMF)CUCF,CN

O

O o o o o O

@)
e

m T O K @D @D O & T T O @m zZz 0 X O @m o@D o T& T

-0.64480

0.11030
1.44430
1.98370
1.22060
0.09590

1.39720

2.00520
1.63700
-0.68730
-0.36550
-0.09920
3.00410
-0.64710
-1.76710
-0.22200
-2.36510
-1.72800
-2.48780
-3.35580
-2.48770
-1.92230
-3.47610
-2.63200
3.10520
2.99560
4.14700
-2.62790
3.57050

-1.66130 -0.04030
-1.42180 -1.21190
-1.89010 -1.26070
-2.61230 -0.17570
-2.82610 0.95900
-2.33920 1.03870
0.20170 -0.65630
-1.81260 -2.19500
-3.37350  1.80640
-2.51440 1.93790
-1.0890 -2.10280
1.66050 -0.82930
-2.99240 -0.23700
2.02120 0.22500
2.73000 0.28870
1.76920 1.21250
3.06840 1.55770
2.71470 2.37620
4.15790 1.64200
2.59750 1.64570
3.11280 -0.90130
2.80520 -1.78560
2.62950 -0.91190
4.20250 -0.91680
0.98810 0.03100
2.31710 0.44000
1.0330 -0.89630
-1.01710 0.04300
0.22180 1.18730
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N

3.81480

[Cu]-1b

-0.48080 2.07900

(DMF)CIUCF20F3

oS

O o o o o O

O
=

™ " O D @D & O T T & O @D z 0 @&m O @m o m T =T

-0.63680
0.20430
1.52640
1.97270
1.13030

-0.17900

1.53200
2.14870
1.47460

-0.83600

-0.20010
0.07560
2.98510

-0.62150

-1.72310

-0.35690

-2.51220

-2.01790

-2.63540

-3.50930

-2.24730

-1.52560

-3.19590

-2.43720
3.31000
3.44120
4.37360

-1.62480 0.01340
-1.39240 -1.09920
-1.89150 -1.06160
-2.63250 0.05360
-2.82980 1.13300
-2.31570 1.12530
0.20440 -0.48030
-1.82930 -1.95730
-3.39110 2.00370
-2.48490 1.97900
-0.96320 -2.01730
1.70100 -0.67550
-3.03890 0.05840
1.98560 0.31130
2.72490 0.26800
1.63690 1.32500
2.95870 1.45340
2.51440 2.32490
4.03850 1.62110
2.50730 1.33910
3.22420 -0.98000
3.03850 -1.78080
2.71950 -1.21890
4.30360 -0.89800
0.78660 0.19220
2.12520 0.52810
0.59450 -0.67650
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I -2.61520
F 3.74730

[Cu]-1¢

-0.96420 -0.05520

0.15060 1.34360

(DMF)CuCF,CONMe,

O~

-1.49410
-0.84880
0.24160
0.63050
-0.02570
-1.08520
Cu 0.95800
0.67390
0.27510
-1.59110
-1.26980
-0.05500
1.44960
-0.20080
-1.0230
0.34400
-1.11560
-0.41520
-0.88220
-2.13930
-1.83010
-1.68800
-2.88670
-1.56250
2.89200

T O X & @&om 0O & @ & O @m oz O @m O @ o@m T oo

3.70040

-1.56130 0.21020
-1.83390 -1.01870
-2.73580 -1.02130
-3.38110 0.17290
-3.09670 1.35690
-2.17150 1.38580
-0.69410 -0.97930
-3.05160 -1.97350
-3.58790 2.28400
-1.95210 2.32650
-1.46880 -1.95680
1.12560 -1.35780
-4.10120  0.15230
1.90860 -0.40680
2.96710 -0.41560
1.77260 0.54230
3.82530 0.73930
3.49780 1.51610
4.86390 0.46370
3.79170 1.14060
3.27960 -1.55500
2.51900 -2.32810
3.30120 -1.25120
4.26740 -1.95780
-0.40470 -0.55280
-0.36760 -1.68420
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e

3.49480 -1.42070

]

-3.11720 -0.24940
3.09760 0.90980
3.62130 1.87160
2.59950 0.98990
1.86660 -0.06050
1.0480 0.38030
1.48620 -0.79370
2.48650 -0.58450
2.75430 2.21060
3.16180 1.98670
3.43510 2.88240

T E T O T T =m O Z O O

1.78330 2.71580

[Cu]-2a

NCF,C

gbu«DMF
Dl

-2.85620 -0.00960
-3.18450 1.33710
-4.52400 1.69260
-5.52120 0.71750
-5.17730 -0.62410

O o o o o a

-3.84280 -0.99690

Q

u  2.37000 0.69400

—
1

0.84890 -0.54930

-4.78410 2.74520
-5.95200 -1.39400
-3.57680 -2.04690
-2.40490 2.10080
2.39030 -1.21400
-6.56710 1.0300

O T O T T T =

2.30260 -2.08670

0.22230
0.23690
0.17830
-0.38290
1.44080
2.10800
2.63060
1.39080
2.85160
2.19350
3.19050
1.66330
2.32570

-0.02320
0.14210
0.30420
0.30160
0.13570

-0.02820
-0.12170

-0.26720

0.43360
0.13270
-0.15830
0.14670

-0.39050

0.42910

0.50390

164



1.93700
2.53280
1.85760
2.15080
0.82880
2.52660
1.56980
1.67790
2.21790
0.52740
2.31180
2.92210
2.94050
0.92030

z 0 ™ ™o O ©r &m @ O - T T O I Z

-0.21360

[Cu]-2b
F1C

<

-3.33250
-1.85940
-4.29780
-3.82910
-4.67560
-5.14470
-3.79060
-2.97370
-4.62860
-4.13880
2.61870
3.07910
3.33270
3.08410
3.32790

Cu—=DMF

el
260490
:3.92930
-4.95600

-4.66360
-3.33510

O o o o o O

-2.29830
Cu 1.90350

—
1

1.03830
-5.99340
-3.09560

H

H

H -1.25780
H -4.16240
o

1.12550

0.44110
0.88020
-0.06350
-1.42680
-1.85060
-0.91950
0.03260
1.82170
0.27710
-2.91570
-1.24680
1.94540
-1.73750

0.27460
1.55640
1.34780
2.29350
1.43320
1.13940
-1.04640
-1.76470
-1.33910
-1.03750
0.10270
1.26790
-0.91570
0.14500
0.16400

-0.00510
-0.02400
-0.08380
-0.12350
-0.10310
-0.04420
-0.01030
0.08250
-0.09910
-0.13320
-0.02900
0.00700
0.02130
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-5.47170
1.81560
1.31170
2.91590
2.17050
3.22170
1.96510
1.97850
-0.11210
-0.65310
-0.38070
-0.39440
2.81490
4.19800
2.55480

m T T QO &m O T O &m T K O T zZz O T

2.53210

TSoat-a

A

i

1.78940
2.45060
3.81910
4.53200
3.86170

o o o o o O —

2.49390

Cu -0.04350 0.36990 -0.01840

-2.15910
-2.78220
-4.00190
-2.74180
-5.16540
-4.85740
-5.77000
-5.78100
-4.24900
-3.30180
-4.83560
-4.82040
1.73080
1.68170
2.50380
2.59850

\C;u—DMF
CF,CN

-0.61850
-0.51330
-0.25100
-0.12040
-0.22940
-0.49240

-0.17020
0.03290
0.03830
0.03980
0.05190
0.05790
0.94680
-0.83850
0.03000
0.01790
-0.85970
0.92530
-0.06720
-0.05010
-1.18510
0.97260

0.00870
1.24010
1.25440
0.06170
-1.15770
-1.19650

I 0.03620 -2.12640 -0.03080

C 0.33520
F -0.19320
F -0.30800
H 4.33200

2.37190
2.96860
3.00950

-0.02710
-1.16840
1.02890

-0.16060 2.21440
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4.40810 -0.12180 -2.09720
1.98170 -0.60680 -2.15240
1.90510 -0.64450 2.17520
-2.12980 0.72460 -0.02690
5.60600 0.07170 0.08240
-3.03370 -0.12270 0.02720
-4.32780 0.16590 0.03840
-2.81070 -1.20400 0.07020
-5.32720 -0.87390 0.11130
-4.84040 -1.85500 0.15050
-5.94520 -0.74240 1.01160
-5.98320 -0.83180 -0.77050
-4.80050 1.52950 -0.01570
-3.94630 2.20990 -0.07690
-5.44450 1.66650 -0.89650
-5.38880 1.75800 0.88490
1.73970 2.77830 0.04010

Z O @ T @D O @D @ T O @m Z 0 - O T =D oo

2.87810 2.98870 0.09940

TSoa*-b

N
C;u-DMF
CF,

-
~

C 1.80390 -0.50080 0.06380
C 2.28570 -0.30520 1.36490
C 3.61360 0.07780 1.54220
C 446720 0.22000 0.44630
C 3.98360 -0.02660 -0.84000
C 2.65680 -0.39930 -1.04210
Cu -0.02200 0.40880 -0.16950
I 0.09330 -2.08890 -0.15920
C 0.56360 2.33340 -0.12300

F -0.21320 3.21560 -0.84410
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0.54470 2.87230 1.15120
3.98350 0.25890 2.55390
4.64550 0.07140 -1.70340
2.28570 -0.59150 -2.04910
1.62730 -0.42620 2.22560
-2.08930 0.75110 -0.17320
5.50870 0.50990 0.59540
-2.96130 -0.07030 0.15530
-4.25870 0.19560 0.19800
-2.70140 -1.10580 0.43780
-5.21670 -0.80730 0.60160
-4.70000 -1.74660 0.82930
-5.76290 -0.47070 1.49490
-5.94290 -0.98220 -0.20550
-4.77830 1.49840 -0.14670
-3.95540 2.15120 -0.45150
-5.49940 1.40460 -0.97140
-5.29440 1.93720 0.71950

WM D T ©m QO ¥ &m @ 0 &nm Z o0 @m O T o @m oz T ™

1.83660 2.61710 -0.55780

TSoa*-c
A
s

\C;u-DMF
CF,CONMe,

C 231770 0.10660 0.05680
C 279670 0.50270 1.31510
C 3.63910 1.60830 1.40150
C 4.03880 2.29310 0.25190
C 3.59130 1.85930 -0.99820
C 274630 0.75890 -1.10940
Cu 0.25760 -0.16960 0.12390
I 1.84040 -2.12720 -0.17300

C -0.32740 1.77270 0.18910
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0.16680
0.20400

3.99010

3.90460

2.40610

2.49790
-1.52940

4.70570
-2.54150
-3.77110
-2.48160
-4.89530
-4.55780
-5.64140
-5.37170
-4.04420
-4.45220
-4.78580
-3.11920
-1.83250
-2.41140
-2.49830
-3.93130
-4.30090
-4.20540
-4.40650
-1.88110
-0.88460
-2.50370
-1.79120

2.40010
2.53750
1.93250
2.38160
0.42100
-0.03480
-1.29110
3.15350
-0.96470
-1.38010
-0.29080
-0.98430
-0.31940
-0.45920
-1.87060
-2.24500
-3.20390
-1.77310
-2.42450
1.96840
2.34400
1.61970
1.77520
2.13720
2.49300
0.81160
1.10050
0.69790
0.28520
1.87460

1.31790
-0.85900
2.38370
-1.90490
-2.08860
2.21550
0.17970
0.32860
0.82190
0.54650
1.69280
1.36170
2.16450
0.74810
1.80590
-0.57640
-0.22440
-1.23640
-1.13160
0.19410
1.21420
-0.93430
-0.99770
-0.03470
-1.78660
-1.23420
-2.13200
-1.92570
-2.52610
-2.91010
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[Cu]-3a

C
C
C
C
C
C

Cu 0.01710

I

C
F
F
H
H
H
H
o
H
C
N
H
C
H
H
H
C
H
H
H
C

|
Cu-DMF
CF,CN

1.90320
2.58170
3.96980
4.65420
3.95030
2.56170

-0.02150
-0.13630
-0.29140
-0.32600
-0.21080
-0.05460

0.22480

-0.24140 -2.29950

0.38790
-0.18900
-0.29640

4.51600

4.48110

2.01500

2.05000
-1.88670

5.73960
-2.91410
-4.13400
-2.85030
-5.29430
-4.98110
-5.89890
-5.91080
-4.38000
-3.42930
-4.94560
-4.97510

1.75610

2.18420
2.68690
2.69040
-0.38300
-0.23780
0.04290
-0.10410
0.72170
-0.44090
0.01440
0.50980
-1.07870
-0.34880
-1.39370
-0.06510
-0.24130
1.92790
2.46660
2.11400
2.28370
2.71710

-0.00950
1.19870
1.17290

-0.04250

-1.24120

-1.23360
0.00390

-0.00290

0.02060

-1.10530
1.08350
2.11450

-2.19560

-2.17290
2.15080

-0.04300

-0.05510
0.04000
0.00080
0.15070
0.09350
0.19480
0.96660

-0.81010

-0.14100

-0.17690

-1.06490
0.71150

0.09150
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N 2.83300 3.13250 0.15220

[Cu]-3b

{_)-cu-mF

CFj3

O o o o o O

Cu 0.06290 0.28510 -0.14220

I

C
F
F
H
H
H
H
O
H
C
N
H
C
H
H
H
C
H
H

1.94160
2.48270
3.87290
4.69660
4.13030
2.74140

0.08000 -

0.18210
-0.22650
-0.72510

4.31020

4.76920

2.30310

1.84310
-1.87070

5.78170
-2.71670
-4.01150
-2.41860
-4.94810
-4.41140
-5.50540
-5.66310
-4.56380
-3.75540
-5.22820

0.31840 0.07850
0.23840 1.35670
0.19910 1.49420
0.24850 0.36890
0.34120 -0.90240
0.38090 -1.05680

2.26620 -0.16360
2.24710 -0.05350
2.72710 -1.24850
2.66040 0.86150
0.12720 2.49270
0.38350 -1.78760
0.45380 -2.05350
0.19680 2.23970
0.44770 -0.45000
0.21790 0.48370
0.04550 0.38060
0.25310 0.25670
-0.51670 1.27850
-0.25580 1.23380
-0.80160 2.01750
0.57670  1.68600
-0.93360 0.74630
0.98820 -0.85910
1.35340 -1.49810
0.33470 -1.44170
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H -5.14970 1.83790 -0.48200
F 1.30650 2.91760 0.23950

[Cu]-3¢
|
Clu-DMF
CF,CONMe,
1.56630 -0.69890 0.19620
227060 -1.21210 1.28040
3.59580 -1.61710 1.09830
4.20350 -1.49750 -0.15180
3.48300 -0.97650 -1.22670
2.15610 -0.57230 -1.05780
Cu -0.26990 -0.25470 0.40230
I -0.93100 -2.64060 -0.39800
0.47810 1.52270 0.94550
-0.58560 2.21200 1.45000
1.35140 1.47510 1.97570
4.15400 -2.02210 1.94530
3.95210 -0.87820 -2.20790
1.60040 -0.16560 -1.90420
1.80620 -1.29590 2.26400
-2.15830 0.24150 0.55990
5.24180 -1.80620 -0.28700

C

F

F

H

H

H

H

O

H

C -2.67760 1.15680 -0.11880
N -3.97380 1.40060 -0.13270
H -2.06000 1.81810 -0.74490
C -4.52040 2.46510 -0.94360
H -3.71540 2.96480 -1.49380
H -524630 2.05410 -1.65960
H -5.03390 3.19870 -0.30590
C -4.90930 0.62310 0.64750
H

-5.44780 1.28220 1.34300
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-5.64050
-4.37180
0.93850
0.03060
2.23330
2.58170
3.16190
3.19930
1.67480
3.36370
3.23030
4.24820
3.54830

TSre'-a

C
C
C
C
C
C

Cu 0.00240

I

C
F
F
H
H
H
H

0.14580
-0.14480
2.28490

2.60210
2.54980
3.26890

4.16600
2.63010

3.56250

2.22260

1.26990

2.13830

3.01610

|
Cu-DMF
~CF,CN

1.88640
2.27500
3.51690
4.35400
3.95630
2.72170

0.26650
0.34160
-0.18710
-0.73330
-0.75990
-0.24150
0.19170

-0.44720 -2.38960

0.86300
0.07150
0.38050
3.83030
4.61540
2.40920
1.62470

2.04950
2.36520

2.68330

-0.15660
-1.18560
-0.24960
0.79130

-0.02010
1.21050
-0.30010
-1.07130
-0.52860
-1.73690
-1.47780
-2.38580
-2.27030
0.32270
0.83550
-0.31840
1.06180

0.18890
1.52440
1.88400
0.91280
-0.42760
-0.80640
-0.07120
-0.30810
-0.30900
-1.37310
0.78160
2.92920
-1.18680
-1.85130
2.27660
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-1.86460

5.32940
-2.89670
-4.10030
-2.86040
-5.26240
-4.96620
-5.74590
-5.98540
-4.32000
-3.36910
-5.01630
-4.76230
2.18440

Z O @ g Z O & T =2 o @m zZz o = O

3.20140
TSre*-b

|
1.80390
3.61360

4.46720

C

C 228570
C

C

C 3.98360
C

2.65680

Cu -0.02200 0.40880 -0.16950

0.91450
-1.13130
0.30190
0.84520
-0.75210
0.09010
-0.92450
0.58230
0.03600
2.21400
2.66860
2.23810
2.78300
2.63420
3.12340

|
Cu-DMF
“CF,

-0.50080
-0.30520
0.07780
0.22000
-0.02660
-0.39930

0.02260
1.19780
0.36170
0.36560
0.67980
0.77570
1.06350
1.63170
-0.05080
-0.04300
-0.33420
-0.89340
0.78700
-0.60880
-0.85530

0.06380
1.36490
1.54220
0.44630
-0.84000
-1.04210

I 0.09330 -2.08890 -0.15920

0.56360
-0.21320

C

F

F 0.54470
H 3.98350
H

4.64550

2.33340
3.21560
2.87230
0.25890
0.07140

-0.12300
-0.84410
1.15120
2.55390
-1.70340
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H
H
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2.28570
1.62730
-2.08930
5.50870
-2.96130
-4.25870
-2.70140
-5.21670
-4.70000
-5.76290
-5.94290
-4.77830
-3.95540
-5.49940
-5.29440
1.83660

TSre*-¢

O o o o o Q

—

= ™ ™ QO

|
Cu-

-0.59150
-0.42620
0.75110
0.50990
-0.07030
0.19560
-1.10580
-0.80730
-1.74660
-0.47070
-0.98220
1.49840
2.15120
1.40460
1.93720
2.61710

DMF

-2.04910
2.22560
-0.17320
0.59540
0.15530
0.19800
0.43780
0.60160
0.82930
1.49490
-0.20550
-0.14670
-0.45150
-0.97140
0.71950
-0.55780

~CF,CONMe,

-1.40620
-1.37410
-2.23780
-3.14450
-3.17960
-2.31570
0.28780
1.25510
-1.07570
-0.31350
-0.88970

0.29540
0.10940
0.85430
1.74020
1.89930
1.17300

0.95840
2.33930
3.14580
2.56820
1.18040
0.36460

-0.02920 0.13970

-1.58790
-2.16380
-2.35190

2.23920 -0.80760

0.04740
-0.94520
1.12700

-2.20700 0.72280 4.22920
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-3.88270
-2.34130
-0.68750
1.98080
-3.83230
3.10860
4.20660
3.26240
5.48430
5.36600
5.89260
6.19480
4.18630
3.16720
4.85400
4.53880
-2.54970
-3.34620
-2.85640
-4.22130
-4.78810
-4.69650
-4.22890
-1.94550
-1.61490
-2.47190
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-1.06340

[Cu]-4a
I—Qu-DMF

2.59920

1.31790
-0.60750
-1.16630

2.30590
-0.72210
-1.45840

0.34180
-0.87860

0.19210
-1.37150
-1.01350
-2.87100
-3.17740
-3.07860
-3.44320
-1.68240
-2.20300
-1.20700
-1.31280
-1.97350
-0.31970
-1.72000
-0.55650
-1.24900

0.28130
-0.14730

o

CN

C -1.84290

1.12920

0.72500
-0.71410
2.79100
0.14740
3.19920
0.43420
0.47020
0.67750
0.81510
1.01640
1.70930
-0.01310
0.16800
-0.08390
-0.68030
1.03820
-0.39640
0.37110
-1.61450
-2.08050
-1.41940
-2.09660
-3.10100
-2.53380
-3.32110
-3.00920
-2.03240

0.50570
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-2.84630
-2.52040
-1.20140
-0.20810
-0.52640
1.46120
3.62070
-2.20290
-1.10290
-2.94450
-3.29810
0.82350
0.24890
-3.87420
-0.19560
-0.94800
-1.10230
-2.28410
-0.96510
-3.28220
-2.88210
-4.17800
-3.56830
-2.63490
-1.85850
-2.73810
-3.59560
-2.99820
-3.60870

0.60290 1.32420
0.14960 2.59820
0.22220 3.05090
0.75830 2.23230
1.22240 0.95690
-0.81170 -0.33810
0.31250 -0.04780
1.58470 -0.88290
1.79670 -1.63830
0.64070 -1.52100
-0.27060 3.23780
0.81610 2.58280
1.64200 0.31630
0.54210 0.96310
-1.72250 -0.77490
-0.14010 4.04860
-2.03520 0.02430
-2.48990 -0.35300
-1.95630 1.11390
-2.87560 0.61750
-2.76240 1.63040
-2.24820 0.50730
-3.92530 0.45910
-2.63230 -1.74750
-2.18110 -2.37110
-3.69690 -2.00320
-2.13390 -1.93390
2.84320 -0.88200
3.82130 -0.84180
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-2.26630 -1.24540 0.04230
-1.31830 -1.53900 -0.96030
-0.31090 -2.48930 -0.69570
-0.25700 -3.11190 0.56830
-1.19570 -2.80370 1.54200
-2.20730 -1.87070 1.28010
0.51880 -0.53500 -0.31440
3.07120 -0.45570 -0.01940
-3.36880 -0.26310 -0.22280
-3.51550 0.61740 0.78050
-3.17970 0.44160 -1.34220
0.34890 -2.82200 -1.49900
-1.15070 -3.28940 2.51780
-2.94420 -1.63430 2.04900
-1.43150 -1.12000 -1.96100
-0.27440 1.35430 -0.11560
0.52520 -3.84470 0.77080
0.40710 2.37250 0.09420
-0.09880 3.58910 0.23400
1.50630 2.32000 0.17840
0.75120 4.73210 0.47260
1.79890 4.41470 0.52070
0.63400 5.46630 -0.33780
0.47750 5.21460 1.42220
-1.52000 3.83300 0.14980
-2.04390 2.88860 -0.02080
-1.87600 4.28770 1.08550
-1.73180 4.52620 -0.67720
-4.56340 -0.87950 -0.35400
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[Cu]-4¢

I-Cu-DMF

<

—

M

-1.60530
-1.71400
-1.22270
-0.61180
-0.51050
-1.01140
0.82360
2.63150
-2.21690
-2.23160
-1.44260
-1.30860
-0.05940
-1.04210
-2.18320
1.40780
-0.22370
2.57260
2.95800
3.37800
4.32770
4.92640
4.75000
4.37420
2.02970
1.03540
1.98710
2.36340

NMe2

0.04590 0.49250
-1.01770 1.40240
-0.87970  2.69360
0.31450 3.09220
1.37980 2.20200
1.26200 0.89100
0.37570 0.18580
2.10430 -0.43780
-0.10980 -0.88050
1.07820 -1.55020
-0.93610 -1.62960
-1.71000 3.39600
2.32230 2.51450
2.13260 0.23520
-1.95180 1.09100
-1.58000 0.03520
0.41770 4.10660
-1.95690 -0.17630
-3.22480 -0.14470
-1.23950 -0.41140
-3.60210 -0.40480
-2.70950 -0.61890
-4.11830 0.46970
-4.28290 -1.26730
-4.29000 0.15580
-3.86960 0.33160
-4.99690 -0.68530
-4.83360 1.05160
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-3.64880
-3.78260
-4.64770
-5.99200
-6.01330
-6.33550
-6.67100
-4.53950
-4.99110
-5.08240
-3.50720

-0.72320
-1.86560
0.03230
-0.50310
-1.45650
-0.65550
0.20900
1.37460
2.09920
1.42230
1.66850

-0.86830
-1.28370
-0.38510
-0.38270
-0.91640
0.65150
-0.87300
0.14470
-0.54900
1.09860
0.33210
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CHAPTER FIVE

Palladium-Catalyzed Desymmetrization of Benzylic Difluoromethylene Units for the
Synthesis of Congested Stereocenters Bearing Fluorine
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5.1 Abstract

Molecules containing fluorine are widespread in modern materials, agrochemicals, and
pharmaceuticals because the inclusion of fluorine in a molecule can beneficially modulate the
physiochemical properties of the parent molecule. Stereocenters bearing fluorine are particularly
valuable as bio-isosteres of alcohols and of C(sp®)-H bonds. Preparing different isomers of
secondary and tertiary benzylic fluorides can affect molecular conformation and modulate
biological activity; however, synthesizing these chiral alkyl fluorides from non-chiral starting
materials is challenging. We report a palladium-catalyzed desymmetrization strategy for the
alkylation of (hetero)aryl-a,a-difluoromethylene units that enables the synthesis of
enantioenriched 2° and 3° C(sp®) stereocenters bearing fluorine. The use of Ba(OTf), as Lewis
acid, LiO7Bu as base, and the novel germanium-containing bisphosphine ligand (R)-DTMGM-
BINAP (DTMGM = 3,5-(trimethylgermanyl)-4-methoxyphenyl), enables the desymmetrization of
(hetero)aryl-a,a-difluorides in high yields and in high enantioselectivities under mild conditions.
We demonstrate that a wide range of carbon nucleophiles and a wide range of benzylic difluorides
react under the developed conditions. Additionally, the use of a masked acyl cyanide nucleophile
enables rapid functionalization of the fluorinated products to form stereo-defined a-fluorinated
carbonyl compounds.

5.2 Introduction

Over the last 50 years, fluorine has played an increasingly prevalent role in the pharmaceutical,
agrochemical, and materials industries.! In 2020, 35% of newly-approved small-molecule
pharmaceuticals® and 88% of agrochemicals® newly assigned common names contained fluorine;
an approximately three times increase compared to twenty years ago.* The fluorine atom is
valuable for the discovery of novel bioactive molecules as its inclusion modulates a variety of
important molecular properties; such as solubility, conformation, pKa, LogP, and others.>’ Chiral
molecules are significant in numerous life processes because biological systems depend on chiral
environments for recognition events. As such, the effect produced by one enantiomer of a
compound can be entirely distinct from the other enantiomer of the same compound.®'* When
placed at the benzylic position, the unique electronic, physiochemical, and conformational effects
exerted by a fluorine atom compared to a hydrogen atom enable the fluorine atom to serve as a
non-metabolizable bio-isostere of a benzylic proton or a more lipophilic bio-isostere of a hydroxyl
group.'*13 Fluorination at the benzylic position can also prevent racemization of enantioenriched
molecules.!%!® Computational studies of morphine derivatives'® by Harrison and coworkers and
synthetic studies of fentanyl derivatives?® by Dockendorff and coworkers demonstrate that
fluorination at the benzylic position suppresses negative side effects by modulation of pKa.
Similarly, an a-fluorinated analogue of scopolamine has been identified by Zhu and coworkers as
a promising antidepressant (Figure 1a).>! Therefore, the inclusion of a fluorine atom at the benzylic
position, particularly in an enantioselective manner, is of great interest for the synthesis of
pharmaceuticals and fine chemicals.

Although secondary and tertiary stereocenters bearing fluorine are desirable, enantioselective
methods for the syntheses of benzylic stereocenters bearing a C(sp’)-F bond from racemic starting
materials remain underexplored. Strategies that involve reactions that form C—F bonds with a
chiral phase-transfer reagent,” such as derivatives of Cinchona alkaloids, chiral phosphoric acids,
or others frequently suffer from low to moderate enantioselectivities.?>>> Additionally, these
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strategies for enantioselective C—F bond-forming reactions routinely rely upon hydrogen bonding
with the substrate, adjacent directing groups, or conformational bias to impart enantioselectivity
(i.e. substrate control).?¢ In addition, due to the reactive sources of nucleophilic fluoride employed,
poor yields and functional group tolerance are frequently reported.?” The synthesis of fluorinated
stereocenters by C—C bond-forming reactions between partner(s) containing fluorine has been
reported with palladium?® or copper? as single-metal catalysts, and with iridium and copper dual-
catalyst systems.*° However, these methods also leverage cyclic or chelating substrates to achieve
high enantioselectivities.

Fig. 1a: Benzylic Fluorides in Pharmaceuticals In contrast, the desymmetrization of a
/_/<O prochiral difluorinated electrophile by

N-ph MO C(sp®)-F bond activation would enable

the synthesis of stereocenters containing

F N °, both secondary and tertiary fluorides
from difluoromethylarenes and alkyl-

HO difluoromethylarenes, respectively, and

o-F-fentanyl B-Cy(ax)-F-morphine  (S)-F-scopolamine would ehmlnat,e the I.leed for an
ICsp = 8 nM cpKa = 6.10 increased lifetime exogenous reactive fluoride source. In
reduced side effects reduced side effects  reduced side effects addition, the installation of

Fig. 1b: Prior Art and Challenges " difluoromethylene  units has been
uc

F . . .-
Gouverneur P,\%azc'f:hr}ff extensively studied due to the utility of
2012 @ HMe) —Eg, Eon @ HMe)  the -CF»- unit in the pharmaceuticals

industry, and numerous methods have
Ir/phosphoramidite

Hartwig R F/ Nucleophile F. Nuc been developed to form o,0-

2020 R LiOBu, THF R difluoromethylarenes, rendering the
71-98% vyield, up to 98% ee . . . .

Fig. 1c: This Work prochiral starting material readily

FF Pd/L (cat.) EWG  accessible. %" Although attractive, a

o> YEWG LiOtBu (2.0 equiv)
Ba(OTf), (3.0 equiv)

. THF, rt
(2.0 equiv)
[0 40 examples [ >90% ee [ Novel ligand [ Product derivatization

Figure 1. (a) biologically active molecules
containing a benzylic fluoride, (b) prior art for
defluorinative benzylic/allylic substitution, and (c)
this work.

desymmetrization approach poses several
challenges: first, the C(sp’)-F bond is
often considered inert due to is high
strength, low polarizability, and highly
ionic character;*! second, exhaustive
defluorination is typically observed after
removal of one fluorine atom from a di-
or trifluoromethyl group because the
strength of the C—F bond decreases with the number of fluorine atoms bonded to the carbon;* and
third, with an 4 value of 0.25, the fluorine atom is smaller than a methyl (4 = 1.74) or methoxy (4
= 0.55) group,* rendering high levels of enantioinduction based on the steric environment of the
substrate challenging.

In 2012, Gouverneur and coworkers demonstrated the palladium-catalyzed defluorinative
alkylation of benzylic-a-fluoromethyl gruops;*® however, a,a-difluoromethylarenes were inert
under the reported conditions due to the increased strength of the germinal C(sp®)-F bonds. In
2020, our group reported the asymmetric allylic alkylation (AAA) of allylic gem-difluorides using
an iridium phosphoramidite catalyst (Figure 1b).** For this transformation, we employed a “push-
pull” strategy, wherein LiOTf acted as a fluorophilic Lewis acid (pull) to aid in C-F bond
activation by the electron-rich (push) iridium catalyst.*! Encouraged by this precedent, we aimed
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to extend our “push-pull” approach to gem-difluorides at positions less activated and less
coordinating than the allylic position. We envisioned that this could be achieved by developing
conditions for the asymmetric alkylation of benzylic a,a-difluoromethylene units catalyzed by
low-valent palladium(0) (Figure 1c). While many studies have been conducted on palladium-
catalyzed AAA, there are significantly fewer metal-catalyzed benzylic substitution reported in the
literature when compared to allylic substitution reactions.*

Benzylic alkylation is inherently more challenging than allylic alkylation because of the lower rate
of formation of n’-benzyl species than n’-allyl species.*® Transition-metal catalyzed benzylic
alkylation reactions are also more challenging to achieve with non-naphthylic substrates versus
naphthylic substrates*’>! because of the stronger coordination of the naphthalene 7 system to the
metal, enabling greater preorganization of the intermediate leading to oxidative addition,>? and a
higher energetic penalty paid for dearomatization of benzene than for one ring of napthhalene,’
resulting in a larger activation energy for the formation of a Pd-n*-fluorobenzyl oxidative addition
complex than of a Pd-n3-fluoronaphthyl species formed through oxidative addition.*® 34

5.3 RESULTS & DISCUSSION

5.3.1 Development of Conditions for the Desymmetrization of Benzylic Difluoromethylene
Units

Initial studies to test the potential to extend
our “push-pull” strategy for the

Table 1. Evaluation of conditions for the
desymmetrization of 1a.*

- oyl (6 mol)  ECGMe desymmetrization of dlﬂuoroalkylareqes
b 020N C02Et _DPEphos (15 mol%) [ beyond the one example with
Me Ba(OT- (3 o . diflulromethyl naphthalene in modest
1a (0.1 mmol)  2a (2.0 equiv) THF (0.4 M), 65°C, 22 3a enantiomeric excess were conducted with
Entry Deviation from Above conversion (%) 2 dﬂ th lben ene and d]eth 12
' none 3 -difluoromethylbenz yl-2-
18 other Lewis acids 0
2 (o omer Lews adids p methylmalonate . catalyzc?d 'by
: (R)i-gm'::fi;%nd o [Pd(crotyl)Cl]», a series of bisphosphine
28 (RYDTBM-Segphos as Ligand o7 ligands, LiO/Bu, and LiOTf.*
no Ligan
8 2b as nucleophile 0 .. . .
Ve Initial studies to test the potential to extend
{ o oMoM our “push-pull” strategy for the
? NC” T CN L ° 1. desymmetrization of difluoroalkylarenes
2 2 .
Pd(croty)Cll, DPEphos b;yond the one exgmple with
pCy, diflulromethyl naphthalene in modest ee
PPh, Pr \CQ were conducted with 2-
PPh, PAr difluoromethylbenzene and diethyl-2-
OO methylmalonate catalyzed by
R)-BINAP XPhos )-DTBM-SEGPHOS [Pd(crotyl)Cl]2, a series of bisphosphine,

"Conversmn determined using '°F qNMR spectroscopy with [ {0 Bu, and LiOTf*
1-fluoronaphthalene as internal standard.

Under the conditions we used for the
reaction of difluoromethyl naphthalene with BINAP as ligand, less than 1% conversion was
detected by '"F NMR spectroscopy of the unpurified reaction mixture (see SI for additional
information). We hypothesized that oxidative addition of the C(sp®)-F bond was, most likely, rate-
limiting, due to the high strength of this bond”> and the dearomatization of the aryl ring to form
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the intermediate Pd-n’-fluorobenzyl species.;* > Therefore, we sought to accelerate the oxidative
addition step.

We hypothesized that a stronger, more fluorophilic Lewis acid than LiOTf would be required to
cleave the less reactive C—F bond in difluoromethylbenzene compared to the C—F bond in 2-
difluoromethylnapthalene. The reaction of difluoromethylbenzene (1a) with malonate nucleophile
2a proceeded in 3% yield, as determined by quantitative '’F NMR spectroscopy, with barium(II)
triflate (Ba(OTfY)y), lithium tert-butoxide (LiO7Bu), [Pd(crotyl)Cl]2, and DPEphos in THF at 65 °C
for 48 h. (Table 1, entry 1). Reactions with a variety of additional Lewis acids led to no conversion,
and the reaction with LiOTf as the Lewis acid resulted in <1% conversion of the difluoride (Table
1, entries 2-3). In addition, we observed that the reaction was effective only in the presence of both
lithium and barium salts (see supporting information).

To further accelerate oxidative addition, we examined the steric and electronic effects of the ligand
on the reaction. Mono- and bis-phosphine ligands that bear sterically encumbered and/or electron-
rich aryl groups on phosphorous are known to accelerate oxidative addition in palladium-catalyzed
reactions.’’ The evaluation of a variety of commercially available monophosphine and
bisphosphine ligands with these properties showed that (R)-DTBM-SEGPHOS generated a
catalyst that led to the desymmetrization of difluoromethylbenzene 1a with nucleophile 2a in 99%
yield at 65 °C after 24 h as determined by 'F NMR spectroscopy (Table 1, entry 6. See supporting
information for additional details). Ligands that were strongly electron-donating but not sterically
bulky, and ligands that were sterically bulky but less electron-donating, generated less active
catalysts. Variation of the biaryl backbone had a minimal effect on the reaction yield or
enantioselectivity. A complete evaluation of reaction parameters can be found in the supporting
information.

Table 2. Evaluation of conditions for the conversion of 1q Next, we sought to understand

to 3aj.” the effect of the barium salt on
[Pd(crotyl)Cl], (2 mol%) MOMO CN the reaction. If the metal-fluoride
EF (R)-DTBM-SEGPHOS (5 mol%) . .
NCYCN LiOtBu (2.0 equiv) lattice energy (AUjuuice) drives the
Et : . .
OO OMOM Ba(OTf), (3.0 equiv) OO increase in reactivity due to the
THF (0.2 M), 65 °C, 22 h ) ) .
19 (0.1 mmol) 2b (2.0 equiv) 33 inclusion of a barium salt, we
Entry Deviation from Above Conv. 19 (%)  Yield 3aj (%) hyp0theSIZed that magnesium
= ; cononS >g9 907 salts would be more active Lewis
os as ligan .
3 2.0 equiv Ba(OTf), >99 53 acids (AUjnice(Ba) = -2357 and
4 0.05 M concentration 90 33 . = _
5 0.40 M concentration >99 68 AUlattlce.(Mg) 58 2961 kJ/mOl’
6 5 mol% palladium, 15 mol% ligand >99 86 respectively); however, the
7 1 mol% palladium, 3 mol% ligand 60 40 :
reaction of

“Yield and conversion determined using '°F gNMR spectroscopy with 1-

fluoronaphthalene as internal standard. difluoromethylbenzene with

malonate 2a and Mg(OTf), as
Lewis acid resulted in no conversion of starting material. Solid-state '’F NMR spectra of the solid
byproducts generated upon completion of the reaction contained resonances for LiF>® (§ = -201
ppm) and Ba(OTf),*° (& = -75 ppm), but they did not contain signals corresponding to BaF,°!
BaLiF3%* (§ = -12 and -98 ppm, respectively). Therefore, we hypothesize that the barium cation
binds to the arene by a cation-m interaction and that this interaction stabilizes the transition state
for the oxidative addition and the resulting palladium n-(fluoro)allyl species in a manner similar
to the complexation of chromium to an arene.®*%° It is known that a-chlorotoluene undergoes more
rapid solvolysis when complexed with Cr(CO); than when uncomplexed due to stabilization of the
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benzylic cation by coordination to the metal.®*” Alkaline earth (Ae) metals engage extensively in
M-z interactions,®7° and these interactions have been found to increase the rate of substrate
activation in reactions catalyzed by Ae Lewis acids.®® 7' However, we cannot rule out the
possibility that barium is also involved in the Sn2-type reductive elimination,”> and the
precipitation of LiF should serve as a thermodynamic driving force for the oxidative addition.

We next investigated the formation of 3° stereocenters bearing fluorine at the electrophilic carbon
by employing a,a-difluoropropylnaphthalene 1q. We also evaluated the soft carbon nucleophile 2-
(methoxymethoxy)-malononitrile (MAC, 2b) for the defluorination to provide an additional
avenue for further functionalization of the product.”>”’® Even though the catalyst containing XPhos
led to product from the reaction of malonate nucleophile 2a with electrophile 1a (see Table 1, entry
5), the same catalyst did not lead to product when MAC nucleophile 2b was reacted with
difluoropropyl electrophile 2j (Table 2, entry 2). However, a systematic modification of reaction
concentration, catalyst loading, solvent, and reagent stoichiometry led to the conditions in Table 3
entry 1, which gave a high yield of the coupled product 3aj. The product of the reaction of 2b with
2-difluoroethylnaphthalene 1q was isolated in 76% yield and 74% ee. With the ability to forge
both secondary and tertiary stereocenters bearing fluorine established, we focused on increasing
the enantioselectivity of the reaction.

5.3.2 Increased Reactivity and Selectivity Enabled by Ligand Development

While the desymmetrization reaction
proceeded in good yield, we sought
to increase the enantioselectivity of
the reaction. We hypothesized that

Table 3. Evaluation of the effect of germanium-
containing ligands on the yield and enantioselectivity
of the conversion of 1q to 3q.*

EtO,C Me
E F [Pd(crotyl)Cl], (5 mol%) 2 . . .. .
EtozCYcozEt Ligand (12 mol%) CO:Et  oxidative addition 1s the rate-
Et e e . ..
OO Me LiOfBu (2.0 equiv) OO limiting and  enantioselectivity-
Ba(OTf), (3.0 equiv) T
19 (0.1 mmol)  2a (2.0 equiv)  THF (0.2 M), 65 °C determining step; therefore, a further
Entry Ligand Conv. 1q (%)  Yield 3q (%) ee 3q (%) increase in the rate of oxidative
1 (R)-DTBM-SEGPHOS >99 76 74 addition to allow reactions at lower
2 (R)-DTBM-BINAP >99 56 73 .
3 (R)}-DTMGM-BINAP >99 86 76 temperatures could increase
IR g Bmgm gmﬁ N 44 o enantioselectivity. To do so, we
developed new ligands that would
OO MesGe,  PMe improve the rate of the reaction, the
PA . .. .
r2 PAr2 Bu GeMe; enantioselectivity of the reaction, or
PAr, PAr;
OO both.
)-BINAP Ar SEGPHOS Ar=DTBM Ar=DTMGM We hypothesized that pOlarizable
“solated yields; conversion determined using F gqNMR substituents on the aryl groups bound

specteroscopy with 1-fluoronaphthalene as internal standard; %ee
determined using chiral HPLC analysis; “Reaction conducted at rt;
“Reaction conducted at 0 °C; “Reaction time = 96 h.

to phosphorous could engage in
attractive dispersive interactions with
the fluorinated substrate to increase

the reaction rate. Other aryl substituents could improve the enantioselectivity by stabilizing and
favoring the transition state for one enantiomer over the other. It has previously been demonstrated
by Buchwald and Liu,”’ and by our group,’® that bisphosphine ligands containing silicon and
germanium atoms in place of carbon in the tert-butyl functionality of the DTBM substituent
increase the rate and enantioselectivity of the copper-catalyzed hydroboration of disubstituted
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alkenes by stabilizing the transition state for one enantiomer from hydrocupration by attractive
London dispersion interactions. To this end, we synthesized BINAP-type ligands containing Ge in
place of the central C atom in the fert-butyl group (Table 2).

The reaction of difluoropropyl electrophile 1q and malonate nucleophile 2a; catalyzed by the
combination of [Pd(crotyl)Cl]2, Ba(OTf),, LiOfBu, and the germanium-containing ligand (R)-
DTMGM-BINAP (DTMGM = di-(trimethylgermanyl)-methoxyphenyl); occurred at a faster rate
than when the ligand containing the fert-butyl group, but the enantioselectivity was only slightly
higher when the reaction was conducted at 65 °C (Table 3, entries 1-3). With DTMGM-BINAP,
the reaction occurred at room temperature, resulting in a yield of 3q of 86% in 84% ee after 24 h
(Table 3, entry 4). By reducing the temperature further to 0 °C, the enantioselectivity increased to
94% ee with a yield of 68% after 96 h (Table 3, entry 5). With the germanium-containing ligands,
the conversion of reactions with 10 mol% Ba(OTf), were similar to those with excess Ba(OTf).,
albeit with slightly reduced reaction yields.

5.3.3 Scope of a,o-Difluoroalkyl(hetero)arenes and Carbon Nucleophiles that Undergo the
Desymmetrization Reaction

With conditions and a new ligand identified that increase yield and enantioselectivity, the range of
(hetero)aryl-a,a-difluoride electrophiles and of carbon nucleophiles that undergo the
desymmetrization reaction were evaluated in collaboration with Abigail Soliven. Because racemic
samples of each product are required, we began by synthesizing a variety of products with (rac)-
DTBM-SEGPHOS as the ligand on palladium (Chart 1). The evaluation of the yield and
enantioselectivity of these transformations with (R)-DTMGM-BINAP is currently ongoing.

When subjected to the reaction conditions, a variety of a,a-difluoro(hetero)arenes reacted with
malonate nucleophile 2a to form 2° fluorine bearing stereocenters. Unactivated
difluoromethylbenzene 3a reacted to form the product in 71% isolated yield. Arenes substituted at
the 4-position with electron-withdrawing trifluoromethyl (3b), cyano (3¢), difluoromethyl (3d), or
ethyl ester (3e) groups reacted with 2a in yields of 24% — 72%. Substitution at the 3-position was
also tolerated in the reaction, affording 3f and 3g in 55% and 81% yield respectively. Reactions
containing Ba(OrBu), (1.0 equiv) without an additional Lewis acid led to defluorination at
difluoromethyl groups that are both benzylic and allylic (3h). In addition, naphthyl electrophiles
3i, 3j, and 3k reacted in 83%, 45%, and 41% yields, respectively. Heteroaryl-substituted
difluoromethyl electrophiles also underwent the title reaction. For example, 2-
difluoromethylpyridine 11 reacted with 2a to form product 31 in 78% yield. However, the reactions
of electrophiles attached to the pyridyl ring at the 2- and 3-positions occurred in lower 13% (3m)
and 21% (3n) yields, respectively.

Electrophiles containing alkyl substituents on the difluoromethylene unit were also tolerated under
the reaction conditions, enabling the formation of stereocenters containing 3° fluorides. The
methyl-substituted benzylic electrophiles 10 and 1p formed 30 and 3p in 24% and 75% yield
respectively. Ethyl-substituted 3q formed in 86% yield, and the methyl-substituted quinoline
product 3r formed in nearly quantitative yield. Finally, products containing a protected amine (3s)
and heteroaryl units (3t) on the benzylic carbon were formed in 26% and 13% yields, respectively.

We also evaluated the scope of carbon nucleophiles that reacted under the described conditions.
Malonate nucleophiles containing phenyl (3u), cyanoalkyl (3v), allyl (3w), protected

187



Chart 1. Scope of Benzylic Difluoride Electrophiles and of Carbon Nucleophiles that
Undergo the Desymmetrization Reaction using (rac)-DTBM-SEGPHOS.“

[Pd(crotyl)Cl], (5 mol%)
(rac)-DTBM-SEGPHOS (12 mol%)

LiOtBu (2.0 equiv)
Ba(OTf), (3.0 equiv)
THF, 65 °C, 16 h

Ar = OMe

1a-t 2a-u
(0.25 mmol) (2.0 equiv) 3a-an o
Electrophiles
EtO,C Me EtO,C Me EtO,C Me
CO,Et CO,Et F CO,Et
H
FsC NC HF,C
3a: 71% ¥ 3b: 40%* 3c: 24%* 77 3d: 72%b O 3e:55%"
EtO,C_ Me Et0,C Me Et0,C Me Et0,C Me

: ] FE J—COEt CO,Et
NC - g l ! L F
: * : 3h: 93%%* 3j: 45%
EtOZC Me
F. J—CO,Et
Me

MeO

3n: 21%*

EtO,C_ Me
F )—CO.Et

NHBoc
3p: 75% 3q: 86% 3r: 99% 3s: 26%°*

["Nucleobhiles |
Nucleophiles

Ph

AcHN CO,Et

3ad: 39%, 1.4:1d.r.*

oo 1.
3ac: 20%, 1AL 3.4 w/ [Cu]: 24%, 1.5:1 d.r.*

3ae: 49%* 3af: 54%, 1.1:1d.r. 3ag: 35%, 2.2:1 d.r. 3ah: 23%*
NC OMOM CO,Et EtO,C F EtO,C Me
F,__ CN COQEt F_ 2Et F_
"
3aj: 86% 3ak: 55% 3al: 80% 3am: 86%, 1.2:1 d.r. 3an: 63%, 1.1:1d.r.

*Yields determined by Abigail Soliven; 2lsolated yields; d.r. determined using °F NMR spectroscopy; "bis-alkylation product not
detected; °reaction time = 96 h; dreaction time = 48 h, no lewis acid, Ba(OtBu)2 (1.0 equiv); [Cu] = Cu(MeCN)4PFs (5.0 mol%),
(R,R)-Ph-BPE (5.5 mol%), pre-stirred with nucleophile.
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amino (3x), 3-pyridyl (3y), and fluoro (3z) substituents on the nucleophilic carbon all reacted, with
yields ranging from 27% for 3z to 94% for 3y. Additional acyclic nucleophiles, such as those
containing electron-withdrawing groups in place of one (3aa, 3ab) or both (3ac-3ae) of the
malonate esters, reacted in yields of 22% - 52%. 2-Pyridyl-substituted nucleophile 21 reacted to
form 3ad in 39% yield under the described conditions. We also found that six-membered -keto
esters and ketones react as nucleophiles to form the substitution products 3af-3ah in moderate
yields, as do five-membered ring ketones (3af). Finally, masked acyl cyanide nucleophile 2b reacts
cleanly to form 3° fluoride product 3aj in 86% yield; this product can be further functionalized to
access o-fluoro esters, amides, and thioesters (vida infra). Other carbon nucleophiles, such as
malonate nucleophiles bearing allyl (3ak) or fluoro (3al) substituents, reacted in 50% and 80%
yield, respectively. Finally, less-stabilized nucleophiles formed products 3am and 3an in 86% and
63% yields, respectively.

For all nucleophiles forming a stereocenter at the nucleophilic carbon, low diastereomeric ratios
of 1:1 to 2.2:1 were obtained. As such, in preliminary experiments, we developed conditions with
a copper bisphosphine complex known in diastereo-divergent fluoroalkylation reactions.
Preliminary results for the formation of 3ad suggest that ligating the nucleophile (21) in the
presence of 5 mol% Cu(MeCN)PFs and (R,R)-Ph-BPE as the ligand,” influences the
diastereomeric ratio to a minimal extent (Chart 1).

During the evaluation of the scope, the presence of 2-naphthaldehyde was observed when
conducting the reaction of nucleophile 2a with electrophile 1i to form product 3i. We hypothesized
that trace amounts of water were present in the commercial bottle of Ba(OTf)2. To minimize the
possibility of water contamination, and because we had noticed previously that some commercial
bottles of Ba(OTf), contained trace water, we sought to use Ba(O7Bu); in its place. To maintain
the presence of both lithium and barium, LiOTf (3.0 equiv) was added as the Lewis acid. Previous
experiments using nucleophile 2b and electrophile 1i had shown that the desymmetrization
reaction occurs with this combination of base and Lewis acid, albeit in slightly lower yield than
with the combination of LiO7Bu and Ba(OTf), (see Table S6 in the supporting information).

The reaction of 2a with electrophile 1i conducted with 1.0 equiv of Ba(O7Bu), and 3.0 equiv of
LiOTf formed the coupled product 3i in 55% yield without formation of 2-naphthaldehyde. In
addition, the yield of the reaction with the combination of Ba(OtBu); and LiOTf was higher (55%)
than that with Ba(OTf), and LiOtBu (39%). Further evaluation of the effect of this combination
on the enantioselectivity and the yield of the reactions of other substrate combinations is currently
under investigation.

5.4 Functionalization of Masked Acyl Cyanide-Coupled Products

The coupled products formed from the reaction of MAC nucleophile 2b with difluoro electrophiles
offer opportunities for further downstream functionalization.”>”® The MAC group is an acyl
cyanide equivalent, and can be unmasked with camphor sulphonic acid (CSA) to afford a highly
reactive cyanohydrin. This cyanohydrin can be intercepted in a two-step, one-pot sequence by
various nucleophiles to form products containing an a-fluoro carbonyl unit (Scheme 1).

By adapting procedures in the literature, MAC substituted naphthyl 3aj was converted to a-fluoro
carboxylic acid 4a and ester 4b in 85% and 65% yields, respectively. Formation of morpholino
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amide 4c¢ proceeded in 87% yield, and formation of Weinreb amide 4d proceeded in 40% yield. In
addition, thioester 4e was formed in 24% yield. Functional handles, such as a carboxylic acid (4a)
or a Weinreb amide (4d), can themselves be leveraged for further functionalization of the fluorine-
containing material. We envision that the described desymmetrization and functionalization
sequence will be valuable for the construction of fluorochemicals in an enantioselective manner.

Scheme 1. Functionalization Reactions of the Coupled
Product Containing the MAC Nucleophile.”
(0]

CSA/AcOH, then CSA/AcOH, then
NaOH or MeOH morpholine

Me

NEt;, DME NEts, DME

65 °C 65 °C
4a, R = H: 85% .
4b, R = OMe: 65% MOMO CN 4c, 87%

o}

o)
_OMe 3aj (74% ee) /@
Me o N Me . S
T 1o CSA/ACOH, then | | CSA/ACOH, then ?
O WeinrebsHCl PhSH, O
Q NEts, DME NEts, DME Q
4e, 25%

4d, 40% 65 °C 65 °C
“Isolated yields. Weinreb*HCI = N, O-dimethylhydroxylamine hydrochloride.
See supporting information for detailed reaction conditions.

5.5 Summary

In summary, we have developed a palladium-catalyzed desymmetrization strategy that converts
benzylic difluoromethylene units into congested stereocenters bearing fluorine with high yield and
enantioselectivity. The incorporation of a novel germanium-containing bisphosphine ligand in
concert with Ba(OTf)2 and LiO7Bu enables the efficient activation and selective transformation of
(hetero)aryl-o,a-difluorides with a broad range of carbon nucleophiles. Moreover, the
transformation tolerates various functional groups, such as pyridyl, di- and trifluoromethyl, ester,
cyano, amino, fluoro, and allyl units. In addition, coupled products formed from reaction with a
masked acyl cyanide nucleophile undergo downstream functionalization reactions that generate a-
fluorinated carbonyl compounds. This work seeks to address critical challenges in the
enantioselective synthesis of fluorinated stereocenters from racemic starting materials, thereby
providing a robust platform for the preparation of valuable fluorinated building blocks with
potential applications in pharmaceuticals, agrochemicals, and advanced materials.
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5.7 Experimental Information
5.7.1 General Information

All reactions were conducted under inert atmosphere in a nitrogen-filled glovebox or with standard
Schlenk techniques, unless otherwise specified. All reagents and solvents were purchased from
commercial sources and used as received, unless otherwise noted. All glassware was flame-dried
or dried overnight at 120 °C, allowed to cool under vacuum, and stored in a N2-atomsphere drybox
until use unless otherwise noted. Tetrahydrofuran, toluene, and diethyl ether were purified by
passing the degassed solvents (N2) through a column of activated alumina (solvent purification
system purchased from Innovative Technologies, Newburyport, MA). All other solvents were
stored over 4 A molecular sieves for at least 24 h prior to use. Compounds 1a-1g, 1i, 1j, 11-10, 2a,
2¢-2Kk, 2m-2u are commercially available. Compounds 1s,°® 2b,* and 21" were prepared by
methods previously reported in the literature. Ba(OTf), purchased from Sigma-Aldrich was flame-
dried before use. Ba(OTf), from Strem was used as received. All reagents purchased from
commercial suppliers were stored in the glove box and used as received. Racemic samples were
obtained using racemic DTBM-SEGPHOS as the ligand, which was prepared by mixing equal
amounts of (S)-DTBM-SEGPHOS and (R)-DTBM-SEGPHOS.

Deuterated solvents were purchased from Cambridge Isotope Laboratories and used as received.

'H, 13C, and '°F NMR spectra were recorded on Bruker AV-300, AVQ-400, AV-500, AV-600, NEO-
500, NEO-501 and AV-700 spectrometers at the University of California, Berkeley NMR facility.
Chemical shifts are reported relative to residual solvent peaks (CDCl; = 7.26 ppm for 'H NMR
spectra and 77.16 ppm for 3C{'H} NMR spectra, DMSO-d6 = 2.50 ppm for "H NMR spectra and
39.52 ppm for C{'H} NMR spectra). For ’F NMR spectra, chemical shifts are reported relative
to the 0 —113.15 resonance of fluorobenzene used as an external reference or the 6 —63.72
resonance of a,a,0-trifluorotoluene. The following abbreviations are used in reporting NMR data:
s, singlet; d, doublet; t, triplet; q, quartet; AB, AB quartet; p, pentet; hept, heptet; m, multiplet.

HPLC analyses were carried out on an Agilent Infinity II chiral HPLC system with Chiralpak
columns. High-resolution mass spectra were recorded on an Agilent Time of Flight (Q-TOF) mass
spectrometer in ESI mode operated by the Catalysis Center at the University of California,
Berkeley or were obtained from the QB3 Mass Spectrometry Facility at UC Berkeley. Analytical
thin layer chromatography (TLC) was performed on Kieselgel 60 F254 glass plates precoated with
a 0.25 mm thickness of silica gel. The TLC plates were visualized with UV light. Preparatory TLC
was performed on AnalTech preparatory TLC plates with a 1000 pm-thick silica coating and
visualized by UV. Column chromatography was generally performed on a Teledyne Isco
Combiflash® Rf system with RediSep Gold™ columns.
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5.7.2 Preliminary Examination of Reaction Parameters

[Pd(crotyl)ClI],

Ligand NC OMOM
F F 2B (2 equiv), Base (2 equiv) E }LCN
ArXR Lewis Acid Ar>\R

To a vial equipped with magnetic stir bar was added, sequentially, 100 pL aliquots of stock
solutions of electrophile (0.01 mmol), dichlorobis(1-methylallyl)dipalladium (0.10-5.00 mol%,
0.01-0.50 pmol), and ligand (0.30—15.0 mol%, 0.03—1.50 umol) in THF. The solvent was then
evaporated, and 100 uL stock solutions of Lewis acid (1.0-3.0 equiv, 0.01-0.03 mmol), 2b (2.00
equiv, 0.02 mmol), and base (2.00 equiv, 0.02 mmol) in THF were added sequentially (final
volume 300 pL, 0.03 M). The vial was then sealed with a Teflon-lined cap and electrical tape and
stirred at 650 rpm for 48 h at 65 °C. Once cooled to rt, internal standard (monofluorobenzene,
100 mol% in 1 mL CDCl3) was added to the reaction mixture, the resulting solution was passed
through a syringe filter, and the filtered crude mixture was analyzed using '°F NMR
Spectroscopy.

5.7.3 Examination of the Effect of the Manner of Addition on the Reaction

0,
[Pd(crotyl)Cl], (2 mol%) NC OMOM
EE (R)-DTBM-Segphos (6 mol%) F. YCN

Me 2B (2equiv), LIO'Bu (2 equiv) I Me
OO Ba(OTf), (3 equiv) OO
MTBE (0.1 M), 65 °C, 46 h

To a vial equipped with magnetic stir bar was added, sequentially, 2-(1,1-
difluoropropyl)naphthalene (31.0 mg, 0.15 mmol), dichlorobis(1-methylallyl)dipalladium (1.20
mg, 2.00 mol%, 3.00 umol), (R)-DTBM-SEGPHOS (11.0 mg, 6.00 mol%, 9.00 pmol), 2-
(methoxymethoxy)malononitrile (38.0 mg, 2.00 equiv, 0.30 mmol). MTBE (1.50 mL, 0.10 M)
was then added, followed by LiOrBu (24.0 mg, 2.00 equiv, 0.30 mmol). The vial was then sealed
with a Teflon-lined cap and electrical tape and stirred at 650 rpm for 46 h at 65 °C. Once cooled
to ambient temperature, internal standard was added (100 mol%) and the reaction mixture was
diluted with ethyl acetate, filtered through celite using ethyl acetate and hexanes as eluent, and
the filtrate was concentrated in vacuo. Conversion was determined by '°F NMR spectroscopy.

5.7.4 Examination of the Effect of Pre-Mixing Pronucleophile and Base on the Reaction

0,
[Pd(crotyl)Cl], (2 mol%) NC OMOM
FE (R)-DTBM-Segphos (6 mol%) FE YCN

Me 2BeLiO'Bu (2 equiv) R I Me
OO Ba(OTf), (3 equiv) OO
MTBE (0.1 M), 65 °C, 46 h

To a vial equipped with magnetic stir bar was added, sequentially, 100 pL aliquots of a stock
solution of 2-(1,1-difluoropropyl)naphthalene (21.0 mg , 0.10 mmol) in MTBE and a pre-mixed
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stock solution of dichlorobis(1-methylallyl)dipalladium (0.78 mg, 2.00 mol%, 2.00 pmol) and
ligand (7.10 mg, 6.00 mol%, 6.00 umol) in MTBE. MTBE (700 pL) was added, followed by
solid Ba(OTf)> (130 mg, 3.00 equiv, 0.30 mmol). The contents of the vial were stirred briefly,
then 100 pL of a pre-mixed stock solution of 2-(methoxymethoxy)malononitrile (25.0 mg, 2.00
equiv, 0.20 mmol) and LiOzBu (16.0 mg, 2.00 equiv, 0.20 mmol) in MTBE was added (total
volume 1.00 mL) and the vial was sealed with a Teflon-lined cap and electrical tape and stirred at
650 rpm for 48 hour at 65 °C. Once cooled to ambient temperature, internal standard was added
(100 mol%) and the reaction mixture was diluted with ethyl acetate, filtered through celite using
ethyl acetate and hexanes as eluent, and concentrated in vacuo. Conversion was determined by
9F NMR spectroscopy.

5.7.5 General Procedure: Palladium-Catalyzed  Desymmetrization of Benzylic
Difluoromethylene Units

[Pd(crotyl)Cll5 (2 mol%)
(R)-DTBM-Segphos (6 mol%)
FF 2B (2 equiv), LIO'Bu (2 equiv) ’l‘:‘C Og"{\?'\"
XR Ba(OTf), (3 equiv) b\
MTBE (0.1 M), 65 °C, 48 h Arr R

Ar

To a vial equipped with magnetic stir bar was added, sequentially, 100 uL of a stock solution of
electrophile (0.10 mmol) in MTBE and 100 pL of a pre-mixed stock solution of dichlorobis(1-
methylallyl)dipalladium (2.00 mol%, 2.00 umol) and (R)-DTBM-SEGPHOS (6.00 mol%, 6.00
pmol) in MTBE. MTBE (700 nL) was added, followed by solid Ba(OTf). (3.00 equiv, 0.30
mmol). The contents of the vial were stirred briefly, then 100 puL of a stock solution of 2-
(methoxymethoxy)malononitrile (2.00 equiv, 0.20 mmol) in MTBE (total volume 1 mL) and
powdered LiO/Bu (2.00 equiv, 0.20 mmol) were added sequentially. The vial was then sealed
with a Teflon-lined cap and electrical tape and stirred at 650 rpm for 48 h at 65 °C. Once cooled
to ambient temperature, the reaction mixture was diluted with ethyl acetate, filtered through
celite using ethyl acetate and hexanes as eluent, and concentrated in vacuo. The residue was then
purified by column chromatography to afford the desired product.
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5.7.6 Evaluation of Commercial Ligands

Table

S1.

Difluoromethylbenzene.”

Effect of Lewis acids on the Desymmetrization Reaction
[Pd(crotyl)CI], (2.5 mol%)
EE DPEPhos (10 mol%) Me,  CO,Et
~, MeC(CO,Et),eLiOfBu (2 equiv) CO,Et
©/<H Lewis Acid (3 equiv)
THF (0.2 M), 65 °C, 22 h
Entry Lewis acid Yield (1 equiv) Yield (3 equiv)
1 LiOTf 0% <1%
2 Mg(OTf), 0% 0%
3 Mg(OtBu); 0% 0%
4 Al(OtBu)3 0% 0%
5 Ba(OTf), 0% 3%
6 BiCl, 0% 0%
7 MgBr, 0% 0%
8 CeClj; 0% 0%
9 Zn(OTf), 0% 0%
10 TiClo(OiPr), 0% 0%
11 In(OTf); 0% 0%
12 Bi(OTf); 0% 0%
13 La(OTf); <1% <1%
14 Yb(OAc)e3H,0 0% 0%
15 Sc(NO3)esH,O 0% 0%
16 Ni(OTf), <1% 0%
17 Cu(OTf), 0% 0%
18 Ce(OTf)3 0% 0%
19b Ba(OTf), - 83%

with

“Conversion determined using "’F gNMR spectroscopy. Enantiomeric ratio determined using
chiral HPLC analysis. “©DTBM-SEGPHOS used as ligand.
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Table S2. Evaluation of the Effect of Ligands on the Desymmetrization Reaction.”
[Pd(crotyl)Cl]5 (5 mol%)

EF Ligand (15 mol%)
MeC(CO,Et),eLiOtBu (2.0 equiv)

OO H LiOTf (3 equiv)
THF (0.4 M), 65 °C, 22 h

. ., CO
PPh,
NH HN N

OMe =

Qe N OO 0
PPh,

0% (n.d.) 0% (n.d 0% (n.d.) 0% (n.d.) 0% (n.d.)
Ph i-Pr

' N)ﬁ php, PPh

Q - Ph,2,  PPh, OO O OMe 2 ? PPh;

[ Ph —
.Ph PPh, Me

PPh
“ o

Yield? (e.r.)?

F:e
Ph <>
= 0% (n.d.) 2% (n.d.) 2% (n.d.) 6% (n.d.)
0% (n.d.) 0% (n.d.)
Me Me
>< P(xylyl),
{—PPh, PPh, o Yo %
1
= oo™ QO g
= PPh  PhP PPh,  PPh, Phop—( N~ Me
Ph,P PPh, d
20% (n.d.) 33% (n.d.) >95% (n.d.) 74% (54:46) Mé
100% (26:74)
P(xylyl), P(t-Bu), E
PPh, P(p-CF3Ph), PAr2
I PAr2
@ N
10% (n.d.) 100% (22:78) Ar = p-Tol: 18% (n.d.) Ar= Ph 92% (15:85)

Ar = DMM: 76% (20:80)
?Yield determined by '°F NMR spectroscopy with either PhF or trifluorotoluene as internal standard. Determined
using HPLC analysis. n.d. = not determined. Xylyl = 3,5-MePh; DTBM = 3,5-tBu-4-OMePh; DMM = 3,5-Me-4-
OMePh; BTMS = 3,5-TMSPh; TMP = 3,4,5-OMePh; BTFM = 3,5-CF3Ph; DIDMA = 3,5-iPr-4-NMe,Ph; Cy =
cyclohexyl; o-Tol = 2-MePh; Ad = 1-adamantyl. “‘Conversion (%) determined by '°F NMR spectroscopy. “Reaction
conducted with the MAC nucleophile (2.0 equiv), LiOtBu (2.0 equiv), Ba(OTf)2 (3 equiv), THF (0.03 M), 65 °C, 48
h.
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Table S3. Evaluation of the Effect of Ligands on the Desymmetrization Reaction.”

[Pd(crotyl)Cl], (5 mol%)
FF Ligand (15 mol%)

! MeC(CO,Et),eLiOtBu (2.0 equiv)
Yield? (e.r.)?

LiOTf (3 equiv)
OO PAr2

THF (0.4 M), 65 °C, 22 h
I I XD
F’Ar2 (o] F’Ar2 F (o] PAr2
OO PAr, O
Ar = Ph: 100% (82:18)

‘O PAr, <O O PAr, F>< O PAr,
0] F O
Ar = Xylyl: 97% (27:73)

Ar = Ph: 96% (78:22) Ar = Ph: 3% (n.d.) Ar = Ph: 99.5% (55:45)
Ar = Xylyl: 88% (34:66) Ar = Xylyl: 93% (26:74) Ar =BTMS: 100% (51:49)
Ar = p-Tol: 82% (80:20)
Ar=DTBM: 100% (54:46)

Ar=DTBM: 100% (40:60)
O I

Ar = DMM: 83% (18:82)
OMe

® i
|
MeO PAr; MeO~ > ~PAr,

OMe

MeO l PAFZ

e PPh,
(0] PPh2 MeO PAFZ MeO = PAI'2 MeO PAI’2
‘ N | O
n=1:44% (68:32) Ar = Xylyl: 10% (n.d.) OMe OMe
n=3:83% (1486) Ar = DTBM: 100% (5842) Ar = Xy|y| 100% Ar = Ph: 100% (1684)
Ar = TMP: 100% (67:33) (24:76) Ar = Xylyl: 84% (21:79)
Ar = Ph: 53% (82:18) Ar = DTBM: 100% (56:44)
Ar = BTFM: 8% (n.d.) Ar = DMM: 97% (20:80)
Ar = 2-furyl: 22% (n.d.) Ar=BTFM: 14% (n.d.)
Ar =DIDMA: 100% (69:31)
Conversion®
MeO
PPh, PtBu, PPh,iPr P@*“"G) P OMe> Mep™ > Me2
3 3
6% 0% 33% 12% MeO 18% 0%
Ph PPh,
PhoP_,PPh,  CyPy PCys o-Tol),P. P(o-Tol P
A RS ( )P~ _P( )2 Php” P, oo
2
n=1:0% =1:1% 77% 0% 14%
n=2:13% =2:0%
n=23:15% =3:0%
n=4:0%
n=>5 4%

?Yield determined by '°F NMR spectroscopy with either PhF or trifluorotoluene as internal standard. “Determined
using HPLC analysis. n.d. = not determined. Xylyl = 3,5-MePh; DTBM = 3,5-tBu-4-OMePh; DMM = 3,5-Me-4-
OMePh; BTMS = 3,5-TMSPh; TMP = 3,4,5-OMePh; BTFM = 3,5-CF3Ph; DIDMA = 3,5-iPr-4-NMe,Ph; Cy =
cyclohexyl; o-Tol = 2-MePh; Ad = 1-adamantyl. “Conversion (%) determined by '°F NMR spectroscopy. “Reaction
conducted with the MAC nucleophile (2.0 equiv), LiOtBu (2.0 equiv), Ba(OTf)2 (3 equiv), THF (0.03 M), 65 °C, 48
h.
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Table S4. Evaluation of the Effect of Ligands on the Desymmetrization Reaction.”

[Pd(crotyl)Cl]5 (5 mol%)

E Ligand (15 mol%) EtO,C Me

MeC(CO,Et),sLiOtBu (2.0 equiv)

OO H LiOTf (3 equiv)
THF (0.4 M), 65 °C, 22 h

Conversion®

CF3

/—SiMes

,L\ (tBu)P (tBu)R e ©:PAd2
IS - '
CyoP = bo

Ph Ph
10% 13% 6% 1% 11%
Yield? (e.r.)?
O e PCy, PtBu, CO o D—pn
Y2 iPr iPr iPr iPr P—N
MeO ! OMe ‘ ‘ OO o )ﬂ:h
iPr iPr
46% 45% 100% <5%
O O mH Pd(P(o-Tol)2),
o Pd R
PPh, PPh, XPhos CI o)
0% 100% 25% Bu
2
0% OMe

tBu OMe
\l/\,s\‘\ O
.0
O—P\O
tBu l OMe

10% (n.d.)? 0% (n.d.)?

P
tBu O O  tBu

MeO 0% (n.d.)¥ OMe

?Yield determined by '°F NMR spectroscopy with either PhF or trifluorotoluene as internal standard. Determined
using HPLC analysis. n.d. = not determined. Xylyl = 3,5-MePh; DTBM = 3,5-tBu-4-OMePh; DMM = 3,5-Me-4-
OMePh; BTMS = 3,5-TMSPh; TMP = 3,4,5-OMePh; BTFM = 3,5-CF3Ph; DIDMA = 3,5-iPr-4-NMe,Ph; Cy =
cyclohexyl; 0-Tol = 2-MePh; Ad = 1-adamantyl. “Conversion (%) determined by '’F NMR spectroscopy. “Reaction
conducted with the MAC nucleophile (2.0 equiv), LiOtBu (2.0 equiv), Ba(OTf)2 (3 equiv), THF (0.03 M), 65 °C, 48

h.
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Table SS5. Evaluation of the Effect of Ligands on the Desymmetrization Reaction.”

[Pd(crotyl)Cl], (2 mol%)

FE F Ligand (5 mol%)
MAC-H (2.0 equiv)
R
OO LiOtBu (2.0 equiv)
Ba(OTf), (3.0 equiv)
THF (0.2 M), 65 °C, t
Entry R Ligand t (h) Yield (%)? e.r.
1 H (R)-I 48 0 n.d.
2 H XPhos 48 0 n.d.
3 H tBuXPhos 48 0 n.d.
4 H (R)-ll 48 14 n.d.
5 H (R)-lll 48 57 n.d.
6 Et (R)-IV 48 77 87:13
7 Et (R)-lll 48 76 88:12
8 Et (R)-V 48 0 n.d.
9 Et (R)-VI 48 1 n.d.
10 Et (R)-VII 48 5 n.d.
" Et (R)-VII 48 12 84:16
12 Et (R)-IX 48 83 87:13
13 Et (R)-X 48 0 n.d.
14 Et (R)-XI 48 1 n.d.
15 Et (R)-XII - XIV 48 0 n.d.
16 Et (R)-XV 48 12 63:37
17 Et (R)-XVI 48 0 n.d.
18 Et (rac)-XVII 48 85 n.d.
19 Et (rac)-XIV 48 32 n.d.
20 Et (rac)-XVIlI 4 85 n.d.
21°¢ Et (rac)-XVIII 48 85 n.d.
0
PR F
RP™ Fe i F><O O O
! =
S o . PAr,
O )
I:R = Cy; R = Bu F>< PAr2
XIl: R = 7-nap; R' = Xyl F o Q
XIlI: R = 2-furanyl; R' = o-Tol .
XIV: R = DMM; R’ = o-Tol XVI: Ar = Ph X: Ar = Xyl
XV: R = Ph; R' = Xyl R XI: Ar = DTBM
<
® '
MeO PAr, PAr2 OO o
MeO PAr, 0 PAr2 2
( PAr,
° 99
V: Ar = 2-furanyl R II: Ar = Ph
VI: Ar = TMP lll: R = H; Ar=DTBM IV Ar - DTBM
VII: Ar = DTB XVII: R = H; Ar=DTMSM )
VIII: Ar =DIDMA XVIII: R = H; Ar=DTMGM
IX: Ar = DTBM XIV: R = Ad; Ar=DTBM

“Yields determined by '?F NMR spectroscopy with either PhF or PhCF3 as internal standard; *Enantiomeric ratio
was found using chiral HPLC; “Reaction conducted at rt. DMM = 3,5-Me-4-OMePh; TMP = 3,4,5-OMePh; DTB =
3,5-tBuPh; DIDMA = 3,5-iPr-4-NMe;Ph; DTBM = 3,5-tBu-4-OMePh; DTMGM = 3,5-(GeMe;),-4-OMePh;
DTMSM = 3,5-(SiMe;3)2-4-OMePh; DPM = 3,5-Ph-4-OMePh; Xyl = 3,5-MePh.
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5.6.7 Evaluation of Additional Reaction Parameters

Table S6. Effect of base and Lewis acid on Conversion.”

[Pd(crotyl)Cl], (5 mol%)

F F Josiphos (15 mol%) MOMQ_CN P(Bu),
MAC-H, base (2.0 equiv) FE J~CN  Cy,P” o
: y | =
OO H Lewis Acid (3 equiv) OO H >
THF (0.03 M), rt, 48 h ]
Josiphos
Entry Base Conversion w/ LIOTf (%) Conversion w/ Ba(OTf), (%)
1 DIPEA 0 1
2 pyridine 0 0
3 DBU <1% 0
4 CSZCO3 0 6
5 Li,CO3 0 0
6 BaCO; 0 0
7 LiOtBu 10 52
8 Ba(OtBu), 26 0
9 LiIHMDS 16 49

“Conversion determined using 'F qNMR spectroscopy. Enantiomeric ratio determined using
chiral HPLC analysis.
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Table S7. Effect of LiX on the Reaction e.r.”

[Pd(crotyl)CI], (5 mol%)
E (R)-DTBM-Segphos (11 mol%) Me CO,Et
~ MeC(CO,Et),sLiOtBu (2 equiv) F. J—CO,Et

OO Et Ba(OTf), (2 equiv) Et
LiX (X equiv)

THF (0.2 M), 65 °C, 17.5 h

Entry LiX X (equiv) Yield (%) e.r.
1 LiCl 5.0 93 87:14
2 LiBr 5.0 26 97:3
3 Lil 5.0 0 n.d.
4 LiOTf 5.0 93 88:12
5 LiBF, 5.0 0 n.d.
6 LiNO4 5.0 93 86:14
7 LiOAc 5.0 79 89:11
8 LiClO4 5.0 0 n.d.
9 LisPOy4 5.0 93 90:10
10 LIOTFA 5.0 41 93:7
11 LiBr 2.0 92 90:10
12 LiBr 1.0 92 90:10
13 LiBr 0.5 92 90:10
14 LiBr 0.1 92 91:9

“Conversion determined using "’F gqNMR spectroscopy. Enantiomeric ratio determined using
chiral HPLC analysis.

Table S8. Effect of solvent on the Reaction e.r.”

[Pd(crotyl)Cl], (5 mol%)

F (R)-DTBM-Segphos (11 mol%) Me COEt
o MeC(CO,Et),eLiOtBuU (2 equiv) E CO,Et
OO Et Ba(OTf), (3 equiv) B Et
solvent (0.2 M), rt, 16 h
Entry solvent Yield (%) e.r.
1 1,4-dioxane 91 90:10
2 THF 98 93:7
3 4Me-THF 98 92:8
4 CPME >99 91:9
5 Et,O 98 92:8

“Conversion determined using 'F qNMR spectroscopy. Enantiomeric ratio determined using
chiral HPLC analysis.
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Table S9. Effect of Ba(OTf):2 Loading on Reaction Yield and e.r., and the Formation of 2.“
[Pd(crotyl)Cl]5 (5 mol%)

FF (R)-DTBM-Segphos (11 mol%) Me CO,Et F
“, MeC(CO,Et),sLiOfBu (2 equiv) F.)—CO,Et “
Et Ba(OTf), (X equiv) Et OO
THF (0.2 M), 65 °C, 16.5 h
1 2
Entry X (equiv) Yield 1 (%) 2 (%) 1er
1 0.0 40 60 95:05
2 0.1 96 4 87:13
3 0.5 95 5 86:14
4 1.0 97 3 88:12
5 2.0 94 6 90:10
6 3.0. 93 7 91:09

“Conversion determined using 'F gNMR spectroscopy. Enantiomeric ratio determined using
chiral HPLC analysis.

Table S10. Effect of The equivalents of Malonate Nucleophile on e.r.”

[Pd(crotyl)Cl], (5 mol%)

EF (R)-DTBM-Segphos (11 mol%) Me CO,Et
. MeC(CO,Et),eLiOtBu (X equiv) E CO,Et
OO Et Ba(OTf), (0.1 equiv) Et
THF (0.2 M), 65 °C, 18.5 h
Entry X (equiv) Yield (%) e.r.
1 0.5 28 90:10
2 1.0 63 87:13
3 1.5 87 87:13
4 2.0 95 88:12
5 3.0 94 88:12
6 5.0 93 89:11

“Conversion determined using "’F gNMR spectroscopy. Enantiomeric ratio determined using
chiral HPLC analysis.
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Table S11. Metal and Ligand Loading and its Effect on the Product Distribution.”

[Pd(crotyl)CI], (X mol%)

F F DTBM-Segphos (1.2X mol%) EtO,C Me .
MeC(CO,Et),eLiOBu (3.0 equiv) F, J~COoEt
Me -
Ba(OTf), (3 equiv) Me
Ph THF (0.2 M), 65 °C, 22 h Ph
Ph
1 2
Entry X (mol%) Yield 1 (%) Yield 2 (%)
1 5.0 44 7
2 7.5 57 9
3 10.0 62 9
4 15.0 55 7
5 20.0 53 7
6 25.0 37 5

“Conversion determined using 'F qNMR spectroscopy. Enantiomeric ratio determined using
chiral HPLC analysis.

Table S12. Reaction Concentration and Nuclophile Loading and its Effect on the Product
Distribution.”

0,
[Pd(crotyl)Cl]2 (10 mol%) EtO,C Me

F F DTBM-Segphos (22 mol%) F
MeC(CO,Et),sLiOfBu (2.0 equiv) F. J—COaEt
Me >
Ba(OTf), (3 equiv) Me
Ph solvent (0.2 M), T, 22 h Ph Ph
1 2
concentration (M)
NMR vyield: 0.4 0.2 0.1 0.05 0.01
10 equiv ] ) 65% 1 7% 1 0% 1
g o 6% 2 1% 2 0% 2
o
0
= £ equiv _ 80% 1 19% 1 5% 1 0% 1
gw q 3% 2 10% 2 1% 2 0% 2
Q
O
S 3 equiv 59% 1 31% 1 7% 1 7% 1
q 7% 2 5% 2 1% 2 1% 2 -

“Conversion determined using '’F gNMR spectroscopy. Enantiomeric ratio determined using
chiral HPLC analysis.
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Table S13. Effect of the Reaction Temperature and of the Pd:L. Ratio on Conversion and
Product Distribution.”

0,
[Pd(crotyl)Cl], (5 mol%) EtO,C_Me

F F DTBM-Segphos (X mol%) F
y MeC(CO,Et),eLiOtBu (2.0 equiv) F. )~ COaEt
e -
Ba(OTf), (3 equiv) Me
Ph solvent (0.2 M), T, 22 h Ph Ph
1 2

Entry Solvent T (°C) X (mol%) Conversion (%) Ratio 1:2

1 CPME rt 15 19 6.5:1

2 CPME 65 15 49 6:1

3 CPME 80 15 11 2:1

4 CPME 100 15 9 3:1

5b CPME 120 15 15 8:1

6 THF 65 9 <1 3:1

7 THF 65 10 8 3:1

8 THF 65 11 17 3:1

9 THF 65 12 14 3:1

10 THF 65 15 15 3:1

11 THF 65 20 14 3:1

“Conversion determined using '’F gNMR spectroscopy. “Palladium black formed.
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Table S14. Effect of the Reaction Solvent on Conversion and Product Distribution.”

[Pd(crotyl)Cl], (5 mol%)

FF DTBM-Segphos (15 mol%) E10,C_Me F
y MeC(CO,Et),eLiOtBu (2.0 equiv) F. f—COsEt
© Lewis Acid (3 equiv) Me
Ph solvent (0.2 M), 65 °C, 22 h o Ph
1 2
Entry Solvent Lewis Acid Conversion (%) Ratio 1:2

1 THF LiOTf 10 3:1
2 THF Ba(OTf), 28 5:1
3b DCM LiOTf 0 n.d.
4b DCM Ba(OTf), 0 n.d.
5b toluene LiOTf 6 1:3
6° toluene Ba(OTf), 6 1:0
70 1,4-dioxane LiOTf 17 3:1
8b 1,4-dioxane Ba(OTf), 21 6:1
gb Et,0 LiOTf 10 3:1
100 Et,0 Ba(OTf), 13 11:1
11 DME LiOTf 11 2:1
12 DME Ba(OTf), 26 5:1
13P MTBE LiOTf 5 3:1
140 MTBE Ba(OTf), 31 11:1
15° CPME LiOTf 17 1:2
16° CPME Ba(OTf), 23 5:1

“Conversion determined using '°F qNMR spectroscopy. “Significant solubility issues of the lewis
acid in these solvents.

Table S15. Effect of Catalyst Loading on Yield, e.r., and Product Distribution.”

[Pd(crotyl)ClI], (X mol%)

£ g (R)-DTBM-Segphos (1.2X mol%) Me CO,Et F
MeC(CO,Et),eLiOtBu (3 equiv) F. )—CO,Et
Et Ba(OTf), (3.0 equiv) Et OO
THF (0.2 M), 65 °C, 18.5 h
1 2
Entry X (mol%) Yield 1 (%) 2 (%) e.r.
1 0.0 0 0 n.d.
2 0.1 37 5 90:10
3 0.5 90 10 90:10
4 2.0 90 10 90:10
5 5.0 89 11 93:7
6 10.0 86 14 95:5
7 25.0 47 41 97:3

Conversion determined using '’F gqNMR spectroscopy.
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5.7.7 Synthesis of Benzylic Difluorides
2-(1,1-difluoropropyl)naphthalene
F F
OH

F F
,'3\ sz (dba), Pd/C, H,
OH K,COs, dloxane EtOAc, rt, 4 h OO
80°C,24h

Step 1: This compound was prepared accordlng to a literature procedure.! To a Schlenck bomb
was added 2-naphthaleneboronic acid (1.46 g, 1.00 equiv, 8.49 mmol),
tris(dibezylideneacetone)dipalladium (31.1 mg, 0.40 mol%, 34.0 umol), and potassium carbonate
(3.52 g, 3.00 equiv, 25.5 mmol), followed by dioxane (freshly distilled) (42.4 mL, 0.20 M) and
water (76.5 puL, 0.50 equiv, 4.24 mmol) while stirring. 3-Bromo-3,3-difluoro propene (1.30 mL,
1.50 equiv, 12.7 mmol) was then added in one portion, and the tube was sealed and heated to 80
°C for 24 h. After this time, the reaction mixture was cooled to room temperature, diluted with
THE, filtered through a pad of magnesium sulfate, and the filtrate was concentrated under
reduced vacuum. The crude residue was purified by flash column chromatography (SiO2, 100%
pentanes) to afford 2-(1,1-difluoroallyl)naphthalene (569 mg, 33%) as a clear oil. The spectral
data matched those in the literature.

'H NMR (500 MHz, CDCls) § 8.06 (s, 1H), 7.96 — 7.85 (m, 3H), 7.63 — 7.53 (m, 3H), 6.28 (ddt,
J=17.2,10.6,9.6 Hz, 1H), 5.66 (dt, J = 17.3, 2.8 Hz, 1H), 5.55 (d, J = 10.9 Hz, 1H).

1F NMR (471 MHz, CDCls) § -93.09 (dd, J = 9.8, 2.6 Hz).

Step 2: This compound was prepared according to a literature procedure.®! Outside of the
glovebox, to a 25 mL round-bottom flask was loaded with 2-(1,1-difluoroallyl)naphthalene (550
mg, 1.00 equiv, 2.69 mmol) in EtOAc (9.00 mL) was added Pearlman’s catalyst (158 mg, 0.55
equiv, 1.48 mmol). The headspace was purged with H> briefly, and the round-bottom flask was
fitted with three H» balloons. The suspension was stirred vigorously at rt for 4 h. The resulting
suspension was filtered through celite, concentrated, and subjected directly to column
chromatography (SiO2, 1% EtOAc in pentanes) to afford 2-(1,1-difluoropropyl)naphthalene (435
mg, 78%) as a clear oil that solidified in the freezer. NOTE: this compound decomposes slowly
at room temperature and should be stored in the freezer. The spectral data agreed with those in
the literature.

H NMR (500 MHz, CDCl3) 5 7.99 (s, 1H), 7.90 (ddd, J = 12.3, 7.4, 3.8 Hz, 3H), 7.59 — 7.50
(m, 3H), 2.25 (ttd, J = 16.2, 7.4, 1.4 Hz, 2H), 1.03 (td, J = 7.5, 1.5 Hz, 3H).

F NMR (471 MHz, CDCl3)  -97.08 (td, /= 16.0, 3.2 Hz).
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4-(1,1-difluoroethyl)-1,1'-biphenyl (3p)

R F
OH R F
5. Pd(PPhg), O
©/ OH K,COs
Br DME/H,0/MeOH O
80 C, 16 h

To a flame-dried round-bottom flask was added tetrakis(triphenylphosphine)palladium (327 mg,
5.00 mol%, 283 umol), benzeneboronic acid (1.10 g, 1.60 equiv, 9.05 mmol), and potassium
carbonate (1.56 g, 2.00 equiv, 11.3 mmol). This was dissolved in 2:1:0.8 DME:H>O:MeOH (14.0
mL), then 1-(4-bromophenyl)-1,1-difluoroethane (940 uL, 1.00 equiv, 5.66 mmol) was added.
The resulting suspension was stirred at 80 °C for 16 h. After this time, the suspension was diluted
with DCM, washed with NaHCOs (sat. aq.), the aqueous extracted with DCM (2x), dried over
magnesium sulfate, and the solid filtered off. The combined organic materials were concentrated
in vacuo, and the resulting residue was purified by flash column chromatography (SiO2, 0 - 5%
EtOAc in hexanes) to afford 4-(1,1-difluoroethyl)-1,1'-biphenyl (788 mg, 64 %) as a white solid.
The spectral data match those in the literature.®?

TH NMR (500 MHz, CDCL3) 5 7.64 (d, J = 8.1 Hz, 2H), 7.62 — 7.57 (m, 4H), 7.46 (dd, J = 8.4,
6.8 Hz, 2H), 7.41 — 7.36 (m, 1H), 1.97 (t, J = 18.1 Hz, 3H).

1F NMR (471 MHz, CDCLs) 5 -87.26 (q, J = 18.1 Hz).

5.7.8 Synthesis of Nucleophiles

2-(methoxymethoxy)malononitrile (2b)

OMOM

A

NC~ CN

Compound 2b was synthesized using a known method.® To a solution of acetylmalononitrile
(4.99 g, 46.3 mmol) in water (110 mL) was added a 9.6% solution of peracetic acid (30.0 mL) in
acetic acid slowly using a glass pipette. The resulting solution was stirred at rt for 2 h. The stir
bar was then removed, and the reaction mixture was concentrated on a rotary evaporator until
most of the volatiles were removed. A stir bar was then added, and the residual oil was stirred
under high vacuum for 4 h (NOTE: a blast shield was used during the concentration of the
peracetic acid). The resulting residue was suspended in DCM (275 mL), and dimethoxymethane
(40.6 mL, 46.3 mmol) was added in one portion, followed by P>Os (23.6 g, 83.3 mmol) in one
portion. The heterogeneous mixture was stirred for 14 h, and the liquid was decanted from the
P20s into a separatory funnel. The P2Os was washed with DCM (2x), and the combined organic
layers were washed with NaHCO:s (sat. aq.) (2x) and brine (1x), dried over magnesium sulfate,
filtered, and the filtrate was concentrated in vacuo. The crude residue was further purified by
flash chromatography (SiO2, 10% ethyl acetate in hexanes) to afford 2b as a white powder (3.17
g, 54% yield). The spectral data agreed with the literature.

'H NMR (400 MHz, CDCL3) 5 5.32 (s, 1H), 4.89 (s, 2H), 3.51 (s, 3H).
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5.7.9 Functionalization of Masked Acyl Cyanide Products
2-Fluoro-1-morpholino-2-(naphthalen-2-yl)butan-1-one (4c)

A dry vial equipped with a dry magnetic stir bar was charged with 3bf (10.0 mg, 0.03

mmol), dry DME (64.0 uL, 0.50 M), and glacial acetic acid (3.80 pL, 8.50 M). Camphorsulfonic
acid (15.0 mg, 2.00 equiv, 0.64 mmol) was then added, the headspace was replaced with N, the
vial was sealed with a Teflon-lined cap, and the mixture was stirred at 70 °C for 2.5 h. This was
then cooled to rt, diluted with dry DME (213 pL, final concentration 0.15 M), the cap was
replaced with a Teflon-lined septum cap, the headspace was filled with N2, and the vial was
cooled to —40 °C. A 1:1 mixture of dry DME: dry morpholine (14.0 pL, 2.50 equiv morpholine)
was added, followed by dropwise addition of a 1:1 solution of dry DME: dry NEt; (62.0 pL, 7.00
equiv NEt3). After complete addition, the reaction was stirred and allowed to slowly warm to rt
overnight for a total stir time of 20 h. NH4Cl (sat. aq.) was then added dropwise, and the reaction
mixture was transferred to a separatory funnel containing NH4Cl (sat. aq). The aqueous layer was
extracted with DCM (3x) and the combined organic materials were dried over magnesium
sulfate. The product was purified by column chromatography (Si02 5% to 30% EtOAc in
hexanes) to give 5 (8.4 mg, 87 %) as a white solid.

'H NMR (500 MHz, CDCl3)  7.89 — 7.80 (m, 4H), 7.52 (m, 2H), 7.47 (dd, J=8.5, 1.9 Hz, 1H),
3.77 - 3.55 (m, 5H), 3.41 (d, J= 10.0 Hz, 1H), 3.34 — 3.26 (m, 1H), 3.03 (t, /= 9.4 Hz, 1H), 2.54
~2.38 (m, 1H), 2.25 — 2.08 (m, 1H), 0.92 (t, J = 7.3 Hz, 3H).

I3C NMR (126 MHz, CDCl3) § 168.2 (d, J=21.2 Hz), 136.9 (d, J=20.7 Hz), 133.0, 128.8,
128.3, 127.9, 126.7 (d, J = 19.3 Hz), 122.8 (d, /= 8.3 Hz), 121.7 (d, /= 7.4 Hz), 100.8 (d, J =
190.3 Hz), 66.8 (d, J=48.9 Hz), 60.5,47.0,43.7, 33.8 (d, J = 25.1 Hz), 29.8, 14.3, 7.8 (d, J =
5.4 Hz).

19F NMR (470 MHz, CDCl3) 5 —163.5 (t, J = 24.5 Hz).
HRMS (ESI): m/z for C1oHoF,NOH [M+H]" cale’d.: 198.0730, found: 198.0492.

5.7.10 Characterization Data of Isolated Products
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(5)-2-(1-Fluoro-1-(naphthalen-2-yl)propyl)-2-(methoxymethoxy)malononitrile (3q)

NC OMOM
F }LCN

SO A

According to desymmetrization procedure A, 2-(1,1-difluoropropyl)naphthalene (21.0 mg, 0.10
mmol) afforded 3q (23.6 mg, 76% yield) as a white solid after purification by flash
chromatography (SiO2, 0% to 5% to 10% to 30% EtOAc in hexanes).

The e.r. was determined to be 87:13 by HPLC analysis with tr = 10.397 min (minor) and tr =
13.04 min (major) [IC, 1.0% iPrOH in hexanes, 1 mL/min, 210 nm, 25 °C].

H NMR (500 MHz, CDCls) § 8.05 (d, J= 1.9 Hz, 1H), 7.95 — 7.86 (m, 3H), 7.60 — 7.51 (m,
3H), 5.08 — 5.01 (AB, J = 8.7 Hz, 2H), 3.43 (s, 3H), 2.63 — 2.46 (AB, J = 10.2 Hz, 2H), 0.88 (t, J
= 7.4 Hz, 3H).

13C{IH} NMR (126 MHz, CDCls) § 138.2, 133.2 (d, J = 111.2 Hz), 130.6 (d, J = 20.8 Hz),
129.9, 128.9, 128.4, 127.8, 127.4, 127.2 (d,J = 11.9 Hz), 126.9, 123.6 (d, J = 9.2 Hz), 112.0,
111.4, 96.9, 72.7, 57.6,27.0 (d, J=20.7 Hz), 7.3 (d, J = 3.7 Hz).

F NMR (470 MHz, CDCl3) § —161.7 — -162.0 (m).
HRMS (ESI): m/z for C1sH17FN202Na’ [M+Na]" calc’d.: 335.1172, found: 335.1149
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5.7.11 Determination of the Stereochemistry of the Coupled Product

[Ir] (2 mol%)
MAC-H (2 equw) MOMO CN MOMO CN
LiOtBu (2 equiv) F CN Hy (1 atm) F CN

Pd/C (1 moI%

/ LiBr (5 equiv) L
R EEEEEE—— —»
THF (0.2 M) OO EtOAc (0.2 M) OO
4 h,rt

%

24 h, rt
quant yield, 94:4 er [Ir]-pdt
N1 [Pd(crotyl)Cl], (2 mol%)
S o (R)-DTBM-Segphos (6 mol% MOMO CN
.o_;P/lr‘;.\_/\ R F MAC-H (2 equiv) CN
"f ¢ ,h‘> P LiOtBu (2 equw)
St e
O THF (0.1 M), 65°C48h
O Me [Pd]-pdt
73% vyield, 88:12 er

5.7.12 Example Racemic and Chiral HPLC Traces
NC OMOM

R CN
SO

Racemic (0.10 mmol 3q, 2.00 equiv 2b, 2.00 equiv LiO7Bu, 2.0 mol% [Pd(crotyl)Cl]>, 6.00
mol% (rac)-DTBM-SEGPHOS, THF (0.10 M), 65 °C, 46 h)

DAD1 G, Sig=214,4 Ref=360,100 (JN-1-078-1..21-04-14 22-03-121006-D1F-A9-JN-0T&-rac-np-et-mac-IC-1mimn. D}

3/“\

T T
13 135
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Signal: DAD1 C, Sig=214,4 Ref=360,100

RT [min] Type Width [min] Area Height Area%
10.729 BB 0.1793 23.4414 1.5645 0.2440
13.526 BB 0.2364 23.2414 1.1591 0.2420

NC OMOM
F YCN

SO

86:14 e.r. (0.10 mmol 3q, 2.00 equiv 2b, 2.00 equiv LiO7Bu, 2.00 mol% [Pd(crotyl)Cl]2, 6.00
mol% (R)-DTBM-SEGPHOS, MTBE (0.10 M), 65 °C, 46 h)

1 DAD1 B, Sig=210,4 Ref=360,100 (JN-98-88-¢...ure 2021-04-28 14-27-16\002-D1F-A2-JN-88-ee-IC-1mimn-1%ipa.D)
o

mAU 7
150 ﬁ

100

50

E3 158
3516
4.098
4.485
9.108
0.397
1116793

.-
w0
@

sl

e
5 10

Signal 2: DAD1 B, Sig=210,4 Ref=360,100

0

| | | | | | | | | | )
15 20 25 min

Peak RetTime Type Width Area Height Area
i [min] (min] [MAU*s ] [mAU] %
Il R Rl | == | == | === |
1 3.158 BV 0.0734 36.02380 7.86510 0.7026
2 3.516 VB 0.0782 38.10804 7.63405 0.7432
3 4,098 BV E 0.1139 2.50481 3.40037e-1 0.0489
4 4.485 VB R 0.2599 41.70966 2.38638 0.8135
5 9.108 BV E 0.3124 5.04820 2.19423e-1 0.0985
6 9.886 VW E 0.2446 17.44811 1.07920 0.3403
7 10.397 VB R 0.2414 690.61981 44.41070 13.4694
8 13.043 BB 0.3138 4290.47021 210.51120 83.6784
9 15.793 BB 0.3448 5.40171 1.96418e-1 0.1054
Totals : 5127.33437 274.64251
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F

_ _Me

NC OMOM
YcN

78:22 e.r. (0.10 mmol 3q, 2.00 equiv 2b, 2.00 equiv LiO7Bu, 5.00 mol% [Pd(crotyl)Cl]2, 15.0
mol% (R)-DTBM-SEGPHOS, MTBE (0.10 M), 65 °C, 46 h)

L]
mAU 3
120 5
100 5

80 5
60 5
40
204

DAD1 B, Sig=210,4 Ref=360,100 (JN-98-88-e...ure 2021-04-28 14-27-16\003-D1F-A3-JN-98-ee-IC-1mimn-1%ipa.D)

[9.092

Te]

|

0

| !
T4.098
4.463

6.531

L

1022207

T
5

| To.847

° ‘>1o.376
11.262

15

T
20

Signal 2:

DAD1

B,

Peak RetTime Type
[min]

#

= O w o Joy Ul WP

e

Totals

OO O OO o oo o o o

Width

Ar
[mAU

863.
68.
3105.
73.

4223.

216

ea

Sig=210,4 Ref=360,100

Height
[mAU]

6.89674
.16296e-1
.3759%94e-1

2.176532
.17246e-1
.26860e-1
.36764e-1

56.06880

4.41824
152.28632

2.30867

226.87884

NS
R WkFEkE OOoOOoOoOF O o O
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5.7.13 Computational Details

DFT calculations were conducted at the Molecular Graphics and Computational Facility (MGCF)
at the University of California, Berkeley, using the Gaussian 16%° software package. All
calculations, including geometry optimizations, were performed in THF solvent using the SMD
solvent continuum model reported by Truhlar and co-workers according to the Solvent-Accessible
Surface (scrf=smd, surfrace=sas, SC=Qconv=VeryTight).®* Initial geometries were constructed in
GaussView® and optimized to stationary points (either minima or first-order saddle points) using
the PBEO functional (the hybrid functional based on the Perdew-Burke-Ernzerhof functional
[PBE]®® as described by Adamo®’) with Grimme's D3 dispersion correction with Becke-Johnson
damping (GD3BJ)® and the basis sets SDD (with effective core potential) for Pd and Ge, and 6-
311G(2d,2p) for all other atoms. The nature of each stationary point was evaluated by
accompanying frequency calculations (all positive eigenvalues for minima and exactly one
negative eigenvalue for transition states). Several isomers were considered, but only those
representing the minimum-energy paths are presented here. Percent buried volume (% Vour) plots
were generated using SambVca.®® All other parameters were left as their defaults.

5.7.14 XYZ Coordinates of Optimized Geometries
[((R)-SEGPHOS)PACL]

C -1.40820  -2.80830 0.48660
-1.34120  -1.43390 0.39280
-0.13230  -0.75080 0.15420

1.03990  -1.54690 0.01180
-0.12970 0.72380 0.09100
-0.37790 1.46930 1.26050
-0.41120 2.84810 1.26580
-0.19870 3.59250 0.09850
0.05330 2.87890  -1.09290
0.08790 1.46040  -1.10820

C

C

C

C

C

C

C

C

C

P 2.69500 -0.79150 -0.33480
P 0.45610 0.61930 -2.71700

H -0.22650 4.67200 0.11500
H 0.22390 3.42770 -2.00810
C -0.78010  -0.74420  -2.98610
C -0.53600  -2.01400  -2.47640
C -1.94780  -0.49330  -3.69680
C -1.45970  -3.03280  -2.67750
H

0.37310  -2.20940  -1.92310
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-2.87150
-2.13780
-2.62740
-1.26970
-3.78060
-3.34660
0.18210
-0.80450
0.96390
-1.00930
-1.41320
0.75910
1.73200
-0.22750
-1.77740
1.36780
-0.38690
2.98520
3.04080
3.14640
3.25760
2.91520
3.36320
3.10320
3.41880
3.30080
3.48880
3.58760
4.02130
5.20170
3.83180
6.19270
5.34920

-1.51210
0.49530
-2.78190
-4.02140
-1.31670
-3.57510
1.82550
2.79830
1.75400
3.69960
2.85400
2.65530
0.99660
3.62810
4.45700
2.59960
4.32980
0.60970
0.36190
1.90450
1.40890
-0.64630
2.95160
2.09750
2.70370
1.21590
3.95970
3.51890
-2.04360
-2.03920
-2.98360
-2.97480
-1.30730

-3.89780
-4.09360
-3.38820
-2.28070
-4.45120
-3.54470
-4.10610
-3.99720
-5.25300
-5.03520
-3.10440
-6.29090
-5.33770
-6.18200
-4.95040
-7.18380
-6.99010
0.85350
2.21990
0.37490
3.10780
2.59240
1.26280
-0.68890
2.62920
4.17160
0.89030
3.32050
0.02980
-0.70380
1.03580
-0.43140
-1.48700
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4.82280  -3.91920 1.30830
2.91280  -2.98710 1.60700
6.00330  -3.91480 0.57470
7.11180  -2.97130  -1.00250
4.67540  -4.65110 2.09150
6.77480  -4.64320 0.78680
0.96110  -2.96040 0.10750
-0.26830  -3.61050 0.34860
-0.33310  -4.68600 0.42300

— T O O Dm @m &m O T O

1.85650  -3.55460  -0.00620
Pd 2.64650  -0.11180  -2.55060
Cl 3.01170  -1.79100  -3.89780
Cl 4.02400 1.55670  -2.85880
-0.66720 3.29760 2.52000
-0.61000 1.01230 2.51910
-2.58550  -0.91370 0.55870
-2.68890  -3.19200 0.71760
-0.80320 2.15030 3.31680
-0.06080 2.16780 4.11550
-1.80240 2.12370 3.75290
-3.43880  -2.00680 0.77270
-4.21050  -2.02460 0.00230

o T O @m = 0 O O O O

-3.90860 -1.91600 1.75280

[((R)-DBTM-SEGPHOS)PdCL;]|

C  -139550 -2.83160  0.49650
133600  -1.45690  0.40150
0.13020  -0.76710  0.16600
1.04690  -1.55670  0.02780

-0.39180 1.45250 1.26950

C
C
C
C -0.13580 0.70730 0.10140
C
C -0.43280 2.83110 1.27330
C

-0.22110 3.57560 0.10600
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0.03850
0.08120
2.69870
0.45900
-0.25500
0.20880
-0.76860
-2.12170
-0.33280
-3.03900
-2.46100
-1.25010
0.72070
-2.60320
0.18230
0.96800
-0.81010
0.76120
1.74060
-1.01690
-1.42180
-0.23120
2.97740
3.13270
3.03030
3.34090
3.09150
3.23850
2.90930
3.39380
4.03090
3.84380
5.21350

2.86240
1.44410
-0.79240
0.60360
4.65490
3.41130
-0.76710
-0.47410
-2.08440
-1.49840
0.55140
-3.10860
-2.31250
-2.81560
1.80690
1.73880
2.77430
2.63800
0.98570
3.67340
2.82730
3.60530
0.61160
1.90690
0.36530
2.95590
2.09860
1.41440
-0.64310
2.70970
-2.03660
-2.97670
-2.02610

-1.08400
-1.09780
-0.31460
-2.70480
0.12140
-1.99920
-2.97630
-3.09820
-3.05720
-3.30100
-3.03510
-3.26010
-2.96230
-3.38200
-4.09580
-5.24020
-3.99080
-6.27960
-5.32200
-5.03020
-3.09980
-6.17460
0.87330
0.39400
2.24010
1.28160
-0.67010
3.12760
2.61320
2.64840
0.05520
1.06150
-0.67490
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4.83930
2.92310
6.20900
5.35920
6.02190
0.97580
-0.25060
-0.30950
1.87480
1.60920
1.71930
2.17520
2.32650
0.73710
0.90500
0.78520
-0.09010
1.46960
2.98560
2.89870
3.65900
3.46160
-2.08800
-3.38230
-3.67880
-4.20970
-3.25630
-1.62920
-0.68620
-1.47540
-2.36500
-2.24050
-1.30720

-3.90640
-2.98490
-2.95580
-1.29420
-3.89600
-2.97060
-3.62740
-4.70320
-3.55980
2.56440
3.98940
4.66910
4.01160
4.39220
1.61780
0.62070
1.98310
1.51620
2.01830
1.02760
1.93760
2.66690
4.71740
4.11440
3.22030
4.82350
3.82690
5.93930
6.33540
5.68060
6.74370
5.06170
5.44390

1.33780

1.62990
-0.39860
-1.45840

0.60770

0.12460

0.36260

0.43780

0.01410
-7.51480
-8.08430
-7.36350
-8.99020
-8.33430
-8.50210
-8.07670
-8.75870
-9.42980
-7.09760
-6.65000
-7.95190
-6.36120
-4.91680
-5.48940
-4.93990
-5.43890
-6.53390
-5.73130
-5.35280
-6.77960
-5.69350
-3.42520
-3.01020
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-3.00830
-2.51900
-4.49940
-0.77970
-0.47340
0.29790
-0.12380
-1.35930
-1.91470
-2.16240
-2.82340
-1.64030
0.48290
0.27310
0.88250

1.26930
-5.28360
-5.04130
-6.36040
-5.04940
-4.78680
-4.19330
-4.54480
-5.83770
-4.77510
-4.18140
-5.82540
-4.52480
7.48530
4.63730
3.98220
4.61250
3.80480

5.82030

4.18260
-1.18210
-4.53030
-4.82480
-4.15650
-5.84860
-4.69020
-5.42500
-5.18100
-5.29990
-6.48010
-4.65280
-4.39660
-5.66760
-3.98180
-2.39250
-2.58970
-2.23140
-3.29630
-0.94210
-0.11380
-1.82290
-0.70530

0.08010

0.92460

0.37030
-0.07790
-2.94450
-4.92110
-6.15740
-6.57730
-6.94180

-3.26690
-2.84300
-3.43260
-3.34750
-4.82610
-5.21070
-4.96530
-5.44780
-2.81990
-1.78620
-3.40990
-2.85440
-2.47700
-1.43790
-2.49350
-2.82450
-2.89700
-1.85210
-2.96230
-3.46080
-4.92480
-5.31350
-5.52070
-5.09600
-2.59730
-2.94920
-2.64700
-1.54760
-1.18650
2.42390
1.78420
0.99940
2.52120
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3.02270
3.72160
4.16770
2.75800
3.53060
6.02170
6.50410
5.95080
6.68430
7.74760
7.84130
8.66660
6.93150
7.28490
7.05150
6.46150
8.17980
8.60120
8.38860
9.56480
8.70840
3.50860
3.29560
2.78020
1.75560
2.79370
3.39140
4.76290
5.14010
5.40550
4.88000
2.39630
2.73610

-5.90630
-4.28570
-3.38210
-4.00490
-4.97220
-5.25640
-4.36820
-5.99370
-5.66200
-1.49160
-0.83260
-1.40770
-1.10850
-3.86530
-4.88460
-3.51970
-3.90540
-3.46620
-4.47920
-3.48550
-2.83850
4.35390

1.14860
2.40890
2.63970
2.28620
3.27910
0.85830
-0.00720

1.70400
0.65460
-0.06670
-0.94690

1.33060
3.48440
3.90170
3.05770
4.31020
3.00520
3.41490
3.80600
2.23970
-1.61920
-0.75530
-2.20070
-2.23300
-2.40260
-2.09260
-3.02880
-3.02500
-0.26480
0.07910
-0.77550
0.62060
0.76430
4.60280
5.31890
5.02480
6.40270
5.07670
4.96280
4.41700
4.71500
6.02800
4.88770
4.34070
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2.38980
1.36560
2.97310
3.51890
3.06410
1.92050
2.69740
3.04820
1.64040
2.77390
5.00990
5.39730
5.20730
5.58790
7.01030
6.92270
5.97200
6.98480
7.74220
3.60060
-3.51400
-0.43650
-3.76120
-4.15630
-2.83360
-4.48880
-1.34560
-1.00110
-2.31580
-1.43790
4.92340
5.37850
5.45430

-0.31870
0.12490
5.31200
5.19730
6.35370
5.12050
4.46420
3.75010
4.25930
5.46160
4.57530
3.86300
5.57850
4.44900

-4.81910

-5.99690

-6.48360

-5.78070

-6.65650
3.75130
-3.83260
4.49810

-4.14080
-3.26230
-4.45290
-4.95050
4.08800
3.15920
3.92480
4.85600
4.01380
3.13060
4.27050

5.94900
4.58680
1.84240
2.77970
1.53180
2.05400
-0.53820
-1.28420
-0.36430
-0.97320
0.51160
-0.21770
0.13150
1.42780
0.88210
0.16820
0.38560
-0.89840
0.45350
3.52970
-3.58340
-7.20670
-4.90560
-5.41570
-5.38550
-4.96010
-8.16050
-8.61510
-7.69130
-8.92840
3.82230
4.27060
2.90560

224



H
Pd

aQ a

Z— = O O O m m O O O

4.98220

2.65300
3.03170
4.02190
-0.69520
-0.62510
-0.82700
-0.08720
-1.82740
-2.58370
-2.67470
-3.43140
-4.20070
-3.90460

4.84760
-0.11500
-1.79320
1.56100
3.28030
0.99540
2.13290
2.15540
2.10110
-0.94360
-3.22230
-2.04130
-2.06420
-1.95230

4.52190
-2.53110
-3.87560
-2.83680
2.52640
2.52770
3.32380
4.12470
3.75700
0.56320
0.72390
0.77570
0.00300
1.75430

[((R)-DTMGM-SEGPHOS)PdCL]

C

C
C
C
C
C
C
C
C
C
P
P
H
H
C
C
C

-1.40520
-1.33880
-0.12980
1.04320
-0.12780
-0.37900
-0.41300
-0.19850
0.05640
0.09180
2.69860
0.46380
-0.22690
0.22860
-0.77100
-2.12270
-0.34200

-2.80760
-1.43300
-0.74880
-1.54390
0.72590
1.46910
2.84790
3.59450
2.88330
1.46490
-0.78710
0.62690
4.67400
3.43390
-0.73670
-0.43650
-2.05590

0.47580
0.38460
0.14980
0.00830
0.08940
1.25980
1.26750
0.10210
-1.09020
-1.10800
-0.33340
-2.71770
0.12050
-2.00400
-2.99180
-3.11160
-3.07690
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-3.04550
-2.45680
-1.26470
0.71030
-2.61640
0.19200
-0.79540
0.97620
-0.99850
-1.40600
0.77310
1.74490
-0.21430
2.98550
3.03840
3.14700
3.25280
2.91260
3.36140
3.10580
3.41430
4.02480
3.83380
5.20670
4.82470
2.91350
6.19770
5.35540
6.00670
0.96490
-0.26460
-0.32890
1.86090

-1.45540
0.59060
-3.07490
-2.28970
-2.77460
1.83560
2.80770
1.76660
3.71080
2.86130
2.66980
1.00980
3.64180
0.61210
0.36170
1.90790
1.40720
-0.64710
2.95340
2.10280
2.70310
-2.03910
-2.98110
-2.03260
-3.91660
-2.98610
-2.96820
-1.29920
-3.91020
-2.95770
-3.60890
-4.68460
-3.55120

-3.31650
-3.04540
-3.28170
-2.98360
-3.40150
-4.10510
-3.99640
-5.25040
-5.03310
-3.10470
-6.28710
-5.33500
-6.17840
0.85810
2.22410
0.38230
3.11440
2.59450
1.27260
-0.68130
2.63860
0.03160
1.03550
-0.69950
1.30820
1.60470
-0.42680
-1.48110
0.57710
0.10130
0.33860
0.41090
-0.01170
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-3.07890
-3.85330
-2.26600
-3.49990
-1.63240
-2.40640
-1.24940
-0.81970
-3.85190
-4.62610
-4.27330
-3.46850
0.84470
1.45930
-0.03970
0.53920
3.46900
4.04430
4.08370
3.16320
2.42950
1.54540
3.04450
3.00460
-1.50720
-1.23150
-2.59030
-1.17110
1.28790
1.56320
1.62500
1.75860
-1.15430

5.51490
6.27720
5.89010
4.61820
6.69320
7.45600
6.45160
7.06830
4.40710
5.16960
3.51040
4.16630
3.20940
3.15550
2.58500
4.24180
3.69600
3.34280
3.64160
4.72850
0.71640
0.09160
0.66310
0.36230
-5.98960
-5.57950
-5.95120
-7.02430
-5.00260
-4.59260
-6.03700
-4.41560
-5.67210

-6.66330
-6.57870
-7.28500
-7.11800
-4.06190
-3.97640
-3.07040
-4.68390
-3.76080
-3.67560
-4.21510
-2.76920
-9.44050
-10.33910
-9.56720
-9.27060
-7.67530
-6.81950
-8.57380
-7.50630
-8.20810
-8.33530
-9.10650
-7.35250
-1.98320
-1.01160
-2.09970
-2.04940
-3.19220
-2.22050
-3.25880
-3.98080
-5.14930

227



T O ¥ T @D 0 & @ & 0 @oD fZ =T QO T @D o@D @D T 0§D @ Q0 © @D - o@o =T

-0.81780
-2.23730
-0.68280
-6.01580
-7.07600
-5.78820
-5.77490
-5.36160
-5.12140
-4.76950
-6.42170
-5.38550
-4.79360
-5.15860
-6.44570
4.64710
4.49730
3.87030
5.62470
2.79730
2.64690
2.74660
2.02070
5.95150
5.90000
5.80160
6.92930
9.32810
9.10490
10.25530
9.43790
7.66790
8.59520

-6.70670
-5.63400
-5.08520
-2.53770
-2.30280
-3.42940
-2.71830
0.57080
0.38960
1.40840
0.80590
-0.70640
0.13090
-1.59800
-0.47100
-7.04560
-7.78480
-7.15770
-7.19560
-4.97390
-5.71240
-3.97220
-5.08620
-5.04250
-4.04090
-5.78130
-5.19250
-3.62610
-4.64340
-3.62130
-2.98460
-4.11340
-4.10790

-5.21580
-5.26630
-5.93760
-2.82050
-2.91420
-3.40450
-1.77290
-2.43450
-1.38680
-2.80330
-2.52880
-5.36890
-5.73860
-5.95340
-5.46210
1.95500
2.74190
1.19860
1.49680
3.54690
4.33440
3.97380
2.79040
4.08460
4.51170
4.87180
3.62690
-0.33770
-0.01620
-0.91070
0.53660
-3.02970
-3.60270
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7.44570
6.85370
8.26610
8.37640
9.19310
7.45200
4.75480
5.72670
4.88180
4.30410
4.40060
4.52700
5.37280
3.75310
1.84170
1.96920
1.19360
1.39070
4.51420
5.51460
4.13210
4.55610
1.52890
0.86820
1.57100
1.14740
4.01370
3.35360
5.01420
4.05490
6.99060
7.55020
6.77480

-5.13080
-3.74330
-1.13010
-0.48820
-1.12580
-0.75920
5.78190
5.29190
6.79840
5.81230
4.72670
5.74320
4.23740
4.16940
5.66250
6.67870
5.10560
5.69360
2.35770
2.27200
3.36410
2.16180
1.20910
0.48490
1.01270
2.21590
-0.75570
-1.48050
-0.84180
-0.95140
-4.83910
-5.43670
-5.95800

-2.70780
-3.65260
-2.03700
-1.16300
-2.61030
-2.65980
1.81840
1.87580
1.44580
2.81040
-1.18170
-1.55440
-1.12380
-1.85870
0.49740
0.12420
-0.17920
1.48920
5.89750
5.47310
5.72680
6.96890
5.80460
5.32810
6.87600
5.63450
5.34870
4.87210
4.92490
6.42020
0.84790
-0.26300
-0.82450
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8.00600
8.31170
3.62710
-3.53260
-0.41590
-3.78250
-4.17370
-2.85700
-4.51440
0.73430
1.27260
1.36690
0.47200
2.48270
1.93530
1.85500
2.75370
2.65420
3.02310
4.03140
1.87910
-2.39090
3.58920
3.32730
7.86450
-0.65970
-4.95170
4.55540
-0.67190
-0.61340
-0.80880
-0.06820
-1.80900

-4.67440
-6.14980
3.74110
-3.78640
4.53860
-4.08960
-3.20770
-4.40520
-4.89550
5.08790
5.62500
4.29400
5.77860
4.36360
4.78080
3.63750
5.16430
-0.10330
-1.77970
1.56660
2.57250
5.08160
4.78080
1.05420
-2.95910
-4.93530
-1.03200
-5.24510
3.29490
1.00960
2.14600
2.16250
2.11800

-0.89480
0.05280
3.52260
-3.60490
-7.20780
-4.92780
-5.43510
-5.40940
-4.98380
-7.73650
-6.95560
-8.13360
-8.53790
3.97770
3.13240
4.49430
4.66580
-2.54800
-3.89760
-2.85030
-7.90230
-4.87990
0.60160
5.04090
-1.45790
-3.40160
-3.48540
2.72390
2.52200
2.51700
3.31640
4.11670
3.75040
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-2.58370
-2.68620
-3.43680
-3.90870
-4.20700

-0.91380
-3.19250
-2.00780
-1.91910
-2.02460

0.54890
0.70330
0.75910
1.73830
-0.01290

[((R)-Ad-DTMGM-SEGPHOS)PACl]

C

C
C
C
C
C
C
C
C
C
P
P
H
C
C
C
C
H
C
H
C
C
C
C
C
H

2.23500
0.99970
0.57840
1.51890
-0.78670
-1.23560
-2.55020
-3.52530
-3.05540
-1.75560
1.17900
-1.34360
-3.77630
-2.99280
-3.62850
-3.70630
-4.95930
-3.08580
-5.03530
-3.21070
-5.63600
-0.53400
0.38300
-0.84950
0.95450
0.65350

-0.91140
-0.29770
0.26830
0.22950
0.81020
1.79200
2.26440
1.75270
0.78370
0.31230
1.11980
-0.88030
0.37270
-1.45890
-2.46070
-0.76780
-2.77800
-2.98620
-1.06670
0.02920
-2.08550
-2.29310
-3.03050
-2.69350
-4.19380
-2.67490

-3.07650
-2.91880
-1.73870
-0.68790
-1.62620
-2.47710
-2.50180
-1.67350
-0.77160
-0.71960
0.86390
0.60060
-0.08430
1.09700
0.37350
2.07260
0.61100
-0.40120
2.35290
2.61180
1.61260
-0.17830
0.56240
-1.47580
0.05710
1.55160
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-0.31540
-1.52370
0.55140
2.81780
3.84000
3.12120
5.16010
3.61230
4.41070
2.33020
5.41550
0.77600
-0.28330
1.47340
-0.62520
-0.84710
1.18210
2.23930
0.13770
2.74140
3.15250
3.42840
3.45650
3.69920
4.37940
2.95900
1.38360
0.81400
0.69780
2.10810
3.49860
4.34670
2.96370

-3.85870
-2.08670
-4.60770
1.14400
1.92710
0.21910
1.80190
2.62200
0.09680
-0.40000
0.89140
2.77510
3.48850
3.30960
4.73910
3.04340
4.56960
2.71240
5.27360
-0.40550
-1.01310
-0.41300
-6.38560
-6.00250
-6.53080
-7.34850
-5.98630
-5.24600
-6.74840
-6.45600
-3.68200
-3.53080
-2.74080

-2.00620
-2.06900
-1.21070
1.64200
1.12010
2.63680
1.54480
0.32350
3.12670
3.04060
2.57370
0.25850
0.80570
-0.82390
0.30880
1.61690
-1.32940
-1.30350
-0.72780
-0.85460
-2.04870
-0.02540
0.18900
-0.80040
0.75310
0.08340
2.67420
3.23750
2.30320
3.34110
1.91020
1.24510
2.02150

232



T oD T O @D E & O T T @D Q@D @D E @D K ©&© Q0 & @ @D @D FE Q@D FE & O %

3.86880
-1.63500
-2.05460
-0.93410
-2.44630
-1.90140
-2.89030
-1.50220
-2.00760
0.97880

1.51550

0.76120

1.61150
-5.18120
-5.60260
-4.09850
-5.43010
-5.51360
-5.92990
-4.43010
-5.91540
~7.90050
-8.12940
-8.39600
-8.28730
-7.18320
-7.78510
-7.84150
-6.65120
-4.49950
-4.04440
-3.72380
-4.96130

-3.99950
-6.16360
-6.27620
-6.97820
-6.21900
-3.04230
-3.09620
-2.03930
-3.23280
-4.55360
-5.44480
-4.63800
-3.68490

1.84060

2.43610

1.81610

2.31560
-0.72810
-1.72620
-0.78220
-0.07220

0.14240

0.40050
-0.79450

0.92740
-3.01690
-3.69000
245170
-2.32630
-4.82660
-4.05510
-5.31330
-5.56920

2.88420
-3.95990
-4.96130
-3.78290
-3.23560
-4.65050
-4.19370
-4.50700
-5.71970
-4.88630
-4.56240
-5.95220
-4.71480
3.66010
4.47160
3.77940
2.71270
5.53050
5.66420
5.64200
6.30440
3.48210
2.44890
3.73020
4.13460
-1.66760
-2.27970
-1.00860
-2.32200
-1.76730
-2.38790
-1.17550
-2.41940
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-6.80450
-6.13690
-7.69410
-7.10450
-1.76130
-1.45040
-2.63450
-0.95530
-3.09520
-3.23650
-2.47900
-4.06830
-3.42340
-3.05490
-3.43180
-4.43910
1.18650
1.87900
0.51640
0.59950
3.83260
4.68810
3.65880
4.06380
2.81780
3.50570
1.95020
3.32820
3.12790
2.44450
2.63950
3.33540
6.18630

-5.52170
-5.99030
-5.15860
-6.27150
7.36590
8.12330
7.73380
7.19430
4.44820
3.46790
4.33920
4.84330
6.06270
6.93730
5.21440
6.25560
6.27620
6.77600
5.65090
7.02610
6.19190
5.91510
7.26290
5.97400
3.53160
2.93900
2.92210
3.82400
-1.96870
-1.20800
-2.49860
-2.68020
-2.45440

0.36040
1.08320
0.87260
-0.37370
1.89930
1.18060
2.44060
2.61300
2.25970
1.80780
3.15290
2.55310
-0.55390
-1.08850
-1.23650
-0.20730
-4.16420
-4.84350
-4.75370
-3.63800
-2.30400
-2.92130
-2.41060
-1.26180
-3.85440
-3.25270
-4.10540
-4.77360
5.19680
5.57620
4.38080
5.99780
4.10270
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7.17920
6.09520
6.06640
5.49910
6.49540
4.82570
5.54540
8.10060
9.01870
8.04120
8.12970
5.65400
5.28730
4.82560
6.38580
6.99060
6.07910
7.50040
7.64070
-0.22320
0.66840
0.23490
0.77850
1.65630
6.66630
-6.95610
1.03570
-7.16860
-6.87330
-8.23420
-6.60570
0.41990
0.86480

-2.02740
-3.35040
-2.73040
-0.04300
0.34150
0.79350
-0.66390
1.54390
2.09220
0.67760
1.20220
2.97910
2.02810
3.68090
3.38510
4.50990
5.09740
4.45680
5.01160
6.51600
7.55150
8.48740
7.58420
7.42750
0.67400
-2.40530
-5.77700
-3.22710
-2.72160
-3.44700
-4.16050
-6.93320
-7.79540

4.24120
4.71820
3.05620
6.15040
5.93650
6.33970
7.04660
0.17810
0.39000
0.83490
-0.85680
-1.34270
-1.72920
-1.26560
-2.04290
1.11500
1.23210
2.07580
0.39650
-1.18920
-0.80200
-1.15110
0.28520
-1.25210
3.07790
1.81550
-1.74360
2.95430
3.87650
2.99300
2.87260
-1.19310
-1.68670
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0.59000
-0.65800
7.39460
6.73070
8.10370
7.95950
-0.71160
2.32890
4.82130
6.51980
2.23790
-5.94690
-5.88640
-2.23480
-0.25780
-1.31710
-1.00260
-1.25170
-2.65560
-0.51390
0.27780
2.31460
1.20940
0.75230
1.55190
4.47380
5.36360
5.25690
4.19540
5.57640
4.84270
6.67250
5.46680

-7.00800
-6.92320
1.80990
2.54670
1.45300
2.27380
-4.41540
-5.09870
-1.12020
2.71860
5.16960

0.02160
-4.05230
5.67990
0.13590
3.51760
4.41920
3.63840
3.20070
2.41800
-0.42280
-1.41970
-0.86080
-1.62330
-0.00290
-1.73740
-1.54360
-1.23550
-3.24500
-0.47930
-1.88910
-2.31740
-0.16790

-0.11620
-1.37590
3.51830
3.97470
4.26460
2.70860
-3.86770
1.17740
4.63360
0.41630
-2.90750
3.74940
-0.58890
0.98020
2.30530
-3.84810
-3.31340
-4.92700
-3.48600
-3.44230
-4.06500
-4.33980
-5.04380
-5.67150
-5.63230
-2.17930
-0.94360
-3.40650
-2.33840
-0.80030
-0.04810
-1.09290
-3.28370
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4.65160
6.56190
3.65010
3.54930
5.50420
7.27700
7.42850
6.37000
7.09140
6.24770
5.27920
8.37460
7.67140
5.85040
7.30400
5.63650
7.17540
-5.00620
-5.80180
-5.41400
-5.40800
-5.52490
-5.53510
-7.30400
-5.14630
-4.86700
-6.91790
-5.12960
-4.85320
-6.91050
-7.83820
-7.68330
-7.66280

-1.34630
-2.01510
-3.59670
-3.41500
-4.01520
-2.16080
-1.81350
-3.80690
-1.64880
-3.50250
-5.07890
-2.35360
-0.75290
-4.18530
-4.37000
-3.65580
-4.06640
2.08080
0.79380
3.14590
2.57890
0.43100
0.01040
1.05860
2.81280
4.07190
3.41290
1.83610
3.49210
2.83780
0.12940
2.12690
1.54220

-4.30690
-3.56160
-1.45800
-3.20320
-2.49820
-0.19500
-2.32030
-1.25690
-4.44580
-3.73170
-2.61790
-2.42730
-2.20070
-0.37140
-1.35000
-4.62680
-3.87090
-1.65940
-1.96610
-2.68520
-0.25800
-2.96130
-1.25180
-1.89500
-3.69080
-2.49850
-2.61240

0.49300
-0.02880
-0.18710
-2.11180
-2.91850
-0.49020
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-7.17430
-7.28710
-7.16390
-8.76130
-7.44390
-7.39800
-8.74210
-6.75860
-8.35950

0.42450
-1.14220

4.17860
3.90480
3.18440
2.31360
1.77950
0.77530
1.70720
4.83770
4.11750
1.68480
-1.34980

-3.35000
-1.21340
0.81920
-2.88610
-3.92870
0.24420
-0.41350
-0.99280
-1.16120
3.98660
3.94790
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