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Abstract: Reaction discovery
and catalyst screening lie at the
heart of synthetic organic
chemistry. And while there are
efforts at de novo catalyst design
using computation/artificial
intelligence; at its core, synthetic
chemistry is an experimental
science. This review overviews
biomacromolecule-assisted

screening methods and the

follow-on elaboration of
chemistry so discovered. All
three types of

biomacromolecules discussed—

enzymes, antibodies, and nucleic

acids—have been used as

‘sensors’ to provide a readout on product chirality exploiting their native chirality. Enzymatic
sensing methods yield both UV-spectrophotometric and visible, colorimetric readouts. Antibody
sensors provide direct fluorescent readout upon analyte binding in some cases, or provide for cat-
ELISA (Enzyme-Linked ImmunoSorbent Assay)-type readouts. DNA biomacromolecule-assisted
screening allows for templation to facilitate reaction discovery, driving bimolecular reactions into
a pseudo-unimolecular format. Also, the ability to use DNA-encoded libraries permits the
barcoding of reactants. All three types of biomacromolecule-based screens afford high sensitivity
and selectivity. Among the chemical transformations discovered by enzymatic screening methods
are the first Ni(0)-mediated asymmetric allylic amination, and a new
thiocyanopalladation/carbocyclization transformation in which both C-SCN and C-C bonds are
fashioned sequentially. Cat-ELISA screening has identified new classes of sydnone-alkyne
cycloadditions and DNA-encoded screening has been exploited to uncover interesting oxidative
Pd-mediated amido-alkyne/alkene coupling reactions.
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1. INTRODUCTION

The scientific community has benefited significantly from both deliberate and more
spontaneous catalyst screening resulting in the discovery of valuable new transformations, with
success here spurring on continued development of enabling screening methodologies.! Advances
in transition metal catalysis have dramatically influenced the field of synthetic organic chemistry.
In fact, 90% of all commercial chemical processes involve using one or more steps mediated by a
metal, organo-or enzyme catalyst.> Classic examples of reactions of practical import in the area of
asymmetric catalysis are exemplified in the 2001 Nobel Prize in Chemistry to W. S. Knowles,> K.
B. Sharpless* and R. Noyori.> Knowles contribution relates to the stereoselective Monsanto L-
DOPA process that avails itself of transition metal complex-mediated asymmetric hydrogenation®’
that revolutionized the production of L-DOPA, chemistry that has had enormous practical impact
as L-DOPA/carbidopa combination is still the regimen of choice for the treatment of Parkinson’s
disease. More recent work by Merck process chemists also utilized asymmetric hydrogenation to
access Sitagliptin (Januvia™).® Interestingly, the Sitagliptin process has been further developed,
and the second-generation route now utilizes an enzymatic reductive amination with a highly
engineered transaminase; whereby catalyst screening, once again, played a huge role.” Both the
asymmetric hydrogenation route and the enzymatic transamination route to Sitagliptin were
recognized with the Presidential Green Chemistry Challenge awards in 2006 and 2010,
respectively, illustrating the value of both transition metal catalysis and biocatalysis in
stereocontrolled process chemistry and the central role of catalyst screening in both pursuits. A
much more recent example from the Merck process group involves the biocatalytic cascade-based
synthesis of Islatravir in which nine biocatalytic steps are employed, of which five involve evolved
enzymes, achievable only with advances in biocatalyst screening.'”

Of course, Sharpless and co-workers have uncovered several different transformations-(i)
the titanium-tartrate-guided asymmetric allylic epoxidation,'! (ii) the cinchona alkaloid-mediated
asymmetric dihydroxylation'? and (iii) the Cu-mediated azide-alkyne cyclocondensation of the
Huisgen variety,'*!* all of great importance in synthesis, medicinal chemistry at chemical biology,
and all developed by a decidedly empirical approach. In the case of the azide-alkyne
cyclocondensation, subsequent examination of broader chemical and catalyst space led to the
development of the Ru-mediated variant by Fokin,!>!¢ providing access to the complementary 1,5-
triazoles and to the use of strain-promoted variants by Bertozzi'’-* that obviate the need for the
transition metal entirely, for appropriate systems. This is a notable example of how a new reaction
modality discovered in a highly empirical fashion has spawned important follow-on chemistry,
chemistry that has truly revolutionized chemical biology.

These examples highlight the empirical and iterative nature of the reaction discovery,
catalyst development, and optimization endeavors in both academic settings and in process
chemistry laboratory settings. That being said, there is increasing interest in computational
approaches to catalyst design, from DFT-based calculations®!** of putative transition states, to
machine-learning®® and iterative principal component analysis.?* And rational design endeavors
will likely continue to grow, enabled by advancements in computing power and an ever-expanding
knowledge base of known catalytic transformations. Yet, at least with the current state of the art,
and given the nature of catalysis and the variables inherent in catalytic processes, development
must ultimately still rely on extensive experimental screening.>>>° At the opposite extreme, the
groups of Hartwig**3! and MacMillan*? have recognized the role that almost untargeted screening
can play in providing an entrée into fundamentally new elements of reactivity space or as yet
unexplored reaction manifolds; a process that the latter calls ‘accelerated serendipity.’



In fact, many reaction discovery campaigns involve both approaches, combining intuition
and a sense of reactivity with an element of screening and optimization. To effectively enable the
discovery of new reactions or catalysts, a screening method must be selected that provides an
accurate and rapid method to identify successful reactions. Thus, there has been great interest in
the development of new screening methods to better equip those developing and optimizing new
reactions in the academic and industrial process chemistry communities to uncover new and
exciting transformations.

In the past two decades, the community has responded with the active exploration of a
broad array of strategies, encompassing a panoply of analytical techniques for the screening of
catalytic chemistry. In thinking about these approaches, key variables include convenience,
validity of the method/perturbation of the system, generality of the method, information content
of the readout, and potential to enhance throughput. The approaches taken include the
measurement of heats of reaction for both exotherms and endotherms by way of IR thermography,
pioneered by Maier, Reetz and Morken.*-*¢ The use of mass spectrometry, ESI-MS (electrospray
ionization MS, particularly Pfaltz, Reetz and Finn)*’** and SAMDI-MS (self-assembled
monolayer matrix-assisted laser desorption/ionization MS, particularly Mrksich)***® and SALDI-
MS (semiconductor-assisted MALDI; Xiong and Nie)* for readout allows for the establishment
of product identity and, in favorable cases, also catalyst enantioselectivity, by taking advantage of
microscopic reversibility, for example, and examining how catalyst stereochemistry ‘matches’
with each of the two potential enantiomeric products of a targeted transformation.>”*° There have
also been complementary methods developed with tags identifiable by IR*° or NMR.>! The use of
optical tools comprises screens resulting in visual colorimetric output,>® and those that take
advantage of chromophores that fluorescence®’*? or communicate with one another via Forster
resonance energy transfer (FRET).5%* Other methods particularly focused on enantioselectivity
readout include a number based upon chiroptical methods (CD/ORD — particularly Mikami, Ding,
Anslyn, Wolf)%5-%® and those that take advantage of sensor arrays and utilize indicator displacement
assays (IDA; particularly Anslyn).®¢%%72 And particularly in the area of heterogeneous catalysis,
Senkan and coworkers have demonstrated the innovative use of laser-induced (multi)photon-

based ionization methods to expedite catalyst screening.’>’*

A number of reviews of catalyst screening methods have appeared in recent years,”””’®

including a particularly thorough review by Glorius and coworkers,! that complements and updates
earlier overviews.””®* There is also a nice set of reviews that focus on chiroptical methods to
establish enantioselectivity by Anslyn and coworkers.®®*># Finally, there are excellent recent
reports describing the development of reaction miniaturization to the nanomole scale and high
throughput experimentation (HTE) in the pharmaceutical process sector,3*¢ and the need for
appropriate and compatible screening methods to support such approaches. None of these reviews
focuses on biomacromolecule-assisted screening methods. And while there are focused
discussions of our own in situ enzymatic screening (ISES) method,®” of the use of antibody-based
sandwich assays for reaction discovery®® and of the use of DNA-encoded libraries for selection®®%
and of nucleic acid arrays for chiral recognition,”® an overview of the entire field of
biomacromolecule-assisted screening has not yet appeared. It is, therefore, the goal of this review
to provide the reader with a comprehensive view of biomacromolecule-assisted screening
methods, with a particular emphasis on the most interesting catalytic chemistry that has been
uncovered through such approaches how these new reaction modalities have been optimized and
developed, and how they have spawned follow-on chemistry and, in this way, nucleated new
directions in synthetic and catalytic chemistry.



Why Use Biomacromolecules as Sensors to Assist in Reaction Discovery/Catalyst Screening?

Biomacromolecules have evolved naturally through Darwinian selection for biological
function that leads to the survival of the fittest, and that biological function includes molecular
recognition and catalysis. For example, humans have evolved an immune response to protect
against xenobiotics whereby the combinatorial system built into immunoglobulin system allows
for vital macromolecular antibodies to be constructed in response to the foreign antigen. The levels
of molecular recognition achieved, in terms of both specificity and binding affinity, are
remarkable. This observation served to launch the field of catalytic antibodies and has clearly
motivated the use of antibodies for reaction discovery and catalyst optimization, launching the
newer pursuit of cat-ELISA, as will be discussed herein. Nature has also evolved enzymes as
catalytic proteins designed to control nearly all metabolic steps. Of course, both antibodies and
enzymes have the ability to achieve chiral recognition. Indeed, synthetic chemists have taken
advantage of the high sensitivity afforded by protein-based sensing methods and high
enantioselectivity afforded by chiral protein binding pockets. In addition to being able to raise an
antibody to an unnatural reaction product of interest, the rapidly expanding field of directed
enzyme evolution means that a synthetic chemist can produce a de novo sensor for an unnatural
reaction based upon either an antibody or an enzyme, depending on the analyte and the screening
goals. Reflecting on all of this, it must be said, that underlying the work in our own group and that
in other research groups who utilize proteins to report on organic reactivity is the evolutionarily-
guided notion that proteins, both antibodies and enzymes, are perhaps ideally suited
biomacromolecules for the recognition of small molecule antigens. We and others have taken that
principle from Nature to exploit these biomacromolecules as reporting sensors for the catalyst
discovery enterprise.

Parallel to the work with protein biomacromolecules--antibodies and enzymes--as sensors
for reaction analysis and catalyst optimization, there has been a complementary and creative use
of nucleic acid biomacromolecules as tools for reaction discovery. That nucleic acids are ideally
suited to fold into three dimensional structures capable of molecular recognition and catalysis for
such purposes is also motivated by considerations of evolutionary biology. Namely, there is
considerable evidence to support the idea that RNA was the earliest biomacromolecule in support
of life in a so-called the “RNA world,”*> wherein RNA essentially fulfilled all the three functions
of the central dogma of molecular biology. This is where RNA is the repository of encoded
information, as we see in RNA retroviruses today such as SARS-CoV-2 and HIV. RNA is, of
course, the message, and is responsible for forming the amide bond in protein synthesis catalyzed
by the ribosome, itself very much a sophisticated rRNA ribozyme with associated mRNA and
tRNA partners. Therefore, the early enzymes were likely all RNA, with molecular recognition and
catalysis components. Indeed, current technology allows us to artificially evolve synthetic-RNAs
to recognize small molecule analytes. For example, the SELEX (Systematic Evolution of Ligands
by Exponential Enrichment) technology for aptamer selection developed by Tuerk and Gold,’* and
Ellington and Szostak ** serves as a biomimetic protocol for directed evolution. Using this
approach, one can select for single-stranded RNA or DNA-aptamers with high binding affinity for
the target analyte through iterative rounds of selection.’®

The natural encoding function of nucleic acids offers additional opportunities in the use of
these biomacromolecules in service of reaction discovery. DNA-based screening methods take
advantage of the genetic code as a natural bar-coding mechanism for encoding candidate reactants
and for templating these to probe for new reactivities in a pairwise fashion. To screen for multiple
such reactant combinations in a single vessel, one needs an effective way to pull down successful



reactions by having the bond-making process distinguish the DNA-tags from the productive
reactant pairs from all others. DNA templation allows for two sets of substrates to react with each
other at high effective molarity, with the DNA-guided reaction effectively becoming an
intramolecular one, while DNA-encoding allows the successful reaction pairs to be decoded. As
DNA has naturally evolved to replicate itself through the templation process and to encode genetic
information, these principles naturally follow from biology.

2. DIRECT ENZYMATIC SCREENING METHODS

Biocatalysis has taken on ever increasing importance for pharmaceutical process groups,
including the design of enzyme cascades!®!?"12% to mediate key steps in building ever more
complex molecular frameworks.’!%?%124 Biocatalysis is becoming more and more versatile and
high-throughput assay systems have rendered directed evolution approaches more practical.
Modern protein engineering methods allow for the combination of directed evolution approaches
with in silico design of biocatalysts to enhance properties such as stability, substrate specificity
and enantioselectivity. The research groups of Bornscheuer,'>>'3? Turner and Flitsch,'*¥1%7
Lutz,*%1% Reymond,'*"'% and Reetz 3%36-5051.5882146-199 iy particular have contributed
significantly to the development of creative and often parallel screening methods for enzyme
engineering and directed evolution.

Biocatalyst work and enzymatic screening design have inspired the use of enzymes to study
organometallic transformations in a high-throughput manner. Enzymes in screening methods take
advantage of the ability of these biomacromolecules to fold into well-defined three-dimensional
structures that are, of course, themselves chiral and capable of recognizing chirality in small
molecule ligands/analytes and often also of performing catalytic turnover of these. This screening
method utilizes enzyme catalysis with an associated chromophore, often a catalytically active
cofactor, that provides for a UV-vis signal upon turnover, that can be monitored with a
spectrophotometer or with the naked eye.

96-99

2.1. Enzymatic Methods Providing Relative Rate Readout

2.1.1. UV-Vis Readout Using Alcohol Dehydrogenase/Aldehyde Dehydrogenase Reporting
Enzymes (In Situ Enzymatic Screening — ISES)

The Berkowitz group has been interested in exploring new chemical transformation space and
ligand development with the assistance of enzymes as screening tools due to their ability to provide
spectroscopic signatures without the need to install chromogenic labels. The initial approach was
to examine enzymes with associated cofactors that could provide a spectroscopic signal upon
processing a product or byproduct of the organic/organometallic reaction under screening. Such
an approach would, in principle, allow for the continuous UV/vis-monitoring of reaction without
the need to take aliquots, quench the reaction, or inject samples into a separate instrument. This
method has been termed “in situ enzymatic screening,” or ISES.

The first iteration of ISES was to study the transition metal-mediated intramolecular allylic
amination of an allylic carbonate to give a protected a-vinylglycinol product (Figure 1).!%°
Mechanistically, the low valent transition metal complex presumably forms a m-allyl intermediate
by oxidative addition into the allylic carbonate substrate, thus displacing an ethyl carbonate leaving
group. It is the free ethyl carbonate that this enzymatic screen monitors. This screening approach
is designed to run the reaction in a biphasic system, in which the organic reaction takes place in
the organic layer (THF:toluene:hexane (2:1:1) — upper layer here) and the reporting enzyme



chemistry takes place in the aqueous buffer layer. When ran in a biphasic system, the ethyl
carbonate leaving group is expected to decarboxylate into carbon dioxide and ethoxide, the latter
rapidly protonating to ethanol at the aqueous interface. The ethanol byproduct then diffuses into
the aqueous layer, where two reporting enzymes are positioned to monitor its formation. Yeast
alcohol dehydrogenase (YADH) converts ethanol to acetaldehyde, which is then oxidized to
acetate via a yeast aldehyde dehydrogenase (YAIDH) (Figure 1A). The first enzymatic step

Figure 1. In situ enzymatic screening (ISES). A. Targeting a transition metal-mediated intramolecular allylic amination route into
a-vinylglycinol as assayed via ISES. Experiments were conducted in a cuvette array with an organic upper layer featuring transition
metal/ligand catalyst candidates with a lower, aqueous reporting layer that includes yeast alcohol dehydrogenase (YADH), yeast
aldehyde dehydrogenase (YAIDH) and the cofactor NAD* with NADH formation providing the assay readout. B. Two electron
reduction of NAD+ to NADH leading to the formation of the 1,4-dihydronicotinamide chromophore with Amax at 340 nm. C.
UV/vis spectral scans of the reporting layer taken at two-minute intervals showing the formation of NADH. D. Relative rate readout
by UV absorption at 340 nm. Figure adapted with permission from ref 150. Copyright © 2002 Wiley-VCH. Panel (A) cuvette
image, (C), and (D) reprinted with permission from ref 87. Copyright © 2017 John Wiley & Sons, Inc.

NAD-+-oxidation of ethanol to acetaldehyde--is endergonic (@ pH 7.7, AG’ = + 4.6 kcal mol™!),!>!
whereas the second enzymatic step-oxidation of acetaldehyde to acetic acid and its ionization to



acetate is highly exergonic (pH 7.7, AG’ = -15.6 kcal mol™!) driving the overall reporting reaction
forward.!>! Each enzymatic oxidation delivers a hydride equivalent to C-4 of the nicotinamide
ring, producing the 1,4-dihydronicotinamide ring of the NADH cofactor (Figure 1B). As can be
seen in Figure 1D, this chromophore has an absorption maximum and 340 nm and easily
monitored in a UV spectrophotometer as it forms, on the fly, in the ISES experiment. (Figure
1C). For each turnover, two molecules of NADH are generated; when run in parallel cuvettes with
an automated cell changer, this UV-vis-based screening method can be used to rank a set of
catalytic combinations in parallel.!>® Proof of principle of this ISES approach was demonstrated
with a catalyst discovery screen under Ar atmosphere to allow for the sampling of even highly air-
sensitive metals, such as Ni(0) catalyst candidates (Figure 1D).!>°

2.1.1.1. Initial Screening Hit: Ni(0)-Mediated Allylic Amination

Typically, each ISES-subproject in the Berkowitz group is motivated both by a screening
goal; e.g. demonstrating proof of principle of a new enzymatic assay, and a synthetic goal. In the
case of the reaction being targeted in Figure 1, the screen is for a transition metal-mediated
intramolecular allylic amination-based entry into the a-vinylglycine scaffold. The Berkowitz
group has had a longstanding interest in developing methodology for the synthesis of [3,y-
unsaturated amino acids as potential mechanism-based inhibitors (MBIs) of PLP-dependent
enzymes.'>>1% Through these efforts, it has been seen that absolute stereochemistry is important,
but approaches to the control of
stereochemistry in synthesizing these
compounds were stoichiometric in
chirality largely. So, several important
synthetic goals have emerged: (i) to
develop new catalytic routes into these
scaffolds; (i1) to do so with control of
stereochemistry and (iii) if possible to
move away from precious metals in so
doing.

Table 1. Ligands Screening

To be more specific, the parent
member of the family is o-
vinylglycine, produced naturally by
mushrooms, and a demonstrated
mechanism-based inhibitor of ACC (1-
amino-1-cyclopropane  carboxylate)
synthase.'®” The Berkowitz group had
previously developed a
stereocontrolled synthesis of L-a-
vinylglycine from L-homoserine.'®®
The group has also developed
chemistry to synthesize higher,
‘quaternary’ OL-Vil’lyliC amino acids that Li.gands scrgened and their relgtive rates as repf)rted by ISES with
bear the same oc-Vinyl MBI trigger, but Ni(cod): for intramolecular allylic amination reaction.
also contain the characteristic AA side chain, as well as quaternary, o-(1’-
fluoro)vinyl AAs'>? and a-(2°Z-fluoro)vinyl AAs,'>1%¢ and demonstrated the ability of such B,y-

153,154,157,159,160,166
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unsaturated AAs to inactivate their cognate, PLP-dependent AA decarboxylase (AADC) enzymes.
The group had also shown that o-vinyl AAs serve as useful precursors to interesting o-oxiranyl
AAs,'®® as well as a-chlorovinyl and a-bromovinyl AAs.'*

Trost and coworkers had demonstrated a Pd-based asymmetric allylic amination entry into
a-vinylglycine.'®!7! This cemented our interest in screening for earth-abundant transition metal
variants of such chemistry. So, the Berkowitz group chose to screen for non-Pd-based catalytic
metal-ligand combinations for this transformation. With this synthetic goal in mind, the group
demonstrated the first enzymatic screening method for the intramolecular allylic amination
reaction of the allylic carbonate 1 as a model substrate (Figure 1). The ISES method was used to
screen a combination of transition metals and ligands, ultimately identifying the successful Ni(0)
metal/phosphine ligand combination to efficiently yield vinyl oxazolidinone 2.

With this method, six reactions were screened in parallel, and relative kinetic data were
collected for a 10-minute window (Figure 1 D). Based on the NADH formation for the different
transition metal-catalyzed reactions; one can identify catalyst/ligand combinations with promise
for the targeted reaction (Figure 1D). Of the initial non-Pd transition metals screened for the test
substrate, the combination of Ni(cod)> and phosphine ligation gave the most promising initial rate

(Figure 1D). To probe for a
correlation between the rate of
cofactor reduction in the reporting
layer and reaction turnover in the
organic layer, Berkowitz group
examined relative product
formation rates independently by
an NMR-based time point assay
by drawing aliquots from the
upper organic layer with time. A
comparable relative rate pattern
was seen for product formation in
the organic layer and rate of
reduction of cofactor in the
aqueous, reporting layer.

ISES identified Ni(0) as a
promising earth-abundant
transition metal catalyst for the
targeted reaction. This initial
result inspired the team to screen a

Figure 2. Bidentate bisphosphine ligands with two, three and four carbon range of phosphine ligands with

e o 1 il i o s N e Ni(0) pre-atalys. lectron-
rich phosphine ligands such as

PPhs, dppf [bis(diphenylphosphino)ferrocene] and dppb [1,4-bis(diphenylphosphino)butane]
emerged as effective ligands with Ni(0) for this transformation (Table 1). As it turned out, the
combination Ni(cod), and bidentate phosphine ligands proved to be optimal, with resulting in the
fastest turnover (Table 1). In fact, the ISES ligand screening results suggest that the use of a Ni(0)
pre-catalyst with bidentate phosphine ligands possessing a four-carbon spacer results in the most
dramatic ligand-accelerated catalysis. This result further guided the group to screen chiral,
electron-rich bidentate phosphine ligands and identify several that give significant asymmetric

11



induction. These include chiral bidentate phosphine ligands such as Josiphos (6), as well as
BINAP (9) and methoxy-BIPHEP (10) with three- and four-carbon spacing, respectively, that
mediate the first reported examples of Ni(0)-mediated asymmetric allylic amination as is
described in more detail below.!7%!7?

2.1.1.2. Hit Elaboration: Ni-Catalyzed Allylic Substitution

Based upon the observation that bidentate phosphine ligands promote this Ni(0)-mediated
allylic amination chemistry, the group expanded its ligand screen across a broader range of PP,
PN, NN, and PNP-ligands (Figure 2) under ISES conditions. This screening led to the
identification of N,N-bis(2-diphenylphosphinoethyl)alkylamine (PNP) 7 as the fastest ligand for
this transformation.!”® Unfortunately, ligand 7 showed no discernable enantio-discrimination for
product 2 (chiral HPLC). The group also expanded its screen to include the Vigabatrin-leading
substrate 12, in addition to the a-vinylglycine-leading substrate 1. This reaction was further
screened against the Ni(0)-catalyst with a variety of two-four carbon spaced bidentate phosphine
ligands (Figure 2). Among the ligands screened, Josiphos (6) and BINAP (9) gave notable initial
rates and both ligands showed the potential for asymmetric induction in this transformation (chiral
HPLC).

Scheme 1. Ni(0)-Catalyzed Asymmetric Intramolecular Allylic Amination
Reaction

A. Formal Ni(0)-catalyzed asymmetric allylic amination entry into S-Vigabatrin substrate

B. Ni(0)-mediated asymmetric route into L-a-vinylglycine.
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These chiral ligands were examined under flask conditions for the asymmetric synthesis of
lactam 12, a known intermediate toward the anti-epilepsy drug Vigabatrin 13 (Scheme 1). The
three-carbon-spaced Josiphos-type ligand 6 gave the highest ee (74%) but low yield and the two-
carbon-spaced centrally chiral ligand DUPHOS gave excellent yield with 66% ee (Scheme 1A).!7?
For the asymmetric synthesis of vinyl oxazolidinone 2 under flask conditions the Josiphos ligand
6 gave 82% ee with moderate yield. The four-carbon-spaced ligand (R)-MeO-BIPHEP, possessing
axial chirality, gave the product in 88% yield with 75% ee, which could be enriched up to 97% ee
by a single recrystallization (Scheme 1B).!”* The enantio-enriched vinyl oxazolidinone has been
carried forward through further functional group manipulation and deprotection to achieve a Ni(0)-

mediated asymmetric entry into (L)-a-vinylglycine 15 (Scheme 1B).

In the past decade or so, Ni-catalyzed chemistry has really come to the fore in organo-
transition metal chemistry. Motivated by our own ISES-based discovery in this area (vide supra),
in this section of the review, we will mostly focus on Ni-catalyzed allylic substitution reactions
since 2004. The pioneering reports on transition metal-mediated allylic substitution appeared from
Tsuji'”® and Trost'”* initially with Pd(0) and phosphine ligands or with Pd(Il) and in situ
generation of Pd(0). This Tsuji-Trost chemistry originated with malonate nucleophiles and simple
symmetrical allylic acetate or carbonate electrophiles and has evolved into a versatile
transformation accommodating a wide range of nucleophiles, including heteroatom-centered
nucleophiles, and a significant array of unsymmetrical allylic systems as electrophiles. Pd-
mediated allylic substitution has become a staple reaction in organic synthesis and has been
method developments over five decades and remained an attractive method in organic
chemistry.!”>!7® In the past few decades, the asymmetric Pd(0)-mediated version of this reaction,
featuring a stable of viable, primarily phosphine-based chiral ligands has been established across
a considerable range of nucleophiles and electrophiles.!”’"!8! And while Pd has been front and
center in allylic substitution chemistry, several other late transition metal catalysts have been found
useful depending upon the allylic system and nucleophile.'¥>!83 Qur focus here is on asymmetric
transition metal-mediated allylic amination, a transformation that has been most thoroughly
explored with Pd,!77-180.184 [ 182,183 Ry and!85-187 Ry, 188191 The Ni-mediated asymmetric variant of

this transformation has arisen from earlier ISES studies described above.!”*!73
Scheme 2. Early Ni-Catalyzed Allylic Amination Nickel-Catalyzed Allylic Substitution
Reactions Using Amines as Soft Nucleophiles — Precedents and Early Leads

A. Moberg To our knqwledge, the earliest reports of
Ni-catalysis for allylic substitution!*?

DSOY + [ j — N &  emanated from the groups of Tolman'®?
H "JD/\\/
H
()17

and Yamamoto'?*!*> who reported on
the formation of m-allyl Ni-complexes.
B. Mortreux In a key breakthrough, Hiyama and co-
: workers demonstrated that, under Ni-
Tr:fg(? Zzé!d;; i N V= catalysis, a hard nucleophile such as a
Grignard reagent could undergo

asymmetric allylic substitution reaction by utilizing chiral a NiClx(S,S-Chiraphos) precatalyst.'?®

H
D
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Following upon this observation, the groups of Consiglio!*”!*®, RajanBabu,'”® and Hoveda?’*-*!

reported Ni-mediated allylic substitution reactions with Grignard reagents as the nucleophilic
species. Interestingly, these reports were focused largely on hard nucleophiles. However, Ni-

Scheme 3. Ni(0)-Catalyzed Allylic Amination Reactions Upon Allylic catalysts have been

Alcohols less  well-studied

for allylic

R OH 05 TF?Z:WNL(’C?D)Z R NEn HNan substitution ~ with
b .

\/78/ + NHBn; — Buj:’OAC \/\/ 2 C Nﬁ> soft nucleophiles.

ACN. 80 °C There are a few

.......(T)_z_q_--- precedents found in

MeO literature in  this

Z~_-NBn, ~_-NBn, \Q\/\,Nan context in which an

21 (82%) 22 (84%) 23 (80%) amine has been

used as a soft

nucleophile for Ni-catalyzed allylic amination reactions. Moberg put forward key work in this
space in 1980,%°? reporting on the formation of a cyclic n-allyl-Ni complex 16 and its treatment
with morpholine to give racemic N-substitution product 17 (Scheme 2A). These early experiments
involved stoichiometric Ni chemistry. Later, Mortreux co-workers,?*® described the first, simple
catalytic examples of this Ni chemistry with diethylamine as nucleophile and allyl

acetate/carbonate as the electrophile (Scheme 2B).

The targeted transition metal-mediated intramolecular amination reaction described above
as a platform to explore ISES was chosen by the Berkowitz group because it would provide a
streamlined route into a.-vinylglycine, a target of great interest to the group. As it turned out, the
promising results seen with

. Scheme 4. Ni-Catalyzed Allylic Amination Reaction Using Ni(Il) as
Ni(0) as catalyst and the rate Y Y g Nidll)

Pre-Catalyst With In Situ Reduction to Ni(0) Using Zn(0)

acceleration  seen  with o
bidentate phosphine ligands R.A~_OH + NHBn, 5'“00'% Zn R ~_-NBn;
by ISES, set the stage for the 5 mol% dppf
& £ fhe  first 18 5 mol% BusNOAC 19
iscovery o e firs DMA. 50 °C
catalytic, asymmetric allylic =~ ------------mmrmmmm
amination with Ni reported Me e
by Maiti and Berkowitz in Z~_-NHBn Me)\/\/NHB” AN
172 . . -
2004: To this day, this 24 (84%) 25 (57%) 26 (75%)
remains the key precedent 0 0
for exploiting earth-abundant 0 W OAc
Ni ' for' asymmetric allylic ©\/\,N N /\/N\H/NG“O Ac
amination reaction.2 0 o] 0O 0~/
These observations 27 (42%) 28 (63%) 29 (76%)  "—oAc

derived from key ISES-

screening results in 2004 appear to have stimulated work elsewhere on Ni(0)-mediated allylic
substitution chemistry. In 2015, the Mashima group described the amination of allylic alcohols
using a Ni(0) catalyst to give products 19 and 23 (Scheme 3). In this report, the use of "BusNOAc
as an additive improved catalytic turnover significantly. ?°> Based on mechanistic studies, the
authors proposed the reaction proceeds via a pentacoordinate neutral allyl-Ni complex 20, in
contrast to the usual tetracoordinate cationic allyl-Ni-complex.
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More recently, in an interesting development, the Sweeney research group reported a
related  allylic =~ amination

Scheme 5. Ni(0)-Catalyzed Allylation of Active Methylene transformation, utilizing an air-

Substrat : :
Hhstrates o o stable Ni(II) pre-catalyst in the
o o 1&3;:9'\];(0052%)2 R presence of an equimolar
206
o I et - SO0 o of 20 Seteme 9
30 PhP— 4>PPh, 44 & e Zn(0) presumably reduces
2 mol% the Ni(II) to Ni(0) in situ, with

“““““““““““““““““““““““““““““““““ the Ni(0)dppf complex then

>Ogoa \pg m pé h oxidatively adding into the allyl
alcohol substrate to produce an

OE M NHPh

vz © 7 4 intermediate n-allyl Ni

32 (92% (86%) (90%) (58%) complex. The reaction works

well with the  primary,

secondary, and phthalimide-based nitrogen nucleophiles. The authors also demonstrated that such

an N-allylation reaction could be conducted with triacetyluridine acting as a functionalized uracil-

based imide nucleophile. The desired N-allylated triacetyluridine product 29 was obtained in good

yield. These results from both the Mashima and the Sweeney groups also serve to very nicely

validate our initial finding in the early ISES screens that the combination of Ni(0) catalyst and

electron-rich bidentate phosphine ligands works very well for Ni(0)-mediated allylic amination
chemistry, 130172:173

Nickel-Catalyzed Allylic Substitution by Carbon Nucleophiles

In 2016, Bonin and co-workers reported the Ni(0)-catalyzed alkylation of allylic alcohols

using active methylene
Scheme 6. Ni(0)-Catalyzed Selective Mono-Allylation of Active compounds as soft C-

Methylene Substrate Using Ni(II) Pre-Catalyst nucleophiles. These authors also

o o 5mol% NiBr,.3H,0 0 utilized the same sort of ligand-
R . . . .
5 mol% Zn metal combination discovered in
X ..
= * RMR 5 mol% dppf :/_§: our 2004 work, namely pairing
X=0OH NH, 30 5 mol% BusNOAc 31 g the Ni(0) precatalyst with the

____________________________ DMADMF, 50 °C . dppb ligand, a bis-phosphine

Q Q Q ligand with a four carbon spacer

OMe NHPh Ph (Scheme 5).2%7 In this work, it

= OMe = Me = OFEt was found that one could drive

:% ?7 32 the chemistry to bis-alkylation

X=OH (71%) (96%) (53%) by using an excess of allylic
X =NH, (53%) (86%) (30%) alcohol. The same research

group also demonstrated an
alternative catalytic approach in which a Ni(Il) precatalyst was reduced in situ by zinc metal to the
active Ni(0) species. Interestingly, by switching the ligand to dppf with the Ni(II)/Zn combination,
the Sweeney group was able to achieve selective mono-allylation of active methylene nucleophiles

with either allyl alcohols or allyl amines as the allylic electrophile (Scheme 6).2%
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Scheme 7. Ni-Catalyzed Allylation of Diarylmethanes

A. Ni-catalyzed allylation of di(pyridin-2-yl)methane. B. Stereo-probe
demonstrating  overall retention of configuration, presumably via a double
displacement mechanism.

Walsh  and co-
workers reported the study
of diarylmethanes as pro-
nucleophiles for  Ni-
catalyzed allylic
substitution ~ whereby a
range of lithiated
diarylmethanes were
employed as C-
nucleophiles. In this report,
the authors screened 178
chiral ligands for the
asymmetric allylic
alkylation reaction whereby
Josiphos-type ligand 41, a
bidentate phosphine with
three-carbon spacing, gave
the most promising results
under DYKAT (dynamic
kinetic asymmetric

transformation)

conditions.?”” This is another interesting example that follows directly from the initial ISES-based
Ni(0) chemistry reported by the Berkowitz group in 2004. There too the combination of Ni(0) and
Josiphos, proved to be a promising combination for asymmetric allylic substitution

Scheme 8. Ni(0)-Catalyzed Asymmetric Allylic Alkylation to form All Carbon Quaternary Center

A. Using allylic alcohols as an allylic precursor. B. Using allylic amine as an allylic precursor.
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chemistry.!”>!7> Under optimized conditions here, the allylation of 39 produced the 42 in 92%
yield and 91% ee (Scheme 7A).

The palladium-catalyzed allylic substitution reaction with soft nucleophiles is known to
follow a double inversion mechanism, whereas hard nucleophiles give a single inversion product.
To confirm whether this reaction follows a soft or hard nucleophile mechanism, the authors
performed a stereo-probed control reaction on substrate 43 with chiral Josiphos ligand 54 and
achiral dppf ligand, where it was observed that both ligands give racemic cis 44 product. These
results suggest that the reaction follows a double inversion path, and the lithiated diarylmethane
behaves as a soft nucleophile. Interestingly, the control reaction with the Josiphos ligand also
suggests that the transformation on 43 is fully substrate-controlled.

In 2006, Mashima and coworkers described a Ni-catalyzed asymmetric allylic substitution
reaction on allylic alcohols,

Scheme 9. Nickel-Catalyzed Asymmetric Allylic Alkylation
Reaction to Construct Homoallylic All Carbon Quaternary Centers
in Lactone/Lactam Scaffolds
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wherein [B-keto-ester enolates
serve as soft nucleophiles. This
protocol uses a combination of
Ni(COD), pre-catalyst with a
four-carbon  spaced chiral
bidentate S-Hs-BINAP ligand
(47), and to install an all carbon
quaternary center in 48
(Scheme 8A) with high
enantiomeric excess and in
excellent yield.?'° The same
research group in 2020
demonstrated another  Ni-
catalyzed asymmetric allylic
alkylation reaction on allylic

amines, using another four-
carbon spaced and electron-
rich bidentate chiral
bisphosphine ligand 53 to set
another quaternary center (Scheme 8B) 2!! shown in product 47. Based on mechanistic
investigations, the authors propose that the -keto ester is deprotonated by the allylic amine
nitrogen, thereby also generating an allylic ammonium species facilitating C-N bond cleavage to

Ph
(91%), 88% ee

(68%), 86% ee (82%), 88% ee

Scheme 10. Use of Ni-Based Tandem Catalysis for the Asymmetric Synthesis of 1.3 Dinitriles
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deliver the m-allyl-Ni intermediate. Nucleophilic substitution by the PB-keto ester enolate then
yields 47 in high yield and enantiomeric excess. In both reports by Mashima and co-workers
showed bisphosphine ligands with a four-carbon spacing play a considerable role in the Ni-
catalyzed asymmetric transformation. This harks back to the earlier Berkowitz group observations
on the importance of four-carbon spaced bidentate phosphine ligands for the Ni-catalyzed allylic

amination reaction (e.g., see Scheme 1A).!7>!73

Recently Stoltz and co-workers reported another nice example of Ni-catalyzed asymmetric
allylic alkylation utilizing B-keto-lactam/lactone enolate nucleophiles and the (R)-P-PHOS 56
ligand. Once again, four-carbon spacing is seen in this chiral bidentate phosphine ligand with this

Scheme 11. Stereospecific Ni-Catalyzed Allylic Substitution with Aryl Borinates approach
efficiently setting

Ar?
Ve . 2 mol% Ni(COD), Me lclhlrahtﬁ’ y llln
(o] 5 mol% BnPPh,, NaOMe S omoallylic  all-
Ar”\/'\OH * A2 “o’ I‘AZ ACN, rt AT AR carbon quaternary
71 72 73 centers in the
""""""""""""""""""""" e substituted
N : N lactone/lactam
C(\/\@\ product(s) 57
MeO S (Scheme 9).2'> A
4% 6% ee (82%) 86% ee (T7%), 91% ee range of linear and

branched allylic
alcohols have been investigated as allylic substrate platforms this reaction. Interestingly, the
reaction yields exclusively linear products, indicating that the nucleophile preferably attacks the
less hindered carbon in the presumptive intermediate Ni-n-allylic complex. This is another elegant
study that further points to the value of examining four-carbon spaced bisphosphine ligands
possessing axial chirality for such Ni(0)-chemistry. In 2020, the Fang group demonstrated a one-
pot approach to the Ni(0)-catalyzed 1,3-dicyanation of allylic alcohols via allylic cyanation

followed by hydrocyanation, yielding product(s) 66 (Scheme 10).>!

In the context of Ni-catalyzed allylic substitution chemistry, there have been a number of
interesting allylic arylation demonstrated. For example, using ate complexes derived from aryl
boroxines and borinates as the nucleophile, Trost?!* and Kobayashi*!>-2!” have developed effective
allylic substitution chemistry upon allylic amine and carbonate substrates. Uemura and co-workers
reported an asymmetric version of this reaction in 2002, albeit with modest enantiomeric excess.**
Recently, the Watson group described a stereospecific Ni-catalyzed allylic substitution reactions
upon allylic pivalates, using arylboroxine-derived ate complexes as nucleophiles. The authors
propose that the reaction proceeds via a m-allyl-Ni(Il) intermediate with inversion of absolute
stereochemistry to deliver 1,3-diaryl product 73 in good yield and high enantiomeric excess
(Scheme 11).

2.1.2 Colorimetric Readout Using Alcohol Oxidase/Peroxidase Reporting Enzymes

While the initial approach to in situ enzymatic screening (ISES) developed in the Berkowitz group
relied upon the observation of NADH formation by UV/vis spectrophotometry and led to a set of
remarkably information-rich screens with information on relative rate, enantioselectivity and
substrate selectivity, as will be discussed in Section 2.2,?2!?23 the group also took a parallel interest
in developing variants of ISES that provide for a visible light read-out.?** The first iteration of
visible, colorimetric ISES takes its inspiration from ELISA (Enzyme-Linked ImmunoSorbent
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Assay) technology that finds such wide spread use in clinical chemistry type assay, exploiting the
ability of peroxidase enzymes to be linked to redox dyes that provide the experimentalist with a
visible readout. This approach allows for the biphasic reaction system to be read by the naked eye
in place of a UV/vis spectrophotometer, allowing for higher throughput.

Figure 3. Colorimetric ISES. A. Schematic layout of the in-situ screen for transition metal-mediated halometalation/carbocyclization
transformations with alcohol oxidase (AO) and horseradish peroxidase (HP) as reporting enzymes, yielding 2,2-azino-bis(3-ethyl-
benzothiazoline-6-sulfone) (ABTS) radical cation as a visible read-out signal. The layout of the assay consisting of a 96-well format for
each substrate, featuring candidate TM catalyst/(pseudo)halide combinations. 96-well image reprinted with permission from ref 224.
Copyright © 2011 Wiley-VCH. B. Structures of the three substrates screened (5-exo-trig ester, 6-exo-trig ester, and 5-exo-trig ether).
Each was screened against 6 pseudohalides and 64 metal complexes to give 1152 reaction combinations. C. More quantitative view obtained
by UV/vis spectrophotometry for selected catalyst/(pseudo)halide candidate combinations for substrates A, B, and C, respectively (relative
rates in mAbs4os min!).

Each ISES iteration has both a screening goal and a synthetic goal. For this first visual,
colorimetric ISES demonstration, the screen was directed in a rather exploratory fashion for the
discovery of new formal (pseudo)halometalation/carbocyclization transformations, inspired by the
pioneering work of Lu and Ma on Pd(II)-catalyzed acetoxymetallation/carbocyclization on
appropriate allylic enyne substrates.??>??® This type of transformation was seen as providing a
potentially streamlined entry into the core of sesquiterpenoid natural products of the xanthanolide

family. The substrates selected for this screen contain a terminal alkyne positioned to allow for
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transition metal coordination, followed by addition of a halide (or pseudohalide) into the alkyne.
The intermediate (pseudo)halovinyl-metal species thereby obtained would then be positioned to
undergo migratory insertion into a pendant allylic carbonate, forming a 5- or 6-ring in this
cyclization step, followed by B-elimination of the metal and carbonate leaving group to complete
the catalytic cycle.

With each turnover of the (pseudo)halometalation/carbocyclization substrate, a methyl
carbonate leaving group is released and visualized through an ISES-reporting enzyme pathway.
The assay is run in a biphasic system with a lower organic layer containing the reaction of interest
and an upper aqueous reporting layer. The released methyl carbonate group diffuses into the
aqueous layer and undergoes decarboxylation to provide one molecule of carbon dioxide and one
molecule of methanol for successful reactions (Figure 3A). Methanol is converted to
formaldehyde by the reporting enzyme, alcohol oxidase (AO), with molecular oxygen serving as
the oxidant, producing hydrogen peroxide as byproduct. Upon production, H>O; acts as a
substrate for the second reporting enzyme, horseradish peroxidase (HP), and undergoes reduction
to H>O. A variety of dyes are known to serve as a terminal reducing agent with HP enzyme. We
chose to use the colorless 2,2-azino-bis(3-ethyl-benzothiazoline-6-sulfone) (ABTS) dye here as it
is known to be readily oxidized to ABTS " radical cation (single electron oxidation), with each
H»0; reduction producing two equivalents of this chromophore. The ABTS " radical cation appears
as a jungle green species with a broad absorption window at 405-414 nm and a large extinction
coefficient. Thus, successful substrate turnover presents a green color in the aqueous reporting
phase, while unproductive conditions result in colorless wells.

In the case at hand, 64 transition metal complexes were crossed with 6 candidate
(pseudo)halides across three different cyclization substrates (Figure 3B).??® The assay was
performed in a 96-test tube rack to give a total of 1152 combinations under a week. Two instances
of particularly novel reactivity arose from this wide-ranging screen. Figure 3 summarizes these
with the first being a perfluorinated Rh(II)-pre-catalyst-promoted carbocyclization initiated by
lithium bromide addition into the alkyne. This bromorhodiation/carbocyclization transformation
was found to work well across all substrates screened, including the 5-exo-trig ester and ether
substrates, as well as the 6-exo-trig ester substrate. The second discovery of this screen is the new
thiocyanopalladation carbocyclization transformation catalyzed by Pd(II), wherein the
pseudohalide, LiSCN, is found to support this type of Pd(Il)-mediated chemistry. This
transformation was seen exclusively with the 5-exo-trig ether substrate, presumably due to
competing conjugate addition of the thiocyanate anion with the o,-unsaturated esfer substrates.
This work constitutes the first reported example of such a transformation highlighting the potential
for using ISES for reaction discovery.?**
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Given the novelty and potential high value of  the new
thiocyanopalladation/carbocyclization transformation arising from colorimetric ISES screen, the
Berkowitz group next set out to optimize this reaction, again taking advantage of this new reporting
system.??*?% Initial probing of this transformation indicated the need for elevated temperature
conditions to reproducibly achieve high conversion. However, this condition presented the
limitation that the reporting enzymes used for this screen are not thermophilic enzymes and thus
have limited activity at elevated temperatures. A modified screen was utilized to address this
limitation. The new design involves measuring the amount of methanol produced at early time
points which correlates with reaction efficiency. The organic layer is loaded and subjected to the
reaction temperature for 10-15 minutes and then allowed to cool down to room temperature. Then
the enzymatic reporting layer is layered above the organic reaction layer in the well and the color
is developed. As before, the intensity of the green color produced correlates with the relative rate
of substrate turnover (Figure 4A).2%

Figure 4. Colorimetric adapted-enzymatic screen at elevated temperature by a three-step assay A. Assay for the optimization of the
thiocyanopalladation/carbocyclization transformation discovered in the original 1152 combination screen with alcohol oxidase (AO)
and horseradish peroxidase (HP) as reporting enzymes. The optimization here is also in a 96- tube format in an aluminum plate heated
to 70 °C (aluminum plate; sand bath). The read-out of the assay arises from the formation of the 2,2-azino-bis(3-ethyl-benzothiazoline-
6-sulfone) (ABTS") radical cation producing a jungle green color. B. Relative rates are characterized by the intensity of the ABTS™*
dye signal (three shades of green depicted). Panel B (table and 96-tube images) republished with permission from ref 229.
Copyright 2017 Royal Society of Chemistry under CC BY-NC 3.0 (https://creativecommons.org/licenses/by-nc/3.0/).

For these optimization studies, LISCN was retained as the nucleophile and was screened
against Pd(II) catalyst candidates, including Pd(PhCN),Cl,, Pd(acac),, Pd(OAc),, and PdCl, with
a set of predominantly phosphine ligands examined for their influence on reaction rate (Figure
4B). Most efficient reaction conditions were established by intensity of the ABTS radical cation
readout, and this is depicted schematically with a three-shaded intensity scale (Figure 4B). This
larger screen was performed in a machined aluminum 96-well plate containing narrow bore glass
culture tubes for each reaction. The 96-well tray was heated by placing the fully loaded plate in a
sand bath for 15 minutes, followed by developing the plate with the screening enzyme layer, as
described. The screen identified Pd(PhCN):Cl: as the best catalyst with Pd(OAc); also displaying
good reactivity. Unfortunately, the limited ligand screen did not reveal any kinetic benefit in this
transformation, though more screening is clearly necessary here before dismissing the potential
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for ligand-accelerated catalysis. The optimized conditions established from this enzymatic
screening procedure call for 2.5 mol% of Pd(PhCN)>Cl, at 70 °C with 1.5 eq of LiSCN as the
nucleophile.??’

2.1.2.1. Initial Screening Hit: Bromorhodiation/Carbocyclization Reaction

As discussed, colorimetric ISES allows the experimentalist to identify reaction hits by naked eye,
and, in the initial ‘proof of principle’ run published by the Berkowitz group, 1152 combinations
were screened expeditiously, leading to the discovery of the bromorhodiation/carbocyclization

Scheme 12. Rhodium-Catalyzed Bromocarbocyclization Reaction

A. Rhodium-catalyzed bromocarbocyclization of an allyl propiolate ester for the synthesis of trans-

disubstituted bromomethylene lactone 95. B. Entry into the 5,7-fused terpenoid natural product cores of

ixerin and xanthatin, respectively.
reaction. This transformation uses Rh(II)perfluorocarboxylates as precatalysts and LiBr as a
nucleophile (and possibly reducing agent, as Rh(I), generated in situ, may be the actual catalytic
form) and results in the concomitant formation of C-Br and C-C bonds, leading to highly
functionalized 6- and y-lactone products such as 82 that feature an exocyclic double bond (Scheme
12A)*** 1In the literature, Rh(II)-chemistry is well documented for carbene and nitrene insertion
reactions, all the more reason to suspect that an in situ-generated Rh(I)perfluorocarboxylate may
be needed to initiate the chemistry. This bromorhodiation/carbocyclization allows for rapid and
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Scheme 13. Pd-Catalyzed Enyne Cyclization With an Intramolecular
Halogen Shift for the Synthesis of a-Halomethylene-y-Butyrolactones

stereocontrolled entry into
the 5,7-fused core of the
terpenoid natural products
ixerin Y and (-)-xanthatin

Ph cl
Ph (Scheme 12).
If cl 10 mol% RhCI(PPhs); N ==
f\/ DCE, reflux, 6 h In the case at hand,
0% o 070 the absolute stereochemistry
90 91 (66%) is set by using an (S)-Alpine

borane reduction of
alkynone intermediate to give 85. The new rhodium-mediated halometalation/carbocyclization
reaction then controls the relative stereochemistry, giving access to the enantiomerically enriched
1,2-trans product 87. The vinylic substituent generated in the carbocyclization is then fused with
the pendant alkene in
the substrate using
Grubbs RCM
chemistry to give 5,7-
fused bicyclic bromo-
exomethylene B-

Scheme 14. Palladium-Catalyzed Enyne Cyclization Examples

lactone 88. The
exocyclic
bromomethylene

functionality featured
in core structure 88 can
be further
functionalized by TM-
catalyzed Cross-
coupling reactions or
nucleophilic
addition/elimination
chemistry  providing
for greater library
diversification, as
desired. Berkowitz and
co-workers have
further expanded the
scope of this bromorhodiation/carbocyclization transformation to include 6-ring formation and
combine with a new variant of the Jacobsen hydrolytic kinetic resolution to access the cores of the
terpenoid natural products linearifolin, and zaluzanin (See section 2.2.1.2.2 ).>%

A. Pd-catalyzed halocarbocyclization. B. Pd-catalyzed acetoxypalladation/carbocyclization
C. Pd-catalyzed acetoxypalladation/carbocyclization followed by oxidative cyclopropane
formation.

When one surveys the literature for related chemistries, one finds instances in which halogen®!-

233 and acetate?®****?% have been employed as nucleophiles, for alkyne additions, in which Pd®**-
235 or Rh?¥2236238 catalysts activate the alkyne. For example, Zhang and co-workers reported the
Rh(I)-catalyzed cycloisomerization of 1,6-enynes. In this reaction, Rh(I)-catalyzed C-C bond
formation is followed by an intramolecular halogen shift to produce a-halomethylene-y-
butyrolactones (Scheme 13).2*> Mechanistic studies suggest that the intramolecular halogen shift
proceeds through the intermediacy of a m-allyl rhodium complex.?*® As alluded to in the
introduction to this section, there is some direct precedent for the Pd- and Rh-mediated
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nucleopalladation of alkynes particularly from the pioneering work of the Ma and Lu groups
leading into y-butyrolactone products.?26-228:233239-246 (§cheme 14A). Lu and co-workers have
provided a number of examples of the acetoxy-palladation/carbocyclization reaction (Scheme
14B) following on their earliest reports of this type of chemistry in the 1990s.** The reaction
appears to proceed via acetoxypalladation of the alkyne, followed by 5-endo trig-cyclization to

Scheme 15. Pd-Catalyzed Thiocyanopalladation/Carbocyclization Reaction

Scheme 15 A. Pd-catalyzed thiocyanopalladation/carbocyclizations upon allyl propargyl ether substrates
bearing a propargyl substituent (high 1,3-syn stereoinduction). B. Related Pd-catalyzed
thiocyanopalladation/carbocyclizations with substrates bearing allylic substituents (high 1,2-anti relative
stereochemistry).

give intermediate 95, which undergoes B-elimination to release product 96 (Scheme 14B).** In
2007, Sanford and co-workers took this method one step further in which the acetoxypalladation
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Scheme 16. Plausible Mechanism

A. Plausible mechanism for 1,3-syn stereoinduction in the
thiocyanopalladation/carbocyclization reaction with a propargylic substituent present. B.
Plausible mechanism for 1,2-anti stereoinduction with an allylic substituent present.

on 97 followed by
cyclization gives
intermediate 111 that can
be intercepted with a
strong oxidant such as
bis(acetoxy)iodobenzene
to generate a Pd(IV)
complex. Interestingly,
this Pd(IV) complex
undergoes further
functionalization to give
fused bicyclic product 99
(Scheme 14C).2* Against
the backdrop of these
precedents, the inclusion
of lithium thiocyanate as
pseudohalide in the broad
(pseudo)halometallation/
carbocyclization screen
chosen for the original
colorimetric ISES study
in the Berkowitz group
was truly fortuitous. In
examining  the  hits
gleaned from the 1152
catalyst/ nucleophile/
enyne substrate
combinations  screened
(Figure 3), the most
exciting and  novel
discovery made was that
of the first ever
observation of a TM-
mediated
thiocyanometalation/
carbocyclization reaction.
This result is particularly
noteworthy when one
considers that anionic
sulfur-containing
functionalities, in general,
and  thiocyanate in
particular, had been
known as  catalytic
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poisons, for transition metal-mediated chemistry.?*’” Perhaps related to this, in the optimization
process, it was found that lower concentrations of LiSCN (1.5 equiv.) are optimal, giving clean
Pd-catalyzed C-SCN and C-C bond formation in a single transformation (Scheme 15). The
transformation shows selectivity favoring a transoid alkene geometry, suggestive of external attack
by thiocyanate anion upon a TM-coordinated alkyne. The Berkowitz group examined the reaction
scope and stereoselectivity of this transformation, with substituents at the propargylic position

Scheme 17. Exploiting the New Thiocyanopalladation/Carbocyclization selectively
Transformation for DOS of Bicyclo[3.2.1]octyl product Core 103. inducing  1,3-syn
relative

stereochemistry in

the

carbocyclization

step 101/102

(Scheme 15A) and

with allylic

substituents giving
predominantly 1,2-

anti-
stereochemistry in
the cyclization
products 110
(Scheme 15B).%!
Both
stereochemical
outcomes are
consistent with
models for

migratory insertion
proceeding out of
the least hindered

rotational
conformer, to
minimize steric

strain  in  this
transition state, as
1s discussed in
more detail below.
The new thiocyanopalladation/carbocyclization transformation has been applied in the synthesis
of 103, the core of the natural products of annuionone A (107) and massarilactone G (108)
(Scheme 15A). The transformation proceeds with both high geometric preference (transoid:cisoid
= 7:1) and impressive diastereoselectivity (1,3-syn:anti >30:1). The high level of stereochemical
control is consistent with the proposed mechanism. As illustrated in Scheme 16, initial Pd(II)-
coordination to the 1,6-enyne is expected to be followed by anti-thiocyanopalladation of the alkyne
give a (thiocyano)vinylpalladium intermediate 116/120 (Scheme 16). Subsequently, migratory
insertion would close the 5-membered ring and B-elimination of the elements of Pd-OCO2Me
would give product 101 and regenerate the L,PdX> catalyst. Where the cyclization substrate
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possesses a propargylic substituent, 1,3-syn stereoinduction is expected based on a consideration
of rotamers 117 and 118 at the migratory insertion step. The 118-rotamer possesses an unfavorable
1,3-diaxial-type interaction between the pendant alkene and the hydrogen (Scheme 16A). When
this is rotated to relieve strain, and the vinyl group projects out in a pseudo-equatorial fashion with
respect to the five-ring envelope formed in the migratory insertion step. This pathway predicts 1,3-
syn product formation (Scheme 16A).2*!

In the case of a substrate bearing an allylic substituent, similarly, two distinct rotamers
121/122 can be considered at the migratory insertion step whereby 1,2-syn rotamer 122 is expected
to experience destabilizing allylic strain. The 1,2-anti rotamer 121, on the other hand, is expected
to be relatively free from strain and lead to selective formation of the 1,2-anti diastereoisomer
(Scheme 16B) upon migratory insertion.

The thiocyanate functional group has real significance in chemical biology as a bio-
orthogonal spectroscopic probe, with the potential to provide information on site-specific structure
and dynamics. The SCN infrared chromophore is in an isolated spectroscopic window which
allows it to be probed in complex environments, including in enzyme active sites, with high
precision. Moreover, the vibrational absorption spectrum of the SCN functionality is exquisitely
sensitive to the local environment, allowing one use the vibrational Stark effect (VSE) to estimate
the active site dielectric with probe molecules bearing this group, or by installing the SCN
functionality into the active site itself.24%2%° The beauty of this new
thiocyanopalladation/carbocyclization transformation is that it readily allows for the installation
of this functionality onto natural product-like scaffolds, potentially enabling the construction of
myriad VSE probe molecules.

In fact, the Berkowitz group has demonstrated the utility of the ISES-discovered
thiocyanopalladation/carbocyclization for the construction of natural product cores and of
diversity-oriented synthetic libraries. For example, they have utilized this new transformation to
provide a stereocontrolled entry into the oxabicyclo[3.2.1]octyl core (103) of the natural products
annuionone A and massarilactone G bearing a vinyl thiocyanate functionality (Scheme 17). The
synthetic utility of vinylic thiocyanate moiety for diversity-oriented synthesis (DOS) was then
exploited, creating a constellation of compounds with a functionally diverse, decorated
oxabicyclo[3.2.1]octyl core as a natural product-inspired DOS library of value for screening

Scheme 18. Copper-Catalyzed Trifluoromethylthiocyanation of Olefins against biological
targets, 257262
The versatility of the
thiocyanate functional
group for chemical
diversification 1s
highlighted in
Scheme 17, whereby
one can (i) ‘split’ the
S-CN bond when
utilizing Grignard
reagents or a CFs-
anion equivalent
(Ruppert reagent) to displace cyanide, (i1) perform a formal azide cycloaddition across the cyano
moiety of the S-CN group, or (iii) add the elements of S-CN across an alkyne under Pd-mediated
conditions.
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To put this new ISES-discovered transformation in context, most of the reported protocols
for constructing C-SCN bonds are either oxidative thiocyanation?®3-2°® reactions or

electrochemical?$72%® oxidative thiocyanation reactions. The Liu group in 2015 reported a copper-
catalyzed
Scheme 19. Copper-Catalyzed Aminothiocyanation Reaction trifluoromethylthiocyanation of

alkenes using TMS-SCN as the
SCN equivalent and the Togni
reagent as the CF3 source
(Scheme 18).%% In 2018, the Li
group described the copper-
mediated aminohalogenation/
aminothiocyanation of f,y-
vinylic hydrazones.?’® In this
report, the authors investigated a
wide range of nucleophiles
found to be compatible with the
reactants including NaNs, Nal,
NaBr, and NaSCN. Copper was
utilized in  stoichiometric
amounts, but in the case of the
KSCN nucleophile low reaction
yields were seen, limiting the
practicality of this
transformation. Following on
this result, in 2019, Zhu and co-
workers developed the first
copper-catalyzed domino cyclization/thiocyanation of B3,y-vinylic hydrazones to afford the SCN-
appended pryrazolenes in good yield (Scheme 19).%"!

A. Stoichiometric use of copper acetate for aminothiocyanation. B. Catalytic
variant with K2S20s as terminal oxidant.

2.2. Enzymatic Methods for Determining Enantiomeric Excess
2.2.1. In Situ Enzymatic Screening (ISES)- Readout on Relative Rate and Enantioselectivity

With the desire to establish a more information-rich enzymatic screening assay, the Berkowitz
group next worked to develop a system that provides both a relative rate and an enantioselectivity
readout.”?! This new ISES iteration seeks to take advantage of enzyme chirality, utilizing the
enzyme(s) to not only amplify a signal and translate it into a UV/visible signal, but also to report
out on the enantiomeric composition of the product. In this case, reporting enzymes are used to
report directly on the formation a chiral product rather than upon release of a leaving group. While
the latter approach could be used to discern enantioselectivity of a catalyst being screened by
running the reaction in an enantiomer competition mode, enzymatic interrogation of the chiral
product itself would be more direct and would not require having access to both enantiomers of
the product or educt to conduct the screen. For this to work optimally, it became apparent that
utilizing two distinct reporting enzymes with different enantioselectivities for the chiral product
would be ideal. This is because there are two unknowns in such a screen, total product being
generated at time t and the R:S ratio of that product. To provide an estimate of both relative rate
and enantioselectivity of a chiral catalyst being screened, having two reporting enzymes report
with disparate enantioselectivities interrogating the same product stream, in parallel, would supply
the two equations needed to solve for these two unknowns. As is shown below, one can then use
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the two disparate outputs from the same product stream to mathematically solve for the estimated
R:S selectivity of the chiral catalyst or ligand being screened.

The Berkowitz group chose to use the hydrolytic kinetic resolution (HKR) of terminal
epoxides as a platform for proof of principle of this ‘double-cuvette-ISES’ (vide infra). The chiral

Sel
[R] Se—lEEi (Vg2 — UE1)]
[S] a Selg,(Vgz — Vg1)

Figure 5. Equation giving the enantiomeric ratio in the product as a function

of the ISES reporting rates from the two disparate reporting enzymes.
Co(IIT)- or Cr(IlT)-salen-mediated HKR is one of the most important and practical enantioselective
transformations available and was developed by Eric Jacobsen and coworkers. The so-called
‘Jacobsen catalyst’ utilizes the Co(IlI)-complex with the salen ligand derived from trans-1,2-
cyclohexanediamine and a 3’°,5’-di-tert-butylsalicylaldehyde as the chiral catalyst for the kinetic
resolution of a range of terminal epoxides.?’> As will be described in more detail below, while the
screening goal here was to demonstrate the ability of this dual reporting enzyme approach to
provide an information-rich (relative rate and ee) screen, the synthetic goal was to utilize this
platform to identify new chiral salen frameworks with potential for use in asymmetric catalysis.

The idea behind the HKR
is that a racemic terminal epoxide
substrate can, in principle, be
kinetically resolved by a catalyst
through the selective hydrolysis
of one enantiomer over the other.
In a hypothetically ‘perfect’
kinetic resolution 50% of the
epoxide would be retained as a
single enantiomer while the
remaining 50% of the epoxide
would be converted to the diol
product with opposite
stereochemistry. For such a
kinetic resolution, in general,
catalyst or ligand
enantioselectivity is most often

Scheme 20. Double Cuvette-ISES. General layout for the screen of the HKR dehneateq b,y the S-value or .E
of (£)-propylene oxide with chiral Co(III)-salen catalyst candidates. Each of value which is defined as the ratio
the paired reporting cuvettes contains a common lower organic layer but of rate constant for the R-selective

contains a dlfferent rep9rtmg enzyme in the upper layer, elj[her reaction divided by the rate
Thermoanaerobium brockii dehydrogenase (TBADH) or horse liver .
dehydrogenase (HLADH), with preferences for R- and S-1,2-propanediol, ~ constant for the S-selective

respectively. reaction. A synthetically useful

HKR catalyst would have

conversions that approach 50% and above 90% ee for both the product 1,2-diol and the remaining
epoxide. This result would coincide with an E value of approximately 50.

The readout of the ISES-assay developed to this HKR screen involves the use of dehydrogenase

reporting enzymes, exploiting the UV chromophore in their nicotinamide-based redox cofactors.
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Reporting rates are measured by observing the formation of NAD(P)H in real time at 340 nm (&340
= 6.22 mM™! cm™) with enzymes that show significantly different enantio-preferences for the
reaction product. The selectivity can be predicted according to the equation shown in Figure 5 221
The R to S-selectivity ratio is determined as a function of both the observed rates (ve1 and vi2) from
each of the reporting enzymes (E1 and E2) as a function of the inherent enantioselectivities for
these reporting enzymes for the R-diol over the S-diol (Selg1 and Selg> ). As will be explained in
greater detail in the following sections, based upon this concept, the Berkowitz group developed
several iterations of this dual-reporting enzyme variant of the ISES method, being labeled
sequentially as ‘double cuvette-,"??! ‘cassette-,’*?* and ‘mini’- ISES.??

2.2.1.1 Double Cuvette Screening

Table 2.

Double Cuvette-ISES (as depicted in Scheme 20. Each box provides HKR data for the Co(Ill)-salen acetate derived from the
indicated salen. Presented are the % ee of the 1,2-propanediol product [“+” for (S) and “-” for (R)] as estimated by double cuvette-
ISES (indigo) and as observed by chiral HPLC (black). Where available, observed catalyst E values are also provided (enclosed
boxes). The cuvette experiments are run in a bilayer of pH 8.6 buffer over 7.2 M epoxide in CHCl3, containing 0.25 mol % catalyst,
for 15-35 min. “Inherent” catalyst ee values are judged by running the HKR in neat propylene oxide, containing 0.55 equiv of H20,
also at 0.25 mol% catalyst. § These catalysts gave ISES signals < 20 mAbs min™' over 35 min. t This catalyst was tested at 0.05
mol%, as it was especially fast. #The catalysts derived from 151g and 153e displayed ISES rates of 14.9 and 18.1 mAbs min’!,
respectively, in the HLADH cuvette, over 35 min. Difficulty was encountered in synthesizing appreciable quantities of these salens.
*The 3,5-dinitrobenzoate counterion was employed for these Co(lII) catalysts.
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In the initial roll-out of double cuvette-ISES, the Berkowitz group screened a library of new
Co(Ill)-salen catalyst candidates for their efficacy in mediating the HKR of propylene oxide
(Scheme 20).2?! The HKR of (£)-propylene oxide would preferentially yield one enantiomer of
the product, either R- or S-1,2 propanediol 147. These two antipodal products are recognized by
two enzymes with different enantioselectivities. The assay set-up involves a biphasic system with
a lower organic reaction layer and an upper aqueous reporting layer. Note that it has been found
useful to include chlorinated co-solvents to ensure that the organic layer is the more dense and
therefore constitutes the lower layer. This, in turn, has the advantage of preventing any particulate
matter (could give false positive reading via light scattering) that might form at the aqueous-
organic interface from crossing the light path of the spectrophotometer beam which passes directly
through the upper aqueous layer here. The diols produced from the HKR reaction partition into the
aqueous, enzymatic sensing layer where they can be oxidized. This use of two enzymes with
complementary enantioselectivities in parallel cuvettes allows for the efficient monitoring of the
R-(147) and S-1,2-propanediol (147) HKR products.

As illustrated in Scheme 20, for the HKR of (+)-propylene oxide, the Berkowitz group
found that Thermoanaerobium brockii alcohol dehydrogenase (TBADH) and horse liver alcohol
dehydrogenase (HLADH) provide complementary selectivity for the 1,2-propanediol HKR
product. Under standard conditions, the TBADH enzyme oxidizes the R-1,2-propanediol eight
times faster than the S-propanediol, and HLADH exhibits a three-fold preference for the S-
propanediol. Therefore, if the same catalyst is run in two ISES cuvettes, one with the TBADH
reporting enzyme and the other with the HLADH reporting enzyme, a comparison of the UV rates
at 340 nm from the NADPH and NADH formed, respectively, allows the experimentalist to
estimate the enantioselectivity of the catalyst being screened.

This method is substantially faster than derivatizing the products with a chromophore and
subjecting these to chiral HPLC analysis for examination of enantiomeric purity. The Berkowitz
group found that double cuvette-ISES provides a quite useful screen for catalyst success across a
range of non-Cz-symmetric salen ligands being evaluated for their potential utility in asymmetric
synthesis (Table 2). Among the most promising hits from the screen is the salen derived from the
condensation of two equivalents 1-hydroxy-2-napthtaldehyde with the B-pinene-derived diamine
(150d). Another highlight of the screen is the notable stereoselectivity observed with the salen
formed from the B-D-fructopyranose-derived diamine 156 and 3’°,5’-diiodo- salicylaldehyde
(156e). Particularly interesting here is that this catalyst is considerably more selective than the
analogous catalyst constructed from the same diamine (156) and the canonical 3°,5’-di-tert-butyl-
salicylaldehyde (156a). Moreover, 156e and 156a exhibit opposite enantioselectivities (Table 2).
This constitutes a non-intuitive ‘enantioswitch’ whereby changing the sterics in the achiral
salicylaldehyde sector of the catalyst leads to inverted catalyst enantioselectivity, even while
holding the chiral diamine sector fixed.??! This observation warrants further examination across a
broader range of substrates and transformations for this new salen family. In thinking about this
result, it must also be remembered that the projection of chiral space into the Co(IlI)-salen-
mediated HKR transition state is complex as the reaction is known to involve two molecules of
Co(III)-salen-catalyst, one presumably electrophilically activating the epoxide by coordination and

the other delivering the hydroxide nucleophile to the terminal carbon of the epoxide®’>.

2.2.1.2 Cassette Format

The Berkowitz group next developed a new iteration of ISES that would increase information
content of the screen by allowing the investigator to screen chiral catalyst candidates for both
enantioselectivity and relative rate across two different substrates, in parallel. This variant of ISES
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is termed ‘cassette-ISES’
and once again utilized the

Co(IlT)-salen-mediated
HKR as a platform to
develop proof of principle
for the highly information-
rich screen.??® To actualize
this new cassette-ISES
platform a second HKR
substrate, (+)-hexene oxide
(157), was added alongside
the original (£)-propylene
oxide substrate. The two
substrates would each
require two cuvettes
charged with two distinct

Scheme 21. Cassette-ISES

reporting enzymes
exhibiting significantly
different

enantioselectivities for the
For each Co(Ill)-salen catalyst candidate, in addition to screening for the HKR of product. To actualize this
(+)-propylene oxide, two new cuvettes were added to screen for a second substrate,
(+)-hexene oxide. Each new cuvette contains a specific reporting enzyme, with cassette-ISES, the authors
HLADH again showing modest S-selectivity and Lactobacillus kefir alcohol needed to find two

dehydrogenase (LKADH) showing high S selectivity These enzymes lead to the reporting enzymes for the
formation of NADH and NADPH respectively. .
1,2 hexanediol (159)

product (HKR of hexene
oxide) to use in tandem with the TBADH (R-selective) and HLADH (S-selective) enzymes
employed for the 1,2 propanediol product as described above ((HKR of propylene oxide). In this
case, the authors demonstrated that they could use two different S-selective reporting enzymes, but
with significantly distinct levels of enantioselectivity illustrating the point that the paired ISES
reporting enzymes need not have opposite enantiomeric preferences. In fact, for 1,2-hexanediol,
the chosen reporting enzymes were horse liver alcohol dehydrogenase (HLADH) with modest S-
selectivity (ks/kr ~2.2) and Lactobacillus kefir alcohol dehydrogenase (LKADH) with remarkably
high S-selectivity (ks/kr ~20). As is illustrated in Scheme 21, the enzymatic chemistry and
spectroscopic readout for this assay is similar to the previous screen; with LKADH generating an
NADPH signal and HLADH leading to an NADH signal.

The proof of principle of this cassette-ISES was demonstrated with Co(III)-salen catalysts
derived from an array of salens generated by pairing substituted salicylaldehydes with chiral 1,2-
diamines derived from amino acids and terpenes, to probe new chiral space (Table 3). The
highlight of the screen was the result with catalyst 158, bearing the B-pinene-derived salen ligand
(158) with this catalyst displaying the highest (S) selectivity.??* of note, the B-pinene-derived chiral
diamine needed to construct this promising salen ligand is available in a mere two steps from [3-
pinene itself with the key step being the Mn'-mediated alkene diazidation from the pioneering
work Snider and coworkers.?”
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Table 3.

Cassette-ISES results for the HKR with Co(IlI)-salen acetate catalysts derived from this 5x4 salen/baen ligand library. Within a box,
the entries (top to bottom) represent the ISES-estimated ee values, the observed ee values (flask conditions: neat, RT), and the
calculated E value. Black (left) and blue (right) columns designate results with propylene oxide and hexene oxide, respectively. **
and & denote slow catalysts showing enzymatic reporting rates of <15 mAbs min’! for propylene oxide and hexene oxide,
respectively.

2.2.1.2.1. Initial Screening Hit: p-Pinene-Derived Chiral Salen Ligand with Potential for
Asymmetric Catalysis

As described above, the dual cuvette- and cassette-ISES approaches developed by the Berkowitz
group were utilized to probe chiral ligand space with a focus on the important salen ligand class.
New combinations of substituted salicylaldehydes and non-C,-symmetric chiral 1,2-diamines were
probed in search of promising chiral scaffolds, with the ultimate goal of identifying new
‘privileged’ chiral elements. The notion of ‘privileged’ scaffolds is not without controversy but
has been used in medicinal chemistry where certain heterocycles, for example, appear to be
particularly well suited for protein binding, while also retaining the ability to be transported
effectively, presumably relating to binding to serum albumin, say. In an entirely different sector
of the chemical enterprise the notion of ‘privileged chiral ligands’ has been discussed, whereby
one observes that certain chiral elements have been demonstrated to impart a useful chiral bias to
a catalytic center, across more than one reaction type, usually upon coordination to a metal.?’>-¢
It has been argued that for catalysis, privileged scaffolds with C>-symmetry, are particularly useful
as these systems limit number of chiral approaches to the catalytic center. A notable example
would be the axially chiral BINAP system developed by Noyori, a vital component of the 2001
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Nobel prize in chemistry. Building on examples such as this, many others have developed chiral
ligands with C-symmetry.*!2277311 This, of course, includes the parent Jacobsen-salen ligand
arising from the trans-1,2-diaminocyclohexane and 3°,5’-di-tert-butylsalicylaldehyde relevant to
the HKR chemistry discussed here but useful for many other asymmetric transformations as well.
However, this same chiral element has been used in non-C>-symmetric applications as well. For
example, in the process of building an asymmetric Strecker catalyst to generate a more enzyme-
like system, Jacobsen and Sigman very effectively incorporated this trans-1,2-
diaminocyclohexane motif into a chiral thiourea.!”?’>312 This work, along with the impressive
performance of non-C,-symmetric chiral elements such as the cinchona alkaloids,*!*% inspired
the Berkowitz group to explore non C;-symmetric salens for the HKR reaction, as has been
described.??!??3 In what follows, we describe one such catalyst that has proven particularly
versatile for target-directed synthesis.

2.2.1.2.2 Hit Elaboration: Application to the Enantioselective Synthesis of the Linearifolin
Zaluzanin A Cores

The chiral 1,2-diamines selected for the construction of non-Cz-symmetric salens for these dual
enzyme ISES-variants are derived from the chiral pool and are based on amino acids, terpenes,
and carbohydrates. The new salen derived from the B-pinene-based diamine?’* and 1-hydroxy-2-
naphthaldehyde (150d, Table 3) proved to be ‘matched’ to the 5-benzyloxy-1,2-pentene oxide
HKR substrate. As is illustrated in Scheme 22, the kinetic resolution of this terminal epoxide with
the Co(IlI)-salen catalyst (158), derived from salen 150d produced a 47% yield of each component
with the R-epoxide obtained in 92% ee and the S-1,2-diol (164) produced in 97% ee.?*!*?* In this
case, each antipode could be used as a key building block for the construction of a natural product
core. Namely, the Berkowitz group was able to exploit this effective HKR to take the essentially
enantiomeric products forward for the syntheses of the pseudo-enantiomeric cores of
sesquiterpenoid natural products linearifolin and zaluzanin A.2*°

Scheme 22. HKR Entry into Pseudo-Enantiomeric Building Blocks for Natural Product Core
Synthesis.

This synthetic foray into this natural product class proved to be an ideal showcase for both
this new salen ligand that arose out of cassette-ISES screening, but also for the novel
bromorhodiation/carbocyclization transformation uncovered by colorimetric-ISES (vide supra,
Figure 3 and Scheme 12).22* The synthetic approach into these two sesquiterpene lactone cores,
for linearifolin and zaluzanin A is illustrated in Scheme 23A.%3° The exocyclic bromomethylene
functionality that is appended to these cores as a result of the bromorhodiation/carbocyclization
chemistry may have real advantages for chemical biology. Namely, there has been considerable
previous work directed at the synthesis of this class of sesquiterpene lactones®**3?8 as the external
exocyclic olefin may be a key determinant in observed NFKB-inhibition in the family. NFKB
(nuclear factor kappa-light-chain-enhancer of activated B cells), an important transcription factor
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associated with the immune response and NFKB signaling, has been associated with cancer and
autoimmune disease. Thus, there is great interest in small molecules that inhibit NFKB-signaling
in chemical biology and medicinal chemistry circles. This inhibition is believed to occur via an
active-site cysteine capture where Merfort developed a QSAR (Quantitative Structure-Activity
Relationship) model for the inhibition/anticancer activity in these systems.>>?33

Scheme 23 Application of Bromorhodiation/Carbocyclization for the Synthesis of Natural Product Core

A. Natural product scaffolds for linearifolin and zaluzanin A. B. Convergent assembly from the HKR-derived cyclic sulfate
using the bromorhodiation/carbocyclization and RCM as key steps into the linearifolin core. C. Convergent assembly of
the enantiomeric zaluzanin A core by a similar route from the corresponding HKR-derived epoxide.
As is shown in Schemes 22 and 23, the nearly perfect kinetic resolution of 5-benzyloxy-
1,2-pentene oxide (E value ~ 180!) provides direct access to the R-epoxide building block 163 for
the zaluzanin A core and the S-1,2-diol building block 164 for the linearifolin core. The latter is
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converted to the cyclic sulfate engendering this antipodal building block with ‘epoxide-like’
reactivity. The antipodal cyclic sulfate and epoxide so generated are then progressed through
parallel synthetic pathways to produce the mirror image natural product cores (Scheme 23B &
C).7° First, the 1,2 electrophile is opened and the resultant hydroxyl is silylated and the alkyne is
subsequently converted to the cis-alkene via a Lindlar-type hydrogenation. The distal benzyl ether
is then reductively deprotected, oxidized to the corresponding aldehyde under Swern conditions,
and subsequently converted to a terminal methylene via Wittig chemistry. Functional group
interchange to install the carbonate ester, followed by Mitsunobu-based installation of the
propiolate ester substrate then gives the substrates R-168/5-168 (Scheme 23B & C), setting the
stage for the key bromorhodiation/carbocyclization. Treatment of these substrates with the Rh(II)-
perfluorocarboxylate/LiBr combination described in the original colorimentric-ISES report yields
the desired lactone R, R-169/S, S-169. The pendant vinyl group on this compound is set up for a
Grubbs-type ring-closing metathesis reaction to form the natural product core in each enantiomeric
series R, R-170/S, S-170.

2.2.1.3 Mini-ISES Configuration

Another iteration of ISES was developed by the Berkowitz group, with the dual goals of reducing
the amount of catalyst/ligand needed and increasing throughput in the UV/vis assay. The approach
was inspired by the move to high throughput experimentation (HTE), in general, in process
chemistry, and particularly motivated by an excellent report from the Merck process group
highlighting the utility of microscale screening.®® Previous ISES screens were completed with a
biphasic system in a 1 mL quartz cuvette, while this new iteration designated ‘mini-ISES’ takes
advantage of the quartz multimicrocell developed by Shimadzu (vide infra) and requires only a
110 pL total volume.?”? In fact, the organic reaction layer comprises only 20 pL, which
dramatically reduces the amount of catalyst needed to effectively screen new combinations as the
previous iteration of ISES utilized a 300 pL organic reaction layer.

In this study, the team expanded the suite of reporting enzymes for both propylene oxide
and hexene oxide to include several ketoreductase (KRED) enzymes--many of these said to be
recombinant--from Codexis. As is illustrated in Figure 6, this mini-ISES version of the cassette-
ISEE format described above retains the R-selective Thermoanaerobium brockii alcohol
dehydrogenase (TBADH) and utilizes the complementary S-selective KRED 23 for the 1,2-
propanediol product.??> The assay uses the S-selective KRED 107 and the complementary R-
selective KRED 119 for the 1,2-hexanediol product.??? The screen is performed with a quartz
micromulticell, a single quartz cell containing 16 parallel wells, with just over 100 uL per well and
a 1 cm path length (see Figure 6C). This allows for an information-rich screen with four catalyst
candidates to be screened concurrently, each across two different substrates. Thus, one obtains
information on relative rate, enantioselectivity and substrate scope, in parallel.

Proof of principle was demonstrated by screening a library of salen candidates focused
upon carbohydrate-derived chirality. Specifically, the Berkowitz group set out to further study the
promising D-fructopyranose-derived 1,2-diamine-based salen ligands uncovered in the original
double-cuvette ISES study (Section 2.2.1.1). There is an apparent ‘enantioswitch’ seen when
pairing the B-D-fructopyranose-derived diamine with the 3’,5’-di-fert-butylsalicylaldehyde
(modestly R-selective) versus with the 3°,5’-di-iodo-salicylaldehyde (significantly S-selective).
To rule out that this might be due to anomerization of the 1,2-diamine, the Berkowitz group
constructed the carbocylic analogue of D-fructopyranosyl-1,2-diamine in both pseudo-anomeric
forms. #2122 When crossed with four salicylaldehydes, this resulted in the targeted 4x4 array of
novel salen ligands delineated in Table 4. The 16 unique salen scaffolds were converted to the
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corresponding Co(III) catalyst and examined for the HKR of both propylene oxide and hexene

oxide, under the new ‘mini-ISES’ screening conditions.

For comparison, the results were

examined in parallel to traditional flask conditions. The ISES readout for this assay, similar to the
previous screen, is based on the formation of the reduced nicotinamide cofactor (NADPH/NADH)
in the reporting layer and the corresponding increase in absorbance at 340 nm monitored by UV/vis
spectroscopy (Scheme 20). As can be seen in Figure 6B, even though the volumes have been
dramatically decreased for this variant of ISES, the micromulticell preserves the full 1 cm
pathlength. The UV/vis traces obtained are well-behaved and the corresponding ee estimates
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Figure 6. Mini-ISES = Miniaturized Cassette-ISES. A. General layout for an HKR screen of the (+)-propylene oxide and
(+)-hexene oxide substrates, respectively with chiral Co(III)-salen catalyst candidates. Each substrate is screened with two
distinct reporting enzymes with complementary stereoselectivities; KRED 23 and KRED 107 have S-selectivity for 1,2-
propanediol and 1,2-hexanediol oxidation, respectively. In contrast, Thermoanaerobium brockii alcohol dehydrogenase
(TBADH) and KRED 119 display R-selectivity toward 1,2-propanediol and 1,2-hexanediol oxidation, respectively. Panel
A adopted with permission from ref 222. Copyright © 2015 The Authors under CC-BY-NC 4.0
(https://creativecommons.org/licenses/by-nc/4.0/). B. Output of the assay showing increasing absorbance at 340 nm
associated with the formation of NADH/NADPH C. 16-well micromulticell used for ISES. Panel B and C republished
with  permission from ref 222. Copyright © 2015 The Authors under CC-BY-NC 4.0
(https://creativecommons.org/licenses/by-nc/4.0/).
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derived from these ISES-rates prove to be quite accurate predictors of both sense and magnitude

Table 4. Targeted (Carba)Fructopyranose Salen

Overview of ISES results across 4 (pseudo)carbohydrate-derived-1,2-diamines and 4 salicylaldehydes. The results presented in blue are
for data obtained with hexene oxide while result in black were obtained with propylene oxide as substrate. Entries shown from top to
bottom are respectively: ISES-estimated ee, observed ee under flask conditions, and the calculated E value [S (+) and R (-)]. q Difficulty
was encountered in synthesizing appreciable quantities of this salen; # These catalyst gave negilible ISES rates; § Thsee catalysts gave a
<2% conversion after 72 h.

of enantioselectivity (see Table 4 and the comparison with ee values observed under flask

conditions).

To establish proof of principle of the mini-ISES method, the Berkowitz group screened the
catalyst candidates for their performance in the HKR of propylene oxide and hexene oxide, in
parallel, with the chiral 1,2-diol products being monitored by KRED reporting enzymes as shown
in Figure 6. The research team validated the accuracy and efficiency of the ISES screening method
by comparing the sense and magnitude of Co(Ill)-salen enantioselectivity to those measured by
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Figure 7. Three-dimensional bar graph of ISES screening of enantioselectivity of the Co-salen HKR catalysts, A. 3D
graph presenting the ee outcome from the ISES screen B. For comparison, ee outcome of the same reactions under
typical ‘RB flask reaction conditions’ as determined by chiral HPLC. Note: positive deflection = S-selective; negative
deflection = R-selective; blue, pink = HKR of hexene oxide; green, aqua = HKR of propylene oxide. Figure adopted

with  permission from ref 222. Copyright © 2015 The

(https://creativecommons.org/licenses/by-nc/4.0/).

under CC-BY-NC 4.0

chiral HPLC under typical ‘RB flask conditions.” A three-dimensional (3D) bar graph of this
comparison is shown in Figure 7, in which each salen ligand is represented by the combination of

Figure 8. X-ray crystal structure of Co(II)-salen complexes.

salicylaldehyde (two
equivalents-z-axis-
projecting backward)
and chiral 1,2-diamine
(one equivalent-x-
axis-projecting
horizontally). This
comparative study
demonstrates that
mini-ISES is a useful
method for reading out
both catalyst
enantioselectivity and
substrate scope (i.e.
HKR of propylene
oxide and hexene
oxide screened, in
parallel) even with
these small volumes
(~ 20 mL reaction
volume) highlighting
the information
content and value of
the technique. From a
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salen ligand design point of view, the so-called ‘enantioswitch’ was preserved in the carbocyclic
series, indicating that the shift from R- to S-selectivity observed in the 3-D-(carba)fructopyranosyl-
1,2-diamine series is due the change in salicylaldehyde alone (not anomerization). The most
promising salen ligand seen in this study is 172¢, the pairing of the new [-D-
(carba)fructopyranosyl-,1,2-diamine (171) with 3’,5’-diiodo-salicylaldehyde. The Co(lll)-172¢
catalyst shows high S-product selectivity with E values in the range of 44-100 for the HKR
substrates screened here and maintains high S-selectivity when evaluated on other terminal
epoxides. Crystal structures of the carbocyclic Co(I)-172¢ catalyst show it to have a chair-like
structure in contrast to the boat-like structures seen by X-ray crystallography for the oxacycles in
the Co(I)-156a and Co(II)-156c¢ (see Figure 8) revealing an unexpected fringe benefit of moving
to the carbocyclic pseudo-carbohydrate scaffold.???

2.2.1.3.1. Initial Screening Hit: Synthesis of the B-D-(Carba)Fructopyranose-1,2-Diamine-
Derived Chiral Salen Ligand with Potential for Asymmetric Catalysis

As just described, the carbocyclic B-D-(carba)fructopyranosyl-1,2-diamine scaffold, when
combined with two equivalents of 3°,5’-diiodo-salicylaldehyde, leads to a new salen scaffold with
an interesting three-dimensional structure and with great promise in asymmetric catalysis. As has

Scheme 24. Entry into the B-D-(Oxa)Fructopyranose-1,2-Diamine-Derived Salen Skeleton
Derived from D-Fructose

been alluded to in the discussion, the synthesis of carbocyclic analogue of D-fructose was
motivated by promising initial results with 1,2-diamine derived from the native oxacyclic D-
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Scheme 25. Entry into the D-(Carba)Fructopyranose-1,2-Diamine-Derived Salen Skeleton

A. Route from quinic acid to the common intermediate 189. B. Second generation route from methyl o.-D-mannopyranoside
to 189. C. Common final stage of the synthesis involving a key Snider-type diazidation step.

fructopyranose system. The notion of constructing salens bearing this chiral scaffold was
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motivated to no small extent by the success that Shi and coworkers had seen with a protected D-
fructopyranose scaffold carrying a dioxirane functionality for asymmetric epoxidation
chemistry.>*!-*3 Of course, building the 1,2-diamine instead and constructing salen ligands around
this core would create an entirely new three dimensional projection of that chirality and would
allow one to wrap that extended D-fructopyranosyl-4,5-acetonide core around a metal center!

The synthesis for the parent oxacyclic D-fructopyranose derived diamines is presented in
Scheme 24.2%* The 1,2:4,5-bis-acetonide was formed in a 75% yield by acid-catalyzed ketal
formation with acetone and dimethoxypropane. Following this, the C-3 hydroxyl group was
methylated with Mel, providing the fully alkylated pyranose form 174 in 95% yield. A TMSOTf-
mediated anomeric azidation was performed next to afford a 1:4 anomeric mixture of azido
alcohols 175/176 in 90% yield, with the B-anomer being favored. The free hydroxyl of 175/176
was then subjected to triflic anhydride and pyridine, and the resulting triflate was treated with
sodium azide to obtain the diazide anomers 177/178 (1:4) in 94% yield over the two steps. The
hydrogenation of diazides 177/178 with a PtO» catalyst at 4 atm of hydrogen afforded the desired
chiral diamine 179/180 elements in 98% yield with a 1:9 anomeric ratio in favor of the 3 anomer.
Separation of these anomers is not possible as they are in dynamic equilibrium. To overcome this,
these diastereomeric diamines are captured directly in bis-imine salen linkages, and the resulting
stable anomeric salen structures are separated chromatographically. Upon treatment with
Co(OAc):, these salens are easily metalated to the Co(Il) pre-catalyst form, suitable for storage or
recrystallization. The active cobalt(III) catalyst is then formed by air oxidation in the presence of
acetic acid or 1,3-dinitrobenzoic acid, as desired.

The carbocyclic analogue of the above D-fructopyranose catalyst was synthesized via two
distinct routes. The first generation route (Scheme 25A) begins from (-) quinic acid 183,%* and
utilizes the diazidation chemistry developed by the Snider group that was also employed for the
B-pinene-derived diamine.?” In this case, a 1:3 ratio in favor of the a-anomer 186 is obtained. To
obtain this intermediate 177/178, (-) quinic acid is first protected as an acetal of cyclohexanone
under acidic conditions and further promoting the lactonization of the quaternary carboxylate to
afford 184. Cleavage of the lactone followed by PCC oxidation of the secondary alcohol with
subsequent [-elimination generate a vinyl ester 185 in good yields. The sodium borohydride
reduction of carbonyl group of 185 occurs in 82% yield, and an acetonide 186 is then formed
between this new hydroxyl and its adjacent alcohol following the deprotection of the cyclohexyl
acetal. Barton deoxygenation is performed on 186 and reaction yielded 90% product, followed by
a bis-methyl Grignard attack on the ester, forming an exocyclic tertiary alcohol in 80 % yield. The
tertiary alcohol undergoes dihydroxylation with osmium, and the resultant secondary alcohol 187
is selectively methylated with Mel to achieve 188. This gives two free hydroxyl groups readily
cleaved by Pb(OAc)4 to form the key cyclohexanone intermediate 189 in 95% yield. This ketone
species directly overlaps with the second-generation synthesis described below.

The fructopyranose diamines 179/180 were synthesized from D-fructose (173) as
delineated in Scheme 24.>** The second-generation synthesis (Scheme 25B)*** intersects with the
quinic acid route at compound 189 but starts from readily available methyl a—D-mannopyranoside
190. An Appel reaction to form the primary iodide on C-6 is followed by acetonide formation
across C-2 and C-3, affording 191 in 78% yield over the two steps. The remaining hydroxyl group
on 191 is methylated cleanly, followed by base-mediated E2-elimination putting in place an enol
acetal. This sets up an efficient Ferrier-type carbocyclization under Pd(OAc), catalysis,
presumably via the mechanism shown. The resultant alcohol (192) is mesylated, leading to -

42



elimination in the same pot. Hydrogenation of the resultant o,B-unsaturated ketone over
Pearlman’s catalyst gives the common intermediate 189. Wittig methylenation of this ketone
proceeds smoothly (80%), giving the exocyclic olefin needed for Snider diazidination (Scheme
25C). This reaction proceeds in an 80% yield and favors the a-pseudoanomer in a 3:1 ratio. Then
hydrogenation with palladium on carbon provides the targeted o-and -carbofructopyranosyl-1,2-
diamines (179/180) in a 92% yield.

The ISES results with these salen catalysts show that the bulky salicylaldehydes believed
to be critical for the outstanding success of the Jacobsen salen are detrimental to the selectivity for
the non-Cs-symmetric diamines described in the screen. Generally, the B-stereoisomer is more
selective than the a- for both the parent oxacyclic and the newly reported carbocyclic scaffolds.
In all cases, it appears the 3,5-diiodosalicylaldehyde is the better matched partner for these chiral
diamines than its bulkier #-butyl or extended naphthyl counterparts. As noted above,
crystallography reveals that carbocyclic fructopyranose analogues lead to a switch from the boat-
like carbohydrate structure to the chair-like carbocycle, an interesting and likely important twist.

2.2.2. Post-Work-Up Readout on Conversion and Enantioselectivity

Parallel to the emergence of the In Situ Enzymatic Screening (ISES) method being developed in
the Berkowitz group,?”-172:173:221.224 222223 the Seto group*****’ reported the Enzymatic Method for
Determining the enantiomeric excess (EMDee) method for analyzing enantiomeric excess of a
reaction product enzymatically. Much like ISES, EMDee circumvents the need for time-
consuming analysis as HPLC on chiral stationary phases. Like ISES, in EMDee, an enzyme
selectively catalyzes a reporting reaction with a preference for one enantiomer of the product
allowing the measurement of enantiomeric excess by a UV- or fluorescence-based plate reader in
96- or 384-well format assay. The EMDee method is generally conducted post-work-up, under
more controlled conditions than ISES, and can be a quite accurate estimate of ee, particularly as
this is often done in a single phase, albeit upon work-up rather than in real time.

The initial EMDee description by Seto was followed by work from Moberg, Hult, and
coworkers who reported a more information-rich EMDee variant in which both enantioselectivity
and conversion can be captured with a combination of three enzymes.**® The reaction of interest
here is the titanium salen-catalyzed cyano-acetylation of benzaldehyde that requires dual Lewis-
acid/base catalysis to provide the expected product without the formation of byproducts (Scheme
26).>*° The enzymatic screen starts by monitoring unreacted benzaldehyde with horse liver ADH
(HLADH) to form benzyl alcohol, leading to a decrease in absorbance at 340 nm as NADH is
consumed, easily monitored with a UV/vis spectrophotometer. In this variant of EMDee, lipase
enzymes serve to provide enantioselectivity; these enzymes are coupled with an alcohol
dehydrogenase carrying a nicotinamide chromophore, for actual readout. For example, Candida
antarctica lipase B (CALB) selectively hydrolyzes the S-enantiomer of the acetyl cyanohydrin to
release benzaldehyde which can then be quantitated with HLADH. Similarly, the (R)-enantiomer
of the acetyl cyanohydrin is cleaved with pig liver esterase (PLE) to again release benzaldehyde
for quantitation with HLADH. The three HLADH-readouts provide complementary information:
step 1 involves HLADH-reduction of remaining benzaldehyde and so gives overall conversion.
Steps 2 and 3 then provide the amount of each enantiomer present in the product, thereby allowing
for the determination of the enantiomeric excess of product for each of the reaction conditions
screened. This method is very thorough and accurate but is post work-up and rather step-intensive.

2.2.2.1. Initial Screening Hit: Enantioselective O-Acyl Cyanohydrin Formation
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Scheme 26. Enantioselective Cleavage of O-Acetyl Cyanohydrin
Product(s) with Lipase Enzymes

A. Enantioselective cyanation of aldehyde wusing acetyl cyanide and
cyanoformate as cyanide sources under dual Lewis-acid/base activation. B.
Enzymatic screen for enantiomeric excess determination of O-acetylated
cyanohydrins by analyzing; Step 1: unreacted benzaldehyde with horse liver
alcohol dehydrogenase (HLADH) alone, Step 2: (S)-O-acetylated cyanohydrin
with Candida antarctica lipase B (CALB); then HLADH and Step 3. (R)-O-
acetylated cyanohydrin with pig liver esterase (PLE), then HDLADH. Readout
is the decrease in absorbance at 340 nm as NADH is consumed.

Enantiomerically enriched
cyanohydrins and their O-
functionalized derivatives are
useful precursors for the
synthesis of biologically active
molecules®****! and serve as
building blocks for the
industrial synthesis of
pesticides.**? This sort of
chemistry finds precedent in a
very early report of the addition
of benzoyl cyanide to an
aldehyde in the presence of
base, yielding an O-benzoyl
cyanohydrin  as  reaction
product.*** And while there are
a number of other literature
reports of direct acyl cyanide
additions to aldehydes in the
absence of catalyst,>*3% recent
focus for this transformation
has been on catalysis by acids,
bases**$-***nucleophiles,*>!->2
and Lewis acids,3?3%-330-353-338

In an important
development, the Moberg
group described the asymmetric
formal addition of acetyl
cyanide to a prochiral carbonyl
center to give a chiral O-
acylated cyanohydrin product
(Scheme 27A).%% The reaction
is promoted by a combination
of titanium salen dimer (S,S)-
196 and a Lewis-base. In this
report, the authors screened a
range of  bases, with
triethylamine and the titanium
salen combination giving the
best results. Control
experiments suggest that the
amine base is necessary for
reaction initiation via

nucleophilic addition into the acyl cyanide, with the chiral titanium-salen Lewis-acid catalyst
directing the enantioselective addition of the cyanide thereby released into the carbonyl center.
Later, the same group demonstrated that the product ee could be improved and the minor
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Scheme 27. Chiral Lewis-Acid/Base Catalyzed Asymmetric
Addition of Acetyl cyanide on Aldehydes

enantiomer recycled, at the
same time, by adding a lipase
step, following acyl cyanide
formation. Similar to the
approach  taken by the
Berkowitz group, this is an
example of a ‘reporting
enzyme’ being repurposed as a
chiral (co)catalyst for
asymmetric synthesis. As was
noted above for the EMDee
screen, the CALB enzyme is
known to  preferentially
hydrolyze the S-enantiomer of
the O-acyl cyanohydrin,

leaving behind almost exclusively the R-enantiomer of O-acylated cyanohydrin product (Scheme
28A).3%30 In 2012, Moberg and coworkers extended the combination of chiral salen-mediated

Scheme 28. Minor Enantiomer Recycling

A. Inclusion of a subsequent enzymatic step to improve ee and recycle the minor
enantiomer. B. Asymmetric synthesis of O-acetyl w-bromocyanohydrins using
this catalytic combination.

(215) analogous in 2015 (Scheme 29 III).3%

aldehyde
cyanoacylation/lipase
‘product polishing” to the
synthesis of enantioenriched
O-acyl -
bromocyanohydrins (Scheme
28B).'%’

2.2.2.2. Hit Elaboration:
Transition Metal-Based,
Lewis Acid-Promoted O-
Acyl Cyanohydrin
Formation

Based on their own seminal
work, the Moberg group
further demonstrated the
minor enantiomer recycling
concept by using the
combination of chiral Lewis-
acid/enzyme for the synthesis
of 4-amino-2(5H)-furanones
(208) in 2013 (Scheme 29
I),’*!  (S)-propanolol (212),
and (R)-pronethalol in 2014
(Scheme 29 1II)*? and
synthesis of [s-adrenergic
receptor agonist solabegron
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Scheme 29. Application of Minor Enantiomer Recycling for the Synthesis of 4-Amino-
2(SH)-Furanones, (R)-Pronethalol and Solabegron

2.2.3. Post-Work-Up Readout on Enantioselectivity (Reporting Enzyme Turnover)

As mentioned at the outset of this section, the EMDee method developed by Seto and coworkers
aided the experimentalist in screening for asymmetric catalysis without the need for chiral
HPLC.>*37 The EMDee method was applied to the asymmetric addition of diethylzinc to
benzaldehyde under the aegis of chiral oxazolidine ligands 217/218 (Scheme 30).3¢*3%® To
establish ee, the resulting 1-phenylpropanol product 216 is oxidized by the (S)-selective aromatic
alcohol dehydrogenase from Thermoanaerobium sp. (TsADH) to produce phenyl ethyl ketone.
The rate of this reaction is monitored by observing the production of NADPH at 340 nm.
Conveniently, (5)-216 is a good substrate for this enzyme where the (R)-antipode is an inhibitor.

46



By monitoring the rate of this enzymatic reaction, the authors can rather accurately determine the

Scheme 30. Enzymatic Method for Determining the Enantiomeric Excess ee achieved for the

(EMDee) Applied to a Chiral Catalyst Promoted ZnEt: Addition into chiral ligands being

Benzaldehyde screened. A
complimentary (R)-
selective alcohol

dehydrogenase  from
Lactobacillus kefir can
be used to quantify the
amount of (R)-product.
This general idea was
later  expanded to
include two screening
enzymes from the
outset to quantify the
optical purity of chiral
alcohols by Li and
coworkers.>®

Seto and
coworkers further expanded the scope of the EMDee method with regards to (i) reaction product
being screened, (ii) the type of reporting enzyme used, and (iii) the nature of the readout. They set
out to demonstrate an enzymatic readout for the enantiomeric composition of allylic acetates
reactions using a lipase.**® The o-methylcinnamyl acetate 219 was chosen as a test analyte, such
compounds are both products of interest for kinetic resolutions and common substrates for
transition metal-mediated allylic substitution reactions. Pseudomonas cepacia lipase (PcL) was

Scheme 31. EMDee Applied to Mixtures of Allylic Acetates Based on Model Reaction Products

discovered to selectively cleave only the (R)-acetate (219) while the (S)-enantiomer is simply a
spectator in the reaction, being neither a substrate nor inhibitor. The rate of the lipase-catalyzed
reaction correlates to the amount of (R)-acetate produced in a reaction of interest. The PcL-
reporting enzyme produces one molecule of acetic acid with each turnover of the (R)-o-
methylcinnamyl acetate. Acetic acid production is read by UV-vis spectroscopy utilizing a p-
nitrophenolate anion indicator (Amax ~ 405 nm). One observes the decrease in absorbance at 405
nm (and the fading of the yellow indicator color) as acetic acid is produced and neutralizes the p-
nitrophenolate anion indicator (Scheme 31).
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This assay was conducted across 88 samples of a-methylcinnamyl acetate of different
enantiomeric compositions in a 96-well format using a UV-vis plate reader to demonstrate that
reporting rates observed correlate with ee of the sample. This beta-test of the assay was performed

on crude reaction

Scheme 32. EMDee PcL Analysis of an Array of Allylic Alcohols by Chiral — mixtures obtained

DMAP and Acetic Anhydride from DMAP-

mediated acetylation

of the corresponding

alcohol samples. In

this way, the authors

were mimicking a

reaction set derived

from kinetic

resolution experiments on (+)-a-methylcinnamyl alcohol utilizing chiral DMAP-type acylating

reagents, say, of the sort developed by Fu and coworkers?®! (Scheme 32 ). Seto and coworkers

also demonstrated that this lipase shows high (R)-enantioselectivity across a diverse array of aryl-

substituted and fused bicyclic secondary alcohols of synthetic interest, highlighting the versatility
of the approach.

2.2.4 Post-Work-Up Readout on Enantioselectivity (Reporting Enzyme Inhibition)

The Seto group next turned the tables on the EMDee method and asked the question, “If reporting
enzymes can
be used in a
positive sense
to read out a
product by
catalyzing its

catalytic

turnover,
leading to a
visible or UV-
signal, cannot
enzymes read
an analyte also
in a negative
sense, if that

Scheme 33. EMDee Applied to a Chiral Mixture of Enantiomeric Sulfoxides Produced
from the Ti(IV)-Tartrate-Promoted Thioether Oxidation

analyte were to
These chiral sulfoxides act as inhibitors of horse liver alcohol dehydrogenase (HLADH). Mixtures rich Selectively
in (S)-sulfoxide inhibit well and present a slow initial rate whereas those rich in (R)-sulfoxide show C et
markedly lower levels of HLADH inhibition. This allows one to establish a calibration curve between inhibit
sulfoxide enantiopurity and reporting rate. The readout of the assay is the formation of NADH at 340 catalytic
nm by UV/vis absorbance in 96-well plate format. activity?”

After all, just as one can see enantioselection in substrate binding and catalytic processing, one
might also expect to see enantioselection in inhibitor binding and efficacy.>*® As a reporting
enzyme here, the Seto group utilized the well-studied HLADH enzyme that also served Moberg
and Hult so well (vide supra). As a test-bed synthetic reaction, they selected the classical
asymmetric oxidation of sulfides to sulfoxides by titanium tartrate catalysts reported by Kagan and
coworkers.>”°
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The default reporting reaction here is the HLADH-catalyzed oxidation of ethanol to
acetaldehyde whereby the HLADH enzyme exhibits enantioselective inhibition by chiral aryl
methyl sulfoxides. Specifically the p-toyl methyl sulfoxide enantiomers 223 display uncompetitive
inhibition whereby the (S)-enantiomer acts as a potent inhibitor with a Ki of 33 = 3 uM and the
(R)-enantiomer displays much more modest inhibition with a K; of 656 + 66 pM (Scheme 33).3%
This allows the experimentalist to use the initial rate observed for the HLADH-catalyzed oxidation
of ethanol to acetaldehyde to measure the ee of chiral sulfoxide inhibitor present. This assay
requires that one set a fixed total sulfoxide inhibitor concentration to cleanly correlate observed
Michaelis-Menten steady state rate with ee of the sulfoxide added. By first establishing a
calibration curve studying the rate of acetaldehyde formation from ethanol with different mixtures
of sulfoxide enantiomers, the authors show that they can then estimate the ee of a sulfoxide sample
of unknown ee. For proof of principle, several catalysts featuring tartrate esters coordinated to a
Ti(IV) center were screened with results approaching 90% ee for the diethyl tartrate-based catalyst,
the classical Sharpless catalyst for asymmetric epoxidation of allylic alcohols.

3. HYBRID ANTIBODY-ENZYMATIC SCREENING METHODS
3.1. Immunoassay Screening for Reaction Discovery

High-throughput immunoassays have recently emerged as alternative biomacromolecular tools for
screening and reporting on novel synthetic strategies. To be sure, in clinical settings,
immunoassays have become a widely used analytical tool due to their specificity, rapid output and
cost-effectiveness.’’! In chemistry research laboratory settings, hybrid antibody-enzymatic
screening approach have evolved based on this clinical technology. These approaches utilize a
competitive enzyme immunoassay (EIA) to interrogate a library of reactions. This method requires
a highly specific binding affinity of a monoclonal antibody (mAbs) and a hapten derived from a
small molecule of interest.>’? Detection is made possible with a label attached to either the antibody
or hapten.>’? This method requires utilization of the hybridoma technology, discovered by Georges
Kohler, Cesar Milstein, and coworkers, to identify monoclonal antibodies (mAbs) with high
binding affinities to the molecule of interest.*®73-3"* Specifically, hybridoma cell lines that express
a large amount of one specific mAb are used. These cell lines are formed by the fusion of B cells
with an immortal myeloma cell line lacking the hypoxanthine-guanine-phosphoribosyltransferase
(HGPRT) gene. A general procedure for antibody development requires that a species of interest
be immunized against a specific epitope located on an antigen to generate B-lymphocytes and
enable fusion with the myeloma cell line. Cell cultures are then screened for the specific antibody
activity desired.’’> Notably, the binding and/or catalytic activity for the antibody of interest is
dependent on the design of the hapten used in the immunization.?”®
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Inspired by ELISA (Enzyme-Linked ImmunoSorbent Assay) technology,*”* *’7"® reaction

screening methods employing enzyme-linked antibodies have recently been reported. Linked to a
solid support, the substrate to be screened is subjected to various antibody-binding stages,
eventually leading to immuno-catalysts. An early iteration of this method is illustrated in Figure
9 in which the small molecule of interest is bound to a microtiter plate, and the reaction being
screened is catalysis of a simple p-nitrophenyl ester. Upon hydrolysis, an antibody raised against
the free carboxylate is added to the plate, allowing it to bind to the hydrolysis product. As in the
ELISA technique, a second antibody, fused to a peroxidase enzyme is then bound to the product-
binding antibody. This is followed by the addition of hydrogen peroxide (peroxidase substrate)
and a dye cofactor. Here, the redox-sensitive dye, ABTS, is employed and reports on the
peroxidase activity. Conveniently, peroxidase activity can be visualized in real-time by
monitoring the absorbance at 690 nm associated with the ABTS radical cation oxidation product,
two equivalents of which are generated in the peroxidase-mediated redox reaction (Figure 9B).%"
Monitoring the intensity of the absorbance at 690 nm provides valuable information on the
effectiveness of the esterase catalyst(s) being screened. As proof of principle, the hybridoma

Figure 9 A. ELISA inspired screen to optimize catalytic antibody ester hydrolysis catalysts. B. Peroxidase
assay.
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clones were raised against a phosphonate TS analog and amide substrate to study the cleavage of
the corresponding p-nitrobenzyl ester. While this screen successfully uncovered catalytic
antibodies for the ester hydrolysis reaction of interest, this antibody-based screen is specific for
the reaction of interest.” In order to apply this method across different reaction pathways, new
specific antibodies must be raised in order to bind to a different product of interest. Importantly,
this screen demonstrates proof of principle for utilizing an antibody-based screening approach,
albeit here for a simple ester hydrolysis (Figure 9).

3.1.1. Reaction Discovery Using a Sandwich Immunoassay

Figure 10. Approach for sandwich immunoassay-based reaction discovery. A. General procedure for parallel reaction study
and high-throughput screening. The bond formation product shows a yellow color and absorb at 415 nm. B. Antibodies
interaction with hapten, where blue represents antibody 1 (mAb 203)-antigen tag 1 complex and red/yellow represents
enzyme-coupled antibody 2 (mAb 42-AchE) complex. C. Reaction for the detection of bond formation product involving
an enzymatic step with acetylcholinesterase followed by the disulfide reaction with Ellman’s reagent (DTNB). The product
of this last reaction can be monitor at 412 nm and presents a yellow color.
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Taran and coworkers developed an enzyme immunoassay platform “sandwich”-type assay to study
intermolecular reactions.’”*8! Generally, sandwich immunoassays involve two specific
monoclonal antibodies (mAbs) which bind to the epitope recognition site. One of the monoclonal

Figure 11. Catalyst screening through sandwich immunoassay screen. A. Sonogashira cross-coupling
reaction studied between alkyne and aryl iodide. B. Reaction screen were performed in a 96-well plate
format with 3% of Pd and co-catalyst (10% (w/W)) at 80 °C in DMF/H20 (95:5) for 20 h. C. Reaction
screen was performed in a 96-well plate format with 3% of Pd and co-catalyst (10% (w/W)) at 80 °C in
DMEF/H20 or CH3CN/H20 (95:5) for 20 h.

antibodies is coated onto a solid surface and bound to the epitope of a specific antigen. The second
antibody, bound to an enzyme, facilitates the assay detection (Figure 10). >’ As mentioned
previously, the hapten design is essential for this type of technique. In this case, the hapten is
chemically synthesized, known as hapten H3, and then covalently bound to a carrier protein,
known as the keyhole limpet hemocyanin (KLH) for immunization of mice. This process will lead
to an immune response in the form of antibody production. Further testing of the hapten-specific
antibodies will determine which candidate is ideal and contains an efficient binding affinity for the
reaction scaffold of interest. This sandwich immunoassay technique, modified to study covalent
bond forming reactions, consisted of substrates A and B outfitted with functional groups which
can be easily tagged with specific haptens (Figure 10A).2” The tags for this method were a tert-
butyloxycarbonyl (Boc)- protected imidazole and a tert-butyldimethylsilyl (TBDMS)-protected
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Figure 12. Reaction discovery through sandwich immunoassay screen. A. Cross coupling reagents. B. Screening results.
The reactions were performed with SmM of substrates, 10mM of triethylamine (TEA), 5 mM of transition-metal in the
selected cases and 40 uL of dimethylacetamide (DMA) solvent. The reaction showing product were analyzed by LC/MS.

guaiacol derivative, respectively.’” Substrate A, linked to a hapten specific to the antibody, is
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coated to the solid surface. Substrate B is
bound to the hapten specific to the enzyme-
coupled antibody. Once the substrates have
been subjected to the covalent bond forming
reaction between A and B, the reaction
mixture is further washed to remove any
unbound antibodies. The Ab-linked enzyme,
acetylcholinesterase, reacts with the sensing
substrate, acetylthiocholine, to form
thiocholine. ~ Coupling this product to
Ellman’s reagent, 5,5’-dithiobis-(2-
nitrobenzoic acid), produces the thiolate
anion of 5-mercapto-2-nitrobenzoic acid
which can be quantified by measuring the
absorbance at 412 nm*” (Figure 10C). In
this way, only the reaction substrates
undergoing the targeted bond formation will
bring the enzyme-coupled antibody complex
coated to the solid surface, allowing this
method to give an estimate of reaction yield
using a calibration curve from the double-
tagged standard product.’”

Taran and coworkers first applied this
screening method to study a Sonogashira
cross-coupling reaction under heterogeneous
catalysis conditions (Figure 11).37° The
screen was performed in a 96-well plate
configured with a palladium (Pd)-based
catalyst for the transformation between an
alkyne and aryl iodide (Figure 11A).
Various palladium sources and eight co-
catalysts including copper, silver, and gold
were screened, quenched with
(trifluoroacetic acid = TFA), and subjected to
the sandwich immunoassay in 96-well
microtiter plate format (Figure 10 and 11A
& B). The screen reported the highest yields
of 40-60% for Pd/C combined with Cul or
CuBr-Me:;S, as confirmed by HPLC analysis
(Figure 11B).*” These initial conditions
were further optimized by Studying these two Figure 13. Reaction discovery through immunoassay screening.
catalyst combinations with various ligands,  A. Substrates combination of 11 tagged dipoles, 8 tagged
base, and solvent to generate 192 reaction dipolarophiles reactants and 31' rTletals. B. Screening re§ult.
combinations (Figure 11C). Optimization ga;(fi? &fﬁ:yb l\l,sgigw‘th permission from ref 381. Copyright
efforts improved overall reaction yields (80-
100%). The screen successfully identified the metal/ligand combinations consisting of either
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Pd/C/Cul or Pd/C/CuBr-Me:S with PPhs/TMG (methyl-1-thio--D-galactopyranoside) as the best
reaction conditions.?”

Table 5. Optimization of Reaction Discovery Through Immunoassay Screening Substrates

Table republished with permission from ref 381. Copyright © 2013 Wiley-VCH.

In 2012, Taran and coworkers once again used a sandwich-based immunoassay to rapidly
screen a diverse reaction discovery effort. Here, an array of 21 different functional groups linked
to antigen 1 were screened against 16 different functional groups linked to antigen 2.%%° As
illustrated in Figure 12, substrate functionality included hydroxyl, nitro, amino, alkenyl, mono-
and bis-alkynyl, azido, formyl, keto, cyano, N-hydroxy thiourea, alkynyl oxime, and amidoxime,
among others.**° Transition metals including Cu, Pd, Au, and Ru were introduced to the screen in
stoichiometric quantity. As proof of concept, over the course of 2-days, this high-throughput assay
enabled 1,344 different reaction combinations to be screened in parallel. (Figure 12B).>% The
screen reported hits involving 57 different Cu-, Pd-, and Au-mediated coupling reaction products,
with yields ranging between 5-30%. Upon further analysis by LC/MS, it was concluded that
products formed by a variety of well-known reactions including Henry, Knoevenagel, and Michael
reaction, Cu-catalyzed alkyne-azide cycloaddition, alkyne-alkyne dimerization, Pd-catalyzed
Sonogashira and, Pd-catalyzed Heck reaction (Figure 12).%° Perhaps the most exciting chemistry
discovered from the screen was the copper-mediated coupling of phenols and thioureas leading to
an isourea product and the coupling of alkynes with N-hydroxy-thioureas leading to thiazoles.**°

In later work, the sandwich immunoassay screen further assisted in the discovery of novel
chemoselective and biocompatible [3+2] cycloaddition reactions.*®! Here, 11 tagged dipoles and
8 dipolarophiles were introduced to different “click”-type reactions conditions mediated by
different TM catalysts (Figure 13).%®! To demonstrate the high-throughput of this method, the use
of a 96-well plate enabled 2,816 reaction combinations to be screened in parallel. Noteworthy,
this iteration led to the discovery of a Cu-catalyzed sydnone-alkyne cycloaddition via
decarboxylative retro-cycloaddition, affording a pyrazole product (Scheme 34). The product hits
from the screen were further evaluated in aqueous buffer alongside common biomolecules such as
proteins, sugars, nucleic acids, cell culture, cell lysate, and plasma to further examine their
biocompatibility (Table 5).°8! Here, it was discovered that pyrazoles formed under Cu-catalyzed
syndone-alkyne cycloaddition (CuSAC) revealed to be a biocompatible transformation.*®! While
further optimization may be warranted, this application showcases the potential role of the Cu-
catalyzed syndone-alkyne cycloaddition to evolve in the world of bioconjugation, where
bioorthogonality plays a vital role.32-3%3
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Scheme 34. Reaction Hits Found Through the Imnmunoassay Screen

A. Cu (I)-catalyzed click reaction. B. Rh (I)-catalyzed 1,3-dipolar cycloaddition. C. Ir (I)-catalyzed reactions of
azides with bromoalkynes. D. Pd (II)-catalyzed dehydrogenative Heck reaction.

Scheme 35. Cu(I)-Catalyzed [3+2] Cycloaddition

A. Cu(I)-phenanthroline complex gives 1,4 -pyrazoles under
milder conditions. B. Mechanism of copper acetylene and
sydnone 232 via [3+2] cycloaddition.

Sydnone-Alkyne Cycloaddition Reaction

Notably, Taran and co-workers
have provided an excellent review
highlighting  their  efforts n
combinatorial catalysis guided by
enzyme-assisted immunoassays in
greater detail.®® It is expected that
sandwich immunoassay methods will
continue to be an important tool for
reaction discovery and optimization.
The sandwich immunoassay has the
advantage of being highly sensitive
and selective. Furthermore, this assay
does not require a workup, thus can be
high throughput with 1000+ reaction
combinations being screened in a
single day without the need for
robotics.

3.1.2. Discovery of Chemoselective
and Biocompatible Reactions Using
Immunoassay Screening

3.1.2.1. Initial Screening Hit:
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The Taran group, through their pioneering work in high-throughput immunoassay screening,

Scheme 36. Cu(I)-Catalyzed Reaction of Aza-Iminosydnone Diels-
Alder Reaction

A. Cu(I)-catalyzed reaction of aza-iminosydnone with terminal alkynes. B.
Plausible mechanism of copper acetylene and sydnone through a retro Diels-Alder
reaction.

discovered a novel reaction
involving [3+2] cycloaddition
chemistry. 128  The high-
throughput immunoassay
screening was conducted
using 11 tagged dipoles, 8
tagged dipolarophile
reactants, and 31 various
metals. Using 96-well plates
to run reactions in parallel,
2816 total reactions were
screened in two days (Figure
13). During this screen, 51
cycloaddition reactions
showed positive results. Of
these, 9 hits were well-known
reactions. The other 42 where
novel reactions discovered by
the high-throughput
immunoassay screen. These
new hits were further
optimized under different
reaction conditions varying
metals, ligands, solvents,
nucleophiles (amine, thiol,
acid, etc.) or -electrophiles
(Michael acceptor,
bromoalkane, aldehyde, etc.),
and under different biological
conditions. From this screen,
four of the reactions showed
greater than 50% yield: (I) a
Cu(I)-catalyzed ‘click’
reaction (Scheme 34A), (II) a
Rh(I)-catalyzed 1,3-dipolar
cycloaddition (Scheme 34B),
(III) Ir(I)-catalyzed reactions

of azides 238 with bromoalkynes 239 in the presence of the iridium dimer [Ir(cod)Cl]2 (Scheme
34C), and (IV) the Pd(I)-catalyzed dehydrogenative Heck reaction between 232 and olefins

(Scheme 34D).

3.1.2.1.1. Hit Elaboration: Cu-Catalyzed Iminosydnone-Alkyne Cycloaddition Reaction

At this point, the Cu(I)-catalyzed ‘click’ reaction (Scheme 34A) proved to be the most efficient,
chemoselective, and bioorthogonal of the 2816 reactions compared to the other three hits. The
modified Huisgen cycloaddition, dubbed ‘click’ chemistry by K. B. Sharpless led to a flurry of
activity in the Cu(I)-catalyzed azide-alkyne cycloaddition space globally, because of the broad
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Scheme 37. Hit Elaboration of Cu-Catalyzed Sydnone-Alkyne
Cycloaddition Reaction (CuSAC)

A. One-pot conversion of arylglycines to 1,4-pyrazole products via a
nitrosylation/cyclization sequence. B. Synthesis of 1,4-disubstituted
pyrazoles, followed by Suzuki coupling leading to polyfunctionalized 1,4,5-
pyrazoles. C. Regioselective Cu-promoted SAC: Cu(OTf), yields 1,3-
disubstituted pyrazoles and Cu(OAc): yields 1,4-isomers products. D.
Synthesis of substituted aminopyrazoles products from ynamides. E.
Synthesis of 4-(trifluoromethyl)-substituted pyrazole products from 2-
bromo-3,3,3-trifluoropropene.

utility of this chemistry in organic
synthesis, materials science, and
biotechnology.!>!*3% In this context,
the innovation introduced in Cu (I)-
catalyzed ‘click’ reaction by Taran
further elevates the significance and
breadth of this chemistry. The
exclusive regioselectivity with Cu(I)-
phenanthroline complex gives 1,4 -
pyrazoles under milder conditions
(Scheme 35). The reaction result can be
compared to previous literature
methods, which involve harsh reaction
conditions and further involve low
regioselectivity. The reaction scope was
further investigated on a battery of
functional groups present on either the
sydnone  or  alkyne substrate.
Mechanistic studies have support the
formation of bicyclic intermediate 249
from copper acetylene 248 and sydnone
232 via [3+2] cycloaddition (Scheme
35B). Liberation of CO: from 249,
followed by protonation of intermediate
250 would provide the expected
pyrazole 247.

In 2018, the Taran group
explored the reactivity of aza-
iminosydnone 251 with terminal
alkynes in the presence of a copper
catalyst (Scheme 36).°% The selective
formation of the products 254 and 255
was dictated by the choice of ligands.
The bipyridine ligand, (L-252),
provided triazole 254 whereas ligand
253 delivered product 255 (Scheme
36A). Mechanistically, the bicyclic
intermediate 259 is likely formed by
coordinating the N-4 atom of the aza-
iminosydnone to the acetylide-copper
center (Scheme 36B). From this
intermediate, two different paths could
occur, depending on the ligand choice;
259 undergoes a retro Diels-Alder
reaction leading to intermediate 261

followed by protonation providing 254 in the presence of L-252. However, the tetradentate ligand
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would coordinate two Cu atoms providing intermediate 260, which would generate product 255
under further decomposition (Scheme 36B).>%¢

The Cu-catalyzed sydnone-alkyne cycloaddition reaction (CuSAC) has profound practical
benefits including broad substrate tolerance and high regioselectivity, but it requires prior
preparation of sydnone substrates. Taran and coworkers expanded the potential of the CuSAC
reaction using a one-pot protocol yielding sydnone crude products that can be directly applied to
the CuSAC without the need for further purification.*®” The expeditious use of readily available
arylglycines as starting material for the conversion of the nitrosylation product followed by
cyclization in the presence of TFAA leads to crude sydnone in one pot (Scheme 37A). In the same
pot, the construction of 1,4-pyrazoles via CuSAC is attained in decent yield (Scheme 37A).3%" The
scope of this one-pot procedure was then investigated on numerous electron-rich or electron-poor
N-aryl sydnones which, successfully contributed in this transformation. Despite the involvement
of multi-precursors in one-pot, the 1,4-pyrazole was the only product formed with no trace of a
1,3-regioisomer detected (Scheme 37A).3%

The Taran group unraveled the limitation of CuSAC to synthesize 1,4-disubstituted
pyrazoles by exploring the 4-position substitution pattern on the mesoionic sydnone ring (Scheme
37B).>® The series of C-4-substituted (Cl, Br, I, Ph, CF3, CN, etc.) sydnones were screened for
effective cyclization with the standard, phenylbutyne. The highest yielding results were observed
for Cl and Br substituted sydnones, although with less regioselectivity. The optimization for
exclusive 1,4-regioisomer was observed using the 10-phenanthroline derived L-264 ligand. The
one-pot procedure starting from bromination, followed by CuSAC, adds an advantage to this
methodology. Further polyfunctionalized 1,4,5-pyrazoles were elegantly afforded via Suzuki
cross-coupling. 3%

The regioselectivity in CuSAC has always been a challenge, requiring proper ligand and
catalyst selection. In 2015, Harrity and co-workers reported a new finding that highlights the
importance of the Cu-promoter, e.g. Cu(OTf)2 or Cu(OAc)y, for regioselectivity (Scheme 37C).*%
The Cu(OTf), promoter provides 1,3-disubstituted pyrazoles, whereas Cu(OAc), produces the
corresponding 1,4-isomers. Both experimental and theoretical studies reveal that Cu(OTf)>
promotes the cycloaddition of sydnones and alkynes through a Lewis acid-assisted activation of
the mesoionic compound. In contrast, Cu(OAc), undergoes in situ reduction to Cul by Glaser-
coupling of the alkyne, and the cycloaddition proceeds by a Cu(I) acetylide, leading to pyrazoles
with complementary regiochemistry.

In 2017, Brase and coworkers reported on CuSAC by substituting for the alkyne reactant
with an ynamide, delivering substituted aminopyrazoles (Scheme 37D).**° However, the
suitability of ynamides for this protocol was compromised due to the high reactivity and
susceptibility of these functionalities to hydrolysis in the presence of the various Cu-complexes.
Similar to the Taran methodology, this protocol proved to be efficient for CuSAC chemistry
involving terminal ynamides but appears to much more limited for internal ynamide substrates.

Weng and coworkers reported a more general and practical approach for synthesizing 4-
trifluoromethylated pyrazoles with 2-bromo-3,3,3-trifluoropropene as the key synthetic building
blocks for the CuSAC chemistry (Scheme 37E).**! Notably, the trifluoromethylated pyrazole
scaffold is found in drugs such as Celecoxib,*** penthiopyrad,®” and Razaxaban,*** which
demonstrates the diverse biological activity and agrochemical importance of this compound class.

3.1.2.1.2. Hit Elaboration: Strain-Promoted Sydnone-Alkyne Cycloaddition Reaction
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A novel biorthogonal ‘click’ reaction involving strained alkynes and iminosydnones was reported
by Taran and coworkers (Scheme 38A).>> In total, 25 different mesoionic compounds and 4
different strained alkynes were reacted in H O-DMSO and screened using LC-MS (Scheme 37B).
Iminosydnones 280-282 and strained alkyne combinations proved to be best suited for this ‘click’
reaction, providing pyrazole products (Scheme 38A & B). From this, sydnone 290 was further
investigated with alkyne 287 and 288 (Scheme 38C) and later used for the trans-tagging of proteins
under physiological conditions.*

Scheme 38. Hit Elaboration of Strain-Promoted Sydnone-Alkyne Cycloaddition Reaction

A. General scheme of the biorthogonal ‘click’ reaction of strained alkynes and mesoionic compounds. B. Structures of
mesoionic compounds screened in the study C. Best iminosydnones reacted with strained alkynes.

3.1.2.1.3. Hit Elaboration: Ir-Catalyzed Azide-Alkyne Cycloaddition-Scope and Limitations
to Access Diverse Triazoles.

An iridium-catalyzed cycloaddition reaction between azides and 1-bromoalkynes has been
discovered using a high throughput screening approach by Taran and co-workers.3! Further
investigation of this approach also led to a single regioisomer, 1,5-disubstituted 4-bromo-1,2,3-
triazoles, in the presence of [Ir(cod)Cl]> (Scheme 39A).%8! Earlier work by Fokin and coworkers
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Scheme 39 Ir-Catalyzed Azide-Bromoalkyne

Cycloaddition Reaction

reported on a copper-catalyzed cycloaddition
involving azides and iodoalkynes, furnishing
the S5-iodo-triazoles.!* Here, a ruthenium-
catalyzed process involving the cycloaddition
between azides and internal alkynes, leads to
1,4,5-trisubstituted triazoles.!* The limitation
of Fokin’s protocol is that it relies on
electronically unsymmetrical alkynes donors
to gain exclusive regioselectivity.'*  This
limitation has been unraveled by Taran and
co-workers describing the formation of 1,5-
disubstituted 4-bromotriazoles using
[Ir(cod)Cl]; and aromatic and aliphatic
bromoalkynes.*®!

The scope of the azide/bromoalkyne
cycloaddition mediated by [Ir(cod)OMe]s,
was examined. The transformation was found
to yield a diverse array of 4-bromo-1,5-
triazoles in reasonable to excellent yield
(Scheme 39A).*°  Furthermore, post-
functionalization of 1,5-disubstituted
bromotriazoles was possible, affording access
to a repertoire of highly substituted

triazoles.>® Mechanistic studies on the iridium-catalyzed cycloaddition reaction support a pathway

Scheme 40. Ir-Catalyzed
Cycloaddition-Reaction

Azide-Thioalkyne

involving electrophilic activation of the alkyne
with the iridium catalyst, followed by
complexation with the azide, leading to 296
(Scheme 38B).>*° The stabilized iridium
carbenoid complex (297b) further undergoes a
Cope-like rearrangement providing
intermediate 298, followed by reductive
elimination, giving triazole 294 with the
expected regiochemistry.>*

The ability to include internal alkynes
in  azide-alkyne cycloaddition (AAC)
chemistry will continue to remain a challenge.
In this regard, the advances of Sun and co-
workers are notable. These workers observed
that the iridium-catalyzed AAC reaction
between electron-rich thioalkynes and azides
at room temperature and in air furnishes and
fully substituted triazoles with good
regiochemical control (Scheme  40).>%
Mechanistically, they propose coordination of
the alkyne and the azide via its internal

nitrogen to the iridium catalyst, resulting in complex 301. Intermediate 302, arising from oxidative
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cyclization, may be stabilized due to sulfur coordination to the iridium center. Presumed reductive

Scheme 41. Ir-Catalyzed Regioselective Azide-Alkyne Cycloaddition

Reaction and Application in Biological Media

elimination from 302 then
provides triazole product
300 and regenerates the Ir(I)
catalyst for another cycle.
Various internal
thioalkynes and azides
successfully participate in
this chemistry, leading to a
diverse set of triazoles,
albeit in modest yield.**’

A similar observation was
made by Song and
coworkers in which an
ynamide-alkyne
cycloaddition mediated by

Ir proceeded regioselectively (Scheme 41) under conditions similar to those reported by Sun and
coworkers (Scheme 40).%°® Herein, the coordination of the ynamide carbonyl group with iridium

Scheme 42. Ir-Catalyzed Regioselective [3+2]
Cycloaddition Reaction of Azide With Ortho-Alkynyl
Substituted Phenol

may underlie the high regioselectivity
for 5-amido-triazoles. The
bioorthogonality of the cycloaddition
reaction was tested under various
biological conditions (Scheme 41A
The reaction proved to be highly
efficient in phosphate-buffer across a
pH range of 5.7-8.0.%*® The reaction
also worked well in DMEM
(Dulbeccos’s modified eagle medium),
as well as in cell lysates frequently used
to simulate biological environments.
Excellent yields and regioselectivity for
the cycloaddition reaction were
observed even in biological media
including 50% normal mouse serum.’
The highly efficient cycloaddition was
further applied to synthesize non-
natural carbohydrates using glycosyl
azides and ynamides (Scheme 41B).3%8
Cui and coworkers also studied
the Ir-catalyzed AAC to achieve
regioselective access to diverse triazoles

)'398

98

using o-alkyne-substituted phenols (Scheme 42A).3*° The hydroxyl group on such o-alkynyl
phenols proved to be a crucial factor for regioselectivity, leading to the fully substituted 1,2,3-
triazole products.>®® These workers suggest initial coordination by the hydroxyl group to the Ir

center, followed by coordination of the triple bond, leading to complex 311 (Scheme 42B

) 399

Subsequent intramolecular cyclization would give iridium complex 313, followed by rapid
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reductive elimination to triazole 310 with concomitant Ir(I) catalyst regeneration via 314 (Scheme
42 B).*” The hydroxyl group also provides a handle for late-stage functionalization. The protocol
was also tested in various biomimetic environments (phosphate-saline buffer, DMEM, and fetal
bovine serum) and proved to be highly efficient suggesting a high level of biorthogonality for this
chemistry.3%

3.1.2.2. Initial Screening Hit: Pyridine Ylide-Nitrile Cyclo-Condensation
The 1,3-dipolar cycloaddition between pyridinium salts and aromatic nitriles is one of the novel
hits  discovered via
high-throughput
Immunoassay screening
(Scheme 34B).3% Of
the hits discovered
during this screen, this
cycloaddition displayed
the fastest kinetics
(Table 5).381
Mechanistic analysis on
this novel 1,3-dipolar
cycloaddition has not
yet been reported, but it is reasonable to hypothesize that the coordination between the Rh catalyst
and triple bond of the aromatic nitrile leads to nitrile activation. This allows attack by the
nucleophilic carbon, via a pyridinium ylide, upon the electrophilic nitrile carbon. Tautomerization
followed by C-N bond formation/re-aromatization leads to fused azacyclic product. Although
yields were moderate due to rapid degradation of the pyridinium substrates under the reaction
conditions, four hits were reported (Scheme 43).%! There is a need for further mechanistic studies
on this 1,3-dipolar cycloaddition between pyridinium salts and aromatic nitriles. Such

Scheme 43. Rh-Catalyzed Pyridine Ylide-Nitrile Cyclo-Condensation
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Figure 14. Enantiomer competition assay. A. Reaction of interest. B.
Incubation mixture in separate vessels for each antibody. C.
Enzymatic cascade for optical purity determination by assaying for
acetylcholinesterase activity with an Ellman reagent derived
colorimetric visualization screen by forming S-thionitrobenzoic acid
with absorbance maxima at 412 nm.

investigations,  particularly  those
varying the metal have the potential to
further optimize yields and substrate
compatibility.

3.2. Immunoassay Screening for
Enantioselective Catalysts

3.2.1. High-Throughput Screening of
Enantioselective Catalyst by
Immunoassay-Two Competitive Cat-
ELISAs

Antibodies can also be employed in a
competition-style assay to determine the
conversion and enantioselectivity of a
reaction. In pioneering work done by
Mioskowski, Wagner and co-workers, a
mAb-based assay was employed to
study the transition metal-catalyzed
hydrogenation of benzoylformate to
mandelate. *°° This method availed itself
of one monoclonal antibody that binds
selectively to the the (S)-enantiomer of
the product, but also another antibody
that binds racemic product non-
selectively. The screen begins with a
pre-bound product-enzyme conjugate
that is only displaced upon exposure to
the desired product formed upon metal-
catalyzed reduction. (Figure 14B).
Reaction success can be monitored by
placing the crude reaction product in the
screening well alongside
acetylcholinesterase (AChE) whereby
the enzyme-product conjugate is
displaced by the product (Figure 14B).
Following a wash step, only the AChE
enzyme present in the screen will be
attached to the conjugate that has not
been displaced from the antibodies
(Figure 14B). Thus, lower amounts of
AChE activity correspond to higher
amounts of product formed in the
reaction. This reporting enzyme
catalyzes acetylthiocholine cleavage,
producing a thiocholine anion that itself

reacts with Ellman’s reagent to release 3-carboxy-4-nitrophenylthiolate anion. Upon formation of

this anion, an increase in absorbance at 414 nm can be visualized (Figure 14C

) 401
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A calibration curve was established by measuring the absorbance readings for a series of
known product concentrations. This curve was then used to estimate reaction product yield for a
set of catalytic conditions. To estimate the corresponding ee values, the same procedure is was
performed employing the antibody specific for the (S)-antipode of the product. By comparing data
for the total product (rac-antibody screen) to that for (S)-product (anti-S antibody screen), the
enantioselectivity could be conveniently estimated. For this assay, it was found mAb-15 binds both
enantiomers with a relatively low affinity [apparent K4 values of 6.4 mM for the (S)-enantiomer
and 7 mM for the (R)-enantiomer].**® On the other hand, monoclonal antibody mAb-8 was found

Figure 15. Immunoassay screening for enantioselective catalyst. A. General ligand scaffold library. B. Metal library. C. List
of ligands with R and R’ variations. D. Yield % of reactions for catalyst screening. E. % ee of reactions for catalyst screening.

to be selective for the (S)-enantiomer with a relatively high affinity (apparent Kq = 55 pM). 4%

The screen, which studied various d3- and d’-metal catalyst candidates (Figure 15B) with
different chiral diamines (Figure 15A & C),**° was conducted in a 96-well plate format, allowing
a total of 192 reaction conditions to be screened. The reactions were performed using peroxide and
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TEA as the hydrogen source and chiral catalyst (1.6 mol%) in DMF. The reaction is then diluted
with assay buffer and transferred to the microtiter plate coated with mAB 203 and left to incubate
for three hours, followed by an additional wash with buffer and then addition of a solution of the
anti-tag 2 (mAb 46)-AChE conjugate. This protocal led to reproducibly good estimates of product
ee as confirmed by chiral HPLC. The screen reported the best results for cases where peroxide and
TEA were present and the best catalyst-ligand combination was found with M1 and L2,
respectively (Figure 15D & E). 4%

This is a powerful method, once established, as it provides stereochemical information
rapidly in a highly parallel format. That said, the assay development stage is significant and
requires some serendipity. Namely, two antibodies are required to get information on both yield
and enantioselectivity. Interestingly, as alluded to above, for the study of the enantioselective
reduction of a-keto acids by hydrogen transfer, the Wagner-Mioskowski group discovered one
antibody that binds both enantiomers of the a-hydroxy acid product and another that selectively
binds just one enantiomer of the product. Given the high levels of enantio-discrimination of
antibodies, in general, it seems reasonable that one will be able to find monoclonal antibodies that
bind each enantiomer of the product well, in most cases, particularly if one uses highly enantio-
enriched haptens for selection, making it reasonable to expect that this technique can be expanded
to a more diverse array of reactions in screening for both conversion and enantioselectivity.

4. SINGLE ANTIBODY-BASED SCREENING

4.1. A Remarkable Antibody-Based Optical Sensor: Stilbenoid Ligand-Antibody Co-Crystal
Structure Provides Insight into Tryptophan Fluorescence Mechanism.

Janda and coworkers established the first example of
which we are aware of a single antibody method for O
the screening of enantioselectivity for a catalytic 1

asymmetric reaction of interest. A reaction is run O 0
and the chiral product incubated with the sensing NJJ\/\/CO2H
antibody and the fluorescence is measured as a way 326 H

of estimating ee. This method relies on the discovery
of an antibody possessing two invaluable attributes
for this type of screening application; namely (i) the bound Ab-ligand complex exhibits
fluorescence and (i1) the Ab shows significant enantioselectivity for ligand binding. Indeed, the
system discovered by Janda and coworkers exploits the photophysics of the Ab-ligand complex
resulting in a remarkable antibody-based optical sensor. This sensor is able to report directly on
the dynamic interplay of specific ligands with protein residues within an antibody binding
pocket, 402403

This variant of biomacromolecular screens emanated from a fortuitous observation made
by the Janda team of blue fluorescent behavior stemming from the interaction between a trans-
stilbene hapten ligand and series of monoclonal antibodies. Specifically, the Janda group studied
a library of monoclonal antibodies (mAb) raised against a trans-stilbene hapten 326.4** Subsequent
crystallographic analysis established the chemical environment of the mAb 19G2 binding pocket
with bound ligand 326 (Figure 16) at 2.4 A resolution and 4 °C (277 K) (PDB 1FL3). One sees
that the trams-stilbenoid ligand is likely m-stacked with tryptophan residue (Trpl103) (Kabat
numbering) (Figure 17A).*** The hydrophobic trans-stilbenoid-binding pocket is deep within the
antibody, between the Vuy and VL domains (Figure 17B). The key residue, Trp103, typically
participates in contacts between two domains that stabilize the antibody fold. For Trp103 to form

Figure 16. Structure of mAb 19G2-bound ligand
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an exciplex with the trans-stilbenoid ligand, the interface between the two domains must rearrange.
This interdomain distortion generates a surface depression that creates a portal to the deep binding
pocket (Figure 17A).

Figure 17. Blue fluorescence in mAb-ligand complexes. A. View of the unbound structure of mAb 19G2 (PDB 1FL3). B.
View of trans-stilbenoid ligand 317 bound to mAb 19G2 showing apparent face-to-face m-stacking interaction, potentially
leading to exciplex formation & blue fluorescence upon excitement (PDB 1FL3). C. Jablonski diagram illustration of electron
transfer with excitation at 327 nm and emission at 410 nm upon the binding of the ligand. D. Members of the Janda mAb library
bound to the trans-stilbenoid ligand showing the degree of blue fluorescence as a function of mAb. Panel D republished with
permission from ref 404. Copyright © 2000 The American Association for the Advancement of Science.

Upon UV irradiation in solution, the mAb 19G2 complex displays blue fluorescence
(Figure 17A). The origins of this blue fluorescence are thought to lie in the positioning of the
distal phenyl ring of the stilbenoid ligand being involved in a face-to-face m-stacking interaction
with the indole ring of the tryptophan-103 residue.*** The crystal structure of the mAb 19G2
complex at low temperature (100 K) was unchanged compared with the structure at 277 K, which
indicates that main chain and side chain atoms of the antibody active site and the atomic
coordinates of the bound stilbene are rather fixed.*** This structure establishes the key role played
by Trp103 in the observed blue-fluorescence arising from presumed exciplex formation with the
bound trans-stilbenoid ligand.*%*

4.2. Discovery of Antibody Showing Enantioselective Fluorescence with Stilbenoid Analytes

As mentioned, the Janda team developed a series of monoclonal antibodies (mAbs) prepared
against the trans-stilbenoid hapten 326; they then recognized that this might be the basis of a screen
for enantioselective catalysis.*** The authors discovered that upon binding such stilbenoid species,
the antibody coded mAb 19G2 produced blue fluorescence in high quantum yield (excitation 327
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nm; emission 410 nm ¢f = 0.78 + 10%). Follow-up work by Janda and co-workers in monoclonal
antibody fluorescence led to the discovery that this same antibody could show significant

enantiodiscrimination. Thus, trans-(S)-327
(Figure 18) upon binding to the mAb, afforded
bright blue fluorescence whereas its enantiomer
failed to give much discernable fluorescence.*"?

H,N™ ~CO,Me COZMe Later, Janda and co-workers explored the

S)-327 (R)-327 enantioselective fluorescent sensing technique to
evaluate a pool of chiral transition metal-salen
catalysts in the asymmetric epoxide opening
reactions utilizing blue fluorescent antibody
sensor 19G2.4%2 Enantiomerically pure (R)- and (S)-phenethylamine were coupled with different
stilbene chains (328-331), and fluorescence properties were measured by utilizing the mAb 19G2

(Figure
O O Me 19).42 The
O dagae
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Figure 19. Structures of trans-stilbene tagged phenylethylamines.

Figure 18. Blue-fluorescent mAb 19G2 ligands for
asymmetric non-proteinogenic AA synthesis.

fluorescence intensity of S-327 enantiomer is 1.2 times compared to its R-enantiomer yet the
stereocenter is eight bonds apart from the stilbene moiety. Compounds bearing shorter spacers
between the stilbene moiety and the stereocenter (328-331) showed less or very weak
fluorescence.**

The rationale put forward for the observed weak fluorescence was based on a-
phenylethylamine moiety, which in the case

H H H of compound 328 is outside the binding
AF/NYQ Ar/NW*/COZtB“ A,,/N\T/COZME pocket of 19G2 and may affect the
Me Me Me conformation of stilbene moiety, leading to

332 333 334 the diminished fluorescence intensity

observed. This experiment led to a more

H H Me
N COH N H detailed study of variety of chiral amines
A \M(e o \J;\OH Ar” \)*\OH attached to frans-stilbenoid tags 332-337
335 336 337 (Figure 20). The (S)-enantiomer of 337
showed 3.1 times the fluorescence of its (R)-
Ar= O \ O S enantiomer counterpart, when complexed

with 19G2.42 The dissociation constant Kp
Figure 20. Structures of trans-stilbene tagged chiral amines. for the (S)-enantiomer was 31 uM compared

to 6.4 uM for the (R)-enantiomer. However,
the magnitude differential in these dissociation constants is not sufficient to explain the difference
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in fluorescence emission, which is based on the experiment performed where an excess of 337
enantiomer is incubated with 19G2.40?

4.3. Chiral Sensing with the Blue Fluorescent Antibody for Enantioselective Metal-Salen
Catalyzed Epoxide Opening

The Janda group explored Jacobsen’s catalyst in the asymmetric opening of epoxide (Scheme 44)

Scheme 44. Catalytic Asymmetric Opening of
Epoxide Using Jacobsen Catalyst for the Synthesis

of Trans-Stilbene Tagged Amino Alcohol

and performed a screening of the catalyst by
using the blue-fluorescent antibody mAb
19G2.42 The racemic epoxide was treated
with TMS-azide in the presence of metal-
salen catalysts. This provided azido alcohol in
four different enantiomeric purities and these
products further converted to 341 by attaching
trans-stilbene moiety.*%?

To establish a calibration curve,
standard chiral mixtures of defined
enantiomeric purity, >99.99% ee, 50% ee,
0% ee each of (R)-337, and of (S)-337 were
prepared as solutions in DMF. A standard
calibration curve was established by
measuring fluorescence as a function of ee
with 19G2. The results were cross-checked by
comparing with chiral HPLC, showing good
reliability of the fluorescence sensing method.
Not surprisingly, the classical Jacobsen
cobalt-salen catalyst 344 gave the best results
with this test substrate, showing >99% ee with
the new Ab-based readout, solidifying the
technique.*’?

4.4. Application of Blue-Fluorescent Antibody to Chiral PTC Library Screening for

Asymmetric Unnatural Amino Acid Synthesis

Chiral phase-transfer catalysts (PTCs) based upon cinchona alkaloid-derived quaternary
ammonium salts have been workhorses for methodology development in the areas of asymmetric
C-C and C-heteroatom bond formation.**>4% QOptimization studies of such reactions involving

chiral phase transfer catalysts

Scheme 45. Application of mAb 19G2 for Catalyst Screening: Using (PTCs) are challenging as

Cinchona Alkaloid-Based PTCs for Unnatural AA Synthesis multiple  variables including
Fn catalyst structure, solvent,
temperature, and metal-

Ph
>~
)\NAcone
346

Ph

(i) Cinchona-derived catalyst
KOH, toluene/CHCI;, 0 °C  MeO,C

/\/©/\Br
Ph =

347
(i) ACOH, THF, H,0

* counterion must be examined.
Approaching a similar task in
1997, Reetz and co-workers
developed one of the first high
throughput  screening (HTS)

=
oh methods  for the parallel
(R) and (S)-348 determination of reaction ee
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values using UV/Vis spectroscopy.*’” Other such HTS methods include hose using IR-
thermography, circular dichroism, capillary electrophoresis, fluorescence, mass spectrometry,
chemo-sensing, competitive immunoassays, and enzymatic methods have also been
utilized.*1#>6168337  That said, most of these HTS methods have been used to screen the
asymmetric reduction or hydrolysis reactions.

Against this backdrop, Janda and coworkers set out to be the first to demonstrate such a
screen for a single monoclonal antibody platform, using their mAbs 19G2 for discriminating
enantiomers.*”® The study revealed that mAbs 19G2 shows high selectivity for chiral trans-
stilbenoid-derived amino acid ester (S)-327 (Scheme 45). The (R)-antipode of 327 does bind to
19G2, but only the 19G2-(S)-327 complex exhibits blue-fluorescence.**® Therefore, 19G2 was
further utilized for screening the library of derivatized PTC cinchona alkaloids for the asymmetric
o-alkylation (Scheme 46) by using a fluorescence plate-reader format for the rapid estimation of
alkylation product ee values.

A library containing 35 cinchona alkaloid ammonium salts was synthesized in high yield
and with high purity by routine synthesis (Scheme 46).*”> The derivatives of cinchona alkaloid
ammonium salts were screened for the alkylation reaction of the N-(diphenylmethylene)glycine
methyl ester 337 with 4-bromomethyl-trans-stilbene (Scheme 45). The benzophenone Schiftf’s
base N-protecting group in 348 was then cleaved by mild acid hydrolysis, providing the mixture
of enantiomers (S)-327 and (R)-327.% The ee values of the 35 product mixtures were determined
using a calibration curve prepared by measuring the fluorescence of mixtures of (S)-327 and (R)-
3277 of defined ee.* The fluorescence values for each of the 35 product mixtures were obtained,
and the corresponding ee values were calculated. The accuracy of HTS was cross-checked by
randomly selecting 10 samples from HTS screening and analyzing further by chiral HPLC. The
fluorescence sensor and HPLC measurements were quite comparable, showing agreement within
10%.43

Scheme 46: Preparation of a Cinchona Alkaloid-Derived Catalyst Library
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The blue fluorescent mAb sensor method helped to identify highly performing chiral
catalysts competitive with the best previously reported chiral PTCs for such chemistry in the
literature. This method has advantages of (i) sensitivity, allowing for fluorescence detection on a
small amount of sample (10 nmol) and of (ii) throughput, allowing rapid ee screening in microtiter
plate format and of (iii) high accuracy. It remains to be seen how many antibodies can be
discovered or engineered to display this fascinating and useful property of ligand-induced
fluorescence, presumably via exciplex formation, and to do so with a high level of
enantiodiscrimination as well. This sort of sensing is likely to function best for reactions that
involve products possessing aromatic rings, systems that might interact with tryptophan residues
in the sensing Ab. The Janda work with blue-fluorescent mAb 19G2 certainly sets a valuable and
informative precedent for future research in this direction.

5. Nucleic Acid-Based Screening Methods
5.1. DNA-Templated Methods

In the past decade, advancements in DNA-based technology have been pivotal for research
in both the reaction discovery enterprise and in the chemical biology/medicinal chemistry
space. For the former area, both DNA-templated reactions and DNA-encoded reaction
technology have played a major role and both fall squarely under the purview of this
review. For the latter area, DNA-encoded library (DEL) technology looms large and has
had a profound effect on both academic and pharmaceutical industry research laboratories.
The remarkable efforts in the DEL area are, in turn motivated by the success of chemical
biology in teasing out new targets or uncovering new motifs for binding to established
targets.  Indeed,
the growth in DEL
activity parallels
the rise in the use
of chemical
biology probes to
better understand

disease
progression  and,
to identify

potential leads in

the development

of new

pharmaceutical

candidates, many

of which act on

various

biochemical

pathways. 0

Advantages of

using these DNA

technologies, in

Figure .21. Synthesis.directed by end-of-helix E template. Representation of hydrogen bonding general, include
interaction of base pairs. the ability  to
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Figure 22. Synthesis directed by hairpin helix H template. Representation of hydrogen bonding interaction of base pairs.

sequence and amplify DNA at will. Also driving this field have been the notable advances

in selection methods for small molecule discovery with an attached DNA
sequence.3289:90380.409-457

We begin this section on biomacromolecular technologies centered around DNA
with a brief historical perspective. In 1992, Brenner and Lerner developed a solid-phase
library, where selection occurred for an immobilized target.*®® Unfortunately, this early
example had the limitation of native conformational loss of immobilized targets. To
improve upon this method, Liu and coworkers developed an Interaction-dependent PCR
(IDPCR) selection method by utilizing DNA proximity to promote DNA hybridization of
a self-priming hairpin.*?**>* Moving on to a non-immobilized method, Li and coworkers
developed a DNA-programmed affinity labeling (DPAL) selection. Here, a photo-
crosslinking moiety with the use of UV irradiation leads to a covalent attachment, *47:449:4%
Other DNA selection methods that have been developed include encoded self-assembled
chemical libraries (ESAC) by Neri and coworkers,*'241® proximity ligation assays (PLA)
by Landegren and coworkers**>*® and binder trap selection by the Vipergen biotechnology
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company.**#0 Extensive and informative reviews can be found in the literature on the
development of amplified libraries of non-natural small molecules with the translation of
DNA into synthetic structures.3%-20:461:462

5.1.1. Proof of Principle for Specific DNA-Encoded Reaction Pairs

Figure 23. A model of translation, selection and amplification of synthetic molecules that bind streptavidin from DNA-encoded
library. Synthesis directed by end-of-helix (E) DNA templates with 1,025 total starting materials and 1,025 total reagents.

Innovation of in vitro DNA-encoded libraries has been an enabling force for the reaction
discovery process, increasing the probability of evaluating successful combinations of potential
reactions among substrate library members. An early example from Liu and coworkers relied on
DNA to direct chemical reactions by synthesizing reactants of interest bound to complementary
DNA strands.*® This method was supported by solution-phase DNA-templated synthesis
containing hairpin and end-of-helix templates. Both templates were covalently attached at the 5°-
end to an electrophilic maleimide group and at the 3’-end to a nucleophilic thiolate group, thereby
yielding thioether products (Figures 21-22).3%* Extensive work in this area, using end-of-helix
templation, demonstrated the ability to orchestrate sequence-specific DNA-templated reactions
with examples including Sn2 substitutions, additions to a,B-unsaturated carbonyl systems, and
additions to vinyl sulfones with nucleophiles such as thiols and amines, 34463464
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Proof-of-principle ~ for DNA-
templated  parallel  synthesis  was
established whereby a library of 1,025
maleimide-linked E templates were
synthesized (Figure 23). Each contained
an eight-base encoding region, and one of
the sequences was chosen to code for a
biotin attachment to the template.’®* A
library of thiolate-containing reagents
linked to 1025 different oligonucleotides
was also constructed. Bond formation
leading to product was selected in vitro
upon binding to immobilized streptavidin.
This was followed by PCR-amplification
and analyzed by restriction digestion, a
process that cuts only the biotin-encoding
template. These findings show the
potential of using DNA-templated
synthesis to study water-compatible
organic reactions, 384463464

Figure 24. DNA-templated synthesis via nucleophilic and

conjugate addition.

5.1.1.1 Reaction Scope with DNA-Templated Platform
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Early on, Liu and co-workers explored a DNA-templated platform for reaction discovery, and
chose to demonstrate this with conjugate addition and Sn2 reactions (Figure 24). This approach
was piloted on DNA-templated electrophiles 360a-g and DNA tagged thiolate reagent 359a and
proved to be successful.*®* A DNA-templated amine 359b was efficiently used as a nucleophile
for conjugate addition on electrophiles 360d and 360e (Figure 24).-

Scheme 47. An Overview of DNA-Templated Bond Formation Across a Range of Chemistry

After establishing the viability of DNA templation to direct conjugate addition and Sn2
reactions, Liu and coworkers expanded the scope of DNA-templated synthesis to include a wide
range of synthetic transformations. Thus, the Liu team explored DNA-templated reductive
amination, peptide coupling, nitro-aldol, nitro-Michael, Wittig olefination, and 1,3 dipolar
cycloadditions. The authors also reported on DNA-templated transition metal-catalyzed coupling
reactions (e.g. Heck reaction) (Scheme 47).>3* DNA templated synthesis was first utilized in a
reductive amination reaction involving amine 36la and aldehyde 362a (Scheme 47) in the
presence of NaBH3CN (MES buffer, pH 6) and proved to be efficient.
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A C-C bond forming nitro-aldol (Henry reaction) was explored in DNA-templated format,
whereby nitro-alkane 361b linked to a DNA template was reacted with template-linked aldehyde
362b, giving expected product 363b (Scheme 47) with high sequence specificity at pH 8.5 and 25
°C in [2-hydroxy-1,1-bis(hydroxymethyl)ethyl]amino-1-propanesulfonic acid (TAPS) buffer.
Sequence-specific DNA-templated Wittig reactions were also examined. Here, coupling between
phosphorus ylide 361¢ and aldehyde 362¢ (pH 6.0-8.0, TAPS buffer) afforded compound 363¢ in
excellent yield at 55 °C. The study also featured a 1,3-dipolar cycloaddition reaction between
nitrone-linked reagent 361e and vinyl sulfone 362f as well as maleimide template 363e at pH 7.5.
The expected cyclic products 363e and 363f, respectively were each produced in moderate yield.

Liu and coworkers also applied a DNA-templated approach to a transition-metal-mediated
Heck reaction in an aqueous medium at pH 5.0. Here, in the presence of Na,PdCly | aryl iodide
361d and olefin 362d provided a moderate yield of 363d (Scheme 47). Reaction scope was further
expanded to different olefin-linked templates including maleimide, acrylamide, and vinyl sulfone
functionalities. Reaction yields were improved by premixing two equivalents of P(p-SO3CsH4)3
per equivalent of Pd pre-catalyst. Control reactions containing mismatched sequences or lacking
the Pd-pre-catalyst yielded no product.

DNA-templated peptide bond formation was successfully conducted by employing a
water-stable activator, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMT-MM)  or  1-(3-dimethylaminopropyl)-3-ethylcarbodiimide =~ (EDC), and  N-
hydroxysulfosuccinimide (sulfo-NHS) at pH 6.0 and 25 °C (Scheme 48). An optimized protocol
was established using
chiral amines 364a-b
and chiral carboxylic
acid 365c. DNA-
templated synthesis of
diverse chiral amides
is a striking feature of
this novel DNA-
templated approach.

Scheme 48. DNA-Templated Amide Bond Formation

5.1.2. Reaction Discovery Enabled By DNA-Templated Synthesis via Disulfide Cleavage
Selection and DNA Microarray Readout
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The first reaction discovery effort using DNA-templated chemical libraries was developed by Liu
and coworkers (Figure 25).4”” The method relied on a selection-based approach via simultaneous
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Figure 25. Reaction discovery enabled by DNA-templated synthesis and in vitro selection. A general one-pot selection method. A.
Two pools of DNA-linked organic functional groups that associate each An x Bm substrate combinations with a unique DNA
sequence, followed by bond formation and avidin pull-down of successful reaction. B. Structures pool A and B substrates before
labeling with an acid functionalized substrate. C. Detection of bond-forming reaction by PCR amplification and DNA-microarray
analysis. Spots that are significantly green suggest bond forming reaction, the yellow and orange represents the ratios of Cy3 to
Cys5 fluorescence and red represent no reaction.

evaluation of a large population of molecules in a single aqueous solution to discover
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all possible bond-forming reactions. This process, conducted at nanomolar concentrations, took
place on a solid-phase platform where functional molecules can be easily separated from inactive
variants. This discovery approach utilizes complementary DNA strands under templating
conditions that lead to millimolar effective molarities, thereby enabling reactions at a significant
rate. Reactions with non-complementary DNA strands do not benefit from such proximity effects
and thus behave a true nanomolar concentration systems, leading to insignificant reaction rates.
The screening process is designed by preparing two pools of DNA-linked substrates. Pool A
contains n substrates covalently bound to the 5’-end of a set of DNA oligonucleotides that contain
one coding region and a specific annealing region.*” Pool B contains m substrates covalently
bound to the 3’-end of a set of DNA oligonucleotides that contain one coding region, a spacer with

Figure 26. Screen design and microarray analysis after avidin pull down selection. A. Coupling partners scaffolds. B.
Screening result by DNA-microarray. The reactions were performed under five different conditions: EDC, sNHS at 25 °C
for 1 h; Pd(II) at 37 °C for 1 h; Pd(II) at 25 °C for 20 min; Cu(I) at 25 °C for 10 min; and Reaction with no metal. Spots that
are significantly green suggest bond forming reaction, the yellow and orange represents the ratios of bond/no bond formation
and red represent no reaction. Panel B republished with permission from ref 409. Copyright © 2004 Springer Nature

biotin, and a disulfide group (Figure 25).4%

Therefore, reactants are bound to complementary DNA strands and brought together via
complementary base-pairing. In solution, various mixtures of these compounds are mixed while
the annealing DNA code is used to bring the two reactants together in close proximity, mimicking
an intramolecular transformation. If a bond is formed, the biotin becomes covalently linked to the
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DNA strand encoding for the successful reactants. Thus, cleaving the disulfide uncouples biotin
from unproductive reactions. Avidin pull-down is used to isolate successful reactions, followed by
subsequent PCR amplification and DNA microarray analysis, highlighting the substrates that
reacted by reading the code on the bound DNA (Figure 25). The microarray-based method
provides a global profile for decoding complex populations of DNA sequences. The microarray
contains all complementary DNA sequences (cDNA) possible for each pool member.**

This approach simultaneously evaluates bond formation between any two substrates of a
large collection of candidates under different possible reaction conditions (Figure 26).** The
screening method highlights the ability of reaction discovery directed by nucleic acids effective
molarities and in vitro selection and amplification. The first screening was performed with a
combination of substrates divided up into pool A and B, respectively. The substrates were outfitted
with different reactive and non-reactive functional groups including ketones, carboxylic acids,

Scheme 49. Example of a Reaction Combination Performed by azide, cyano, epoxides, alkenes,

the First Generation of Reaction Discovery Enabled by DNA- alkynes, and. cycles (Figure 26A).
Templated Synthesis and in Vitro Selection. The Structure of the The Coupllng partners  were
Reaction Products was Analyzed by MALDI-TOF. subjected to various conditions, in

a metal free, Pd(Il) and with
carboxyl-activating agent EDC,
(Figure 26B). This work resulted
in metal-catalyzed cross coupling
reactions by employing a
Na;PdCly pre-catalyst (Figure
26B). The discovery highlights a
Pd(I)-mediated coupling reaction
between alkynamides and alkenes
to yield trans-o,B-unsaturated
ketones (Scheme 49).

This method allows for the
possibility of evaluating thousands
of combinations of substrates and
reaction conditions in a two-day
experiment. Requirements of this
approach are based on: (i) the need
for conditions and catalyst to be
compatible with DNA, (i)
specialized techniques and PCR
machinery, and (iii)) DNA
microarray machinery.*"
Limitations include (i) the need for

DNA library design, (ii) the need for a water-soluble catalyst, and (iii) low-temperature conditions
to facilitate DNA hybridization. Also, the microarray-based method is not suitable for analyzing
DNA libraries with highly similar encoding sequences. Therefore, it is limited to the number of
probes that can be arrayed on a chip.”
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5.1.2.1 Initial Hit: Macrocyclization via Pd-Mediated, Oxidative Amido-Alkyne/Alkyne

Coupling Reaction

Liu and coworkers discovered a novel reaction via DNA-templated synthesis involving
highlighting an intramolecular Pd(II)-mediated carbon—carbon coupling between a simple terminal

alkynamide

Scheme 50. Synthesis of Macrocycle via Pd (II) Catalyzed Alkyne-Alkene Coupling also

x containing a

o H S5 o terminal

= H NH .
H 0 affording
370 371 ;

O macrocyclic

trans-enone

(i) 1 equiv. NazPdCly, 1 M NaCl in Hy0, 25 °C, 15 h, 86% (ii) 5 mol% NazPdCly, 1 equiv. CuCla,  product 371
100 mM NaCl in H,0, 25 °C, 2 h, 90% (iii) 5 mol% Na,PdCl,, 1 equiv. CuCl,, 9:1 THF:H,0, 25 °C

(Scheme

4 h, 91% (iv) 15 mol% Na,PdCly, 1 atm O,, 9:1 THF:H,0, 25 °C, 14 h, 73% (v) 1 equiv. CuCl,,

409 S4d
100 mM NaCl in H,0, 25 °C, 4 h, 0% (vi) 1 equiv. CuCl, 100 mM NaCl in H,0, 25 °C, 4 h, 0% 50). Initial

studies of this
novel process in the presence of 1 equivalent of Na,PdCly catalyst, 1M NaClgq) resulted in the
formation of a 20-membered macrocyclic trans-enone product 371 as a single olefin stereoisomer
in 86% yield (15 h).

This  synthetic
transformation was
conducted using a non-
DNA-templated format,
confirming the reaction
is compatible to 109-fold
scale compared to a

Scheme 51. Plausible Mechanism for Pd (II) Catalyzed Alkyne-Alkene

& Z
371 [O] le)
andﬂ — HN (@]
LoPd" H NH

H /r
N
Pd'lL, O
VA 370

oxidative C-C coupling,

| DNA-templated  form.

0@ © (ioj‘ P L; This process,

H | OQ representing an
HN

NH was attempted using

0o H,0 CuCl, and air for

372 recycling catalytic Pd(0)

to  Pd(Il), whereby

expected product was

LPd” Pd'Ly yielded (90%). The

ﬁ = reaction  was also

HN o ©OF O;j coinpatible with mi;id

Pd'L, NH solvent systems like

o~ j Il THF-H,0.  Further,

O o ~"0 exclusive use of Oz as an

\ M0 1 / 37 oxidant provided the

H j expected product, albeit

at a slower rate, whereas
374 CuCl, and CuCl proved
to be ineffective.
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A plausible mechanism is depicted in Scheme 51 and suggests activation of the alkynamide
with Pd(II), providing cyclic oxypalladation intermediate 372 followed by hydration leading to
acyclic intermediate 373. Subsequently, an intramolecular Heck reaction on intermediate 373
provides Pd-alkene complex 374. Next, B-hydride elimination generates a Pd-alkene complex
375, and sequential internal hydrometaltion followed by [-hydride elimination results in
migration of the olefin into conjugation with the carbonyl in 376. Finally, the ligand exchange step
releases the a,B-unsaturated ketone 371 and Pd(0), which is oxidized by air to regenerate Pd(II).

In follow-up work, the Liu group further investigated this novel Pd(I)-catalyzed oxidative

coupling of alkenamide and alkenes to gain more mechanistic insight (Scheme 52A).*° The
authors carried out an oxygen-labeling experiment which was performed between N-benzyl-N-

Scheme 52 A. Reaction scope of Pd(II)-Catalyzed Intermolecular Coupling of methylpent-4-
Alkynamides and Alkene and A Plausible Mechanisms for Cyclic Oxypalladation ynamide 377 and
Intermediate. styrene in MeCN-
H,'"0 (3:2).
Analysis of the
70 NMR showed

the presence of a

broad peak at

318.5 ppm,

characteristic of a

labeled  "O=C

bond present in

379. This

observation

strongly supports

the  mechanism

proposed in path

A (Scheme 52B),

which  proceeds

via cyclic

oxpalladation

intermediate 380, followed by subsequent hydration by H2!’O to release product 379. In contrast,

path B represents a mechanism that would proceed via acyclic intermediate 381, resulting from

the direct hydration of a Pd(II)-alkyne complex which would have resulted in an expected enone

70=C peak during the 7O NMR analysis for compound 382, which was not observed in this
experiment (Scheme 52B).

Notably, this process tolerated styrene, a-methylstyrenes, as well as unactivated long-chain
olefins, affording a variety of terminal alkenes (99:1 E/Z) and good to excellent regioselectivity (
>5:1t0 >20:1) (long chain alkenes: styrenes). However, this protocol had one limitation in the case
of the alkyneamide. It was observed that pentynamide or hexynamide proved to be successful
compared to propyn-, butyn- and heptynamide. This could be rationalized by considering the cyclic
oxypalladation mechanism proposed. Here, the cyclic oxypalladium intermediate 380 may not be
forming due to increased strain in the case of propyn-, butyn- and heptynamide, in contrast to the
pentynamide or hexynamide systems.

5.1.2.1.1. Hit Elaboration: Other Macrolide Formation
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Related to the Liu-chemistry just described, Shridharan and coworkers established a Pd(II)-
catalyzed nucleopalladation-initiated cascade approach to construct seven-membered benzo-fused
nitrogen/oxygen heterocycles (Scheme 53A), which represent an important class of natural

roducts. This high atom-
Scheme 53 A. Intramolecular Syn-Oxypalladation-Olefin Insertion sp2- P &

C-H Activation B. A Plausible Mechanism for the Syn Oxypalladation- and step-economwal
Initiated Cascade cascade sequence

generated two heterocycle

rings (seven and five

carbon fused) with three

new bonds in a single

synthetic operation.*®> The

process involves activating

alkyne 383 wvia Pd(I)

catalyst  followed by

intramolecular syn-

oxypalladation to generate

o-vinyl-palladium

intermediate 386  via

species 385 (Scheme 53B).

Subsequent olefin insertion

comprising a 5-exo-trig

cyclization generates

intermediate 387 bearing

the furanone ring system.

The B-hydride elimination

is forbidden due to

geometrical ~ constraints.

Further, the o-chlorination

process involving sp?> C—H

bond activation via 6-n-G

rearrangement of

intermediate 387 to deliver

species 388 via w-

benzylpalladium(II) species involving the dearomatization reaction. Subsequently, re-

aromatization followed by the CuCl;-2H>0-mediated ortho-chlorination-oxidation sequence

afforded the desired product 384 via intermediate 388, and regenerating the Pd(II) species in the
catalytic cycle.

5.1.2.1.2. Hit Elaboration: Six-Endo-Dig Cyclization Reactions

In 2012, Alvarej and coworkers reported the synthesis of various substituted isochromen-
1-imine-based structures (Schemes 54A & 54B).*°%467 The intermolecular and intramolecular
nucleopalladation followed by Heck-type coupling on substrates 390 and 393 are reported,
providing substituted isochromen-1-imine units 392 and 394. Gouverneur and coworkers have
established a novel palladium(II)-catalyzed Wacker-Heck process whereby two different electron-
deficient species, hydroxy-ynones 395 and ethyl acrylate are coupled, providing highly
functionalized dihydropyranones 396 in modest yield (Scheme 54C).*® The diene resulting from
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this novel synthetic transformation is a key synthetic building block for the total synthesis of
mycalamide A.

Scheme 54. Synthesis of Substituted Isochrome-1-Imines 5.1.2.1.3. Hit Elaboration:
Five-Endo and Exo-Dig

Cyclization Reactions

The alkynamide scaffold,
a generably valuable synthetic
precursor, has been used in the
synthesis of nitrogen-containing
heterocycles via transition metal-
catalyzed intramolecular
aminometallation. In 2016, Jiang
and co-workers described the Pd-
catalyzed intramolecular
cyclization of alkynamide enyne
397 to afford the heterocyclic
compound 398 and 399 (Scheme
55 & B).** An amide-assisted
Pd-catalyzed intramolecular O-
nucleopalladation followed by 6-
endo-trig  Heck  cyclization
yielded compound 398 from
enyne 397 (Scheme 55A).*¢° In
contrast, switching from 6-endo-

A. Intermolecular  coupling. B. Intramolecular coupling via trig Heck cyclization to 5-exo-
nucleopalladation/oxidative Heck reaction. C. Pd(Il)-catalyzed Wacker-

Heck reaction for the synthesis of dihydrpyranone. tr g Heck cydlzatlon via

judicious choice of oxidant from
0> to CuClr gives 399. This is an example of tuned reactivity from a Heck 6-endo-trig annulation
to a 5-exo-trig cyclopropanation by varying oxidants yielded compound 399 in a moderate to good
yield (Scheme 55B).

Scheme 55. Pd-Catalyzed Intramolecular Heck Reactions

A. l B.
2

10 mol% PdCl, NTs 10 mol% PdCl, N
0 20 mol% TBAB CuCly.H,0 (2.0 equiv.) o)
MeNO,MeCN (10:1) || Ox-Me 20 mol% DABCO
NH - Y NH
H-0 (4 equiv.) NH MeCN, rt /&
Me™ 0 O, balloon, rt Me™ ~0O
398 397 399

A. 6-endo-trig Heck cyclization. B. 5-exo-trig Heck cyclization reaction.
5.1.2.1.4 Hit Elaboration: Intermolecular Amido-Alkyne/Alkene Coupling Reactions

Generally, previous reports have shown the trend in the intramolecular cyclization
involving an alkyne was to activate the triple bond with a transition metal catalyst followed by
nucleophilic attack and a subsequent Heck reaction. However, in 2013, the Zhu group reported the
first effective cross-coupling reaction bearing two nucleophilic centers involving o-alkynyl
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anilines and o-alkynyl benzamides (Scheme 56).*”" Interestingly, the reaction proceeded via
selective coordination of Pd-catalyst to the alkyne moiety of o-alkynylaniline followed by 5-endo-
Scheme 56. Cyclization via Cross-Coupling Between o-Alkynylanilines and dig aminopalladation
o-Alkynylbenzamides and A Plausible Mechanism for the Reaction 403. The intermediate
5-endo-dig cyclization
formed via amino
carbopalladation  on
compound 401 gets
intercepted with
compound 403 via 5-
exo-dig
oxypalladation.

Finally, the reductive

elimination of 405
provides 402 and
involves two different
heterocycles  linked
via the double bond.
This novel
methodology provides
easy entry into diverse

substituted
heterocycles  along
with minor dimerized
products of alkynyl
amines.

5.1.3. Novel DNA Architectures for DNA-Templation

5.1.3.1. Use of a Double-Templated DNA Ternary Complex with Selection by Photocleavable
Linker and PAGE Readout

Li and coworkers developed a system which does not require a pull-down mechanism to
selectively choose the positive hit reactions.** Their report shows a proof of principle utilizing
photocleavable oligonucleotides, which can be synthesized by automated DNA synthesis with
phosphoramidites. This method required the bond formation between substrate A and B (Figure
27), keeping the DNA strands in proximity to one another, due to the hydrogen-bonding
interactions between the complementary base-pairs. Reaction bond formation followed by
subsequent irradiation with light at 365 nm cleaves the photocleavable linker. The DNA strands
with substrates A and B undergoing bond formation retain the ternary complex structure, and with
the next step of religation by DNA ligase, a new template is formed. However, the DNA strands
for substrates A and B that fail to undergo bond formation lose the hydrogen-bonding interaction
between complementary base-pairs, and non-templated religation occurs.**® This process allows
the selectivity of the hit reactions to be determined by comparing the quantity of religated
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templates for bond-forming vs. non-bond-forming reactions. Then, the qPCR threshold value
(AC7) 1s used to quantify the difference between the two cases.

Developing this screening method required an initial determination of how many bases
between the reaction site and photocleavage site were needed to promote optimal selectivity,
without hindering the ligase-mediated re-ligation process. Optimized results led to incorporating

Figure 27. Approach to DNA-templated synthesis system for bond formation detection by using photocleavable linker.
DNA-templated synthesis using where A and B are the different substrate. PNK/ E. coli ligase was used for the re-
ligation step and the PCR primer binding sites are located at the end of the template strand.

a PEG linker with 5 base-pairs, utilizing polynucleotide kinase (PNK) and E. coli DNA ligase.**
This DNA-templated system was applied in a proof-of-principle study with known reactions such
as amidation, reductive amination, and azido-alkynyl click-reaction. The reaction progress was
monitored by PAGE, and quantification was done via qPCR. Note that the selection capabilities
of this system were proven by studying the bond-formation events versus a background of non-
bond-forming DNA strands. By utilizing this selectivity method, a ratio of bond-forming to non-
bond-forming events could be determined. Importantly, the process of photocleavage, ligase and
qPCR afforded a high-enrichment fold for bond-forming results, proving to have a system with a
capable detection limit comparable to other PCR amplification selection methods.**

5.1.3.2. Exploration of Double-Helix-Templation with Intervening Elongator (E10) or Loop
(Q5) Sequences with Selection by Sulfone Cleavage and MALDI-MS Product Identification

Advances in reaction discovery using DNA-templated synthesis promoted the urge to design a
suitable system compatible with reagents and catalysts that are water sensible. Inspired by this,
Liu and coworkers designed a DNA-templated synthesis method that is supported in organic
solvents. 4’! This method enables further studies to be conducted with reaction manifolds that are
not tolerated in aqueous environment. Demonstrating the stability of DNA double-strand
hybridization interaction in organic solvent conditions is a highlight of this work.*’! Guided by
previous results, it has been demonstrated that in the presence of ammonium salts, DNA phosphate

groups form ionic interactions, further enabling the complex to be soluble in organic solvents.*>
476

87



Liu and coworkers designed an approach supporting DNA-templated synthesis in organic
solvents with different DNA-template architectures. This approach allows for pre-hybridization in
aqueous solvent followed by transfer to an organic solvent and mixed with the relevant reaction
conditions (Figure 28).*’! Specifically, the study involved (i) pre-hybridization in aqueous solvent
of functionalized DNA strands, (ii) transfer of the complex to organic solvent under the pertinent

Figure 28. Approach to DNA-templated synthesis in organic solvent. A. Reaction studies with DNA pre-hybridization
under aqueous conditions, followed by bond formation reaction under organic solvent conditions. Bond-formation
product was selected by Avidin pull down and the analysis was performed by DNA PAGE gel and MALDI-TOF
analysis. B. Representation of the structures attached to the DNA strands.
reaction conditions, (ii1) analysis of the denaturing PAGE gel and Avidin pull-down followed by
cleavage of the linker, and (iv) MALDI-TOF analysis (Figure 28A).*”! This method required for
each DNA strand to be functionalized, the template is composed by a 5 linker attached to the
substrate of interest Ax and the complementary strand is composed of a 5’-biotin and 3’-linker
attached to the substrate of interest Bx (Figure 28B).*"!
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Screening was done with four
different DNA template architectures:
E1 an end-of-helix with juxtaposed
reactants, E10 a long-distance end-of-
helix with ten intervening nucleotides
between the hybridized reactants and QS
an “omega” shape with a five-base loop
and a mismatched (noncomplementary
oligonucleotide) linked to reagents
(Figure 27)*! A proof-of-principle
study of this system was performed with
known reactions including amine
acylation of carboxylic acid with
primary amine, reductive amination of
aldehyde, Wittig olefination between
aryl aldehydes and phosphoranes, Pd(II)-
mediated alkene-alkyne coupling to
generate an enone, pyrrolidine-catalyzed

aldol reactions between an aldehyde and  Figure 29. DNA template architectures. A. Reaction scheme: (E1) end-of-

ketone. and Heck coupling between aryl helix with juxtaposed reactants, (E10) long-distance end-of-helix with ten

. 471 intervening nucleotides between the hybridized reactants, (Q25) a “omega”

iodine and alkene group. shape with a five-base loop. B. Representation of the structures of reaction
performed by amine acylation in organic solvent.

5.1.3.3 Hairpin Formation via DNA-
Templation with Selection via Disulfide Cleavage and Hairpin-Promoted PCR Readout

The DNA-templated system has been extensively studied to discover chemical reactivity.
However, most of the methods need solution/solid-phase manipulations to indirectly select the
library’s bond forming product under study. To prevent the extra step for synthesizing the biotin-
linked substrate, Liu and coworkers developed a new method which links bond formation products
with amplification of desired sequences by DNA intermolecular stability.*?° Notably, it has been
previously demonstrated that double-stranded oligonucleotides have different melting
temperatures (Tm) for intramolecular and intermolecular hybridization.*’”’”*”® The double-stranded
oligonucleotides with intermolecular hybridization within the base pairs have higher T than
intermolecular interaction.*’” Therefore, the authors envisioned that selective PCR amplification
could be used to differentiate DNA sequences presenting intramolecular from intermolecular
interaction structure.*?

The method consists of a DNA-templated system undergoing bond formation between
substrates of interests, leading to a self-priming DNA hairpin conformation (Figure 30).*° The
non-bond formation will result in intermolecular duplex conformation, where PCR amplification
will amplify only the sequences encoding DNA-hairpin formation (Figure 30).*>° The reaction
discovery method consists of a DNA strand with 5’end primer site, an encoding region for substrate
of interest, and a complementary region covalently bound to substrate A (Figure 30). The DNA
strand B contains a complementary region and a 3’end primer site with 8 nucleotide bases
covalently bound to substrate B (Figure 30). The DNA-encoded library was synthetized by joining
the DNA strands via a disulfide linker leading to a DNA hairpin structure (Scheme 57).
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Figure 30. General approach for bond formation through DNA-templated hairpin formation.

Liu and coworkers presented proof-of-principle by studying known chemistry. The first
reaction studied was an alkene and aryl iodine Pd-mediated Heck reaction in an aqueous buffer
(scheme 57).**° The reaction study selection was based on the idea that after the bond formation
occurs, the products will undergo disulfide cleavage, and only the bond-forming product will
remain with a DNA hairpin structure (Figure 31).*?° This hairpin structure will successfully go
through PCR amplification (Figure 31). The ability of this approach was also studied with other
known reactions such as Schmidt reaction in aqueous buffer and Cu(I)-catalyzed Huisgen
cycloaddition reaction in 10% aqueous buffer.*?

Figure 31 Reaction screening with hairpin DNA-templation and disulfide linkage via disulfide cleavage selection and hairpin promoted
PCR read-out.
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Scheme 57. DNA-Templated Synthesis of Hairpin Structure for Reaction Study of Alkene and Aryl
Iodine Pd-Mediated Heck Reaction

A. Synthesis for B substrate. B. Synthesis for A substrate and cross coupling reaction.
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Efficient PCR amplification of the bond-forming reaction product for this approach was
detected by PAGE. This method provided an efficient way to study organic reactions without using
solid-phase selection, which in theory allows for a more efficient screen involving DNA-templated
synthesis. However, this combinatorial screening method still needs to be further optimized to
expand substrate scope and reaction conditions to be able to be used in a high-throughput screen.

5.2. DNA-Ligation-Based Methods

5.2.1 Proof of Principle Platform for High-Throughput Screening of DNA-Encoded Catalyst
Libraries in Organic Solvents via Biotin-Avidin Selection and DNA Sequencing Readout

Many exciting transition metal-mediated transformation that are compatible in organic conditions
have been discovered. The use of bio-macromolecules in these discoveries provides the limitation
of not being exclusively organic soluble. However, several groups have reported DNA molecules
with surfactants and nanogels which improve DNA solubility in organic solvents.**4% For
example, Hili and coworkers developed a method to study reaction transformation in organic
solvent with modified DNA structures to increase its solubility.*® The authors approach consisted
of using a single-stranded DNA (ssDNA) conjugated to polyethylene glycol (PEG) to obtain an
amphiphilic structure able to solubilize in organic solvents and aqueous media.**® Their proof-of-
principle to screen reaction transformation using ssDNA was designed with an optimal nucleotide
length, an encoding region for the catalyst of interest, and two primer regions. The ssDNA
contained a 3’end reactant A site, 3’-end catalyst site and a 5’-end PEG site (Figure 32).*%° The
3’-end contained an alkynyl group to functionalize further enroute to reactant A by copper-
catalyzed click chemistry.*® The 5’-end was functionalized with a thiol group, which coupled to
the PEG maleimide (40,000 molecular mass).*® The functionalization of the ssDNA was assisted
by solid-phase DNA synthesis.**’

Figure 32. Single-stranded DNA-encoded architecture containing: 3’ end primer site, 12 nucleotide encoding region and 5° end
primer site. The ssDNA is functionalized at the 3” end with click site for reactant A attached to keto aldol reactant and with catalyst
and catalyst attachment site. The 5° end is functionalized with thiol-maleimide and PEG moiety.

The proposed screening method consisted of modified ssDNA and a reactant (B) attached
to a biotin tag. The reaction was performed in an organic solvent system and then the library was
dissolved in aqueous buffer followed by a selection process via biotin-avidin affinity (Figure
33).4%% The positive hits undergo PCR amplification and identification with DNA sequencing
(Figure 33). To demonstrate the efficiency of the method, Hili and coworkers used a system to
enrich the positive selection by adding an EcoRYV restriction digest site with the encoding region,
which allow it to be analyzed after restriction digestion, followed by PAGE analysis.*® Negative
control experiments were ran against this library containing only reactant A.*%
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The system was further optimized by studying an amine-catalyzed aldol reaction (Figure 33).
Various solvents were tested including 1,2-dichloroethane (DCE), acetonitrile (MeCN), heptane,
1,4-dioxane, and 1-octanol. **° The findings of this study show that the highest yields were
achieved when using DCE as the organic solvent. Hili and coworkers performed a high-throughput
DNA sequencing of the aldol reaction with a library of 16.7 million different 12-nucleotide
encoding regions to study its high-throughput screening potential.**’ It is important to note that for
all of these library members, no aldol catalyst was attached, thus they were all negative control
library members. For this study, an Illumina barcoded adapter did the screening readout instead
of restriction digest. The authors analyzed the results by PCR amplification and Illumina Mi-seq
paired-end sequencing, generating high-quality data. *®® This method demonstrated a proof of
principle of a high-throughput screen with a specific amine-catalyzed aldol reaction. Furthermore,
this method sets the stage for future studies looking at other transformations to be conducted.

Figure 33. Proof of principle for reaction screening with ssDNA-encoded in organic solvent via biotin-avidin selection and DNA
sequencing read-out. The system was used with an amine-catalyzed aldol reaction between reactant A ketone and reactant B aldehyde.

5.2.2. Reaction Discovery by Hybridization-Independent DNA-Encoded Reactions with
Disulfide Cleavage Selection and DNA Microarray Readout

Liu and coworkers developed a second-generation method for the reaction discovery by DNA-
encoded library.*!!**¢ This approach was implemented using DNA-encoded systems without the
need for reaction conditions that support DNA hybridization. Also, this system was well suited for
the discovery in organic solvents conditions. However, similar to Liu’s first-generation DNA-
templated reaction discovery approach,*?® the hybridization-independent reaction discovery
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Figure 34 A. Modular assembly strategy for the hybridization-independent reaction discovery system. B. A-type
and B-type oligonucleotides showing the reactive components structure.
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requires (i) DNA encoding, (i) DNA-programmed assembly of substrates pairs, (iii) in vitro
selection, (iv) PCR amplification, and (v) DNA microarray analysis.*!1:436

This hybridization-independent method requires a single strand of DNA outfitted with
desired substrate attached to each strand (Figure 34A).*'! The reaction discovery pool was
synthesized using three types of oligonucleotides labeled as A-type, B-type, and a primer extension
(PE). The A-type oligonucleotide is initially linked to A substrates, and the B-type oligonucleotide
is initially linked to B substrates (Figure 34B). However, to study the homocoupling interactions,
the authors prepared the A-type linked to B substrates and the B-type linked to A substrates.*!!

Scheme 58. T4 DNA Ligase Mechanism

Notably, the PE splint was used to extend the DNA strand for the A-type oligonucleotide (Figure
34A). The A-type is a 5’ to 3’ oligonucleotide comprised of 31-bases which include a unique 15-
base coding region, an 8-base constant region, an amino deoxyadenosine (dA), a substrate
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attachment site at carbon-6 (C6) of the linker (Figure 34B), and a 5’-phosphate group to undergo
ligation with the 3’- hydroxyl group of the B-type strand during pool assembly.*!! The B-type is a
5’ to 3’ oligonucleotide comprised of 5-bases a disulfide linker, a biotin group, and a 5> amide-
linked substrate (Figure 34B). The PE is a 5’ to 3’ oligonucleotide comprised of 30-bases which
include a 10-base antisense coding region to identify specific pool B substrates and an 8-base
constant region complementary to the A-type which serves as a template for the enzyme-mediated

Figure 35. Reaction discovery enabled by DNA hybridization-independent system and in vitro selection. A. general one-pot
selection method. B. Single strand DNA-linked organic functional groups that associate each An X Bm substrate combinations by
bond formation and Avidin pull down of successful reaction. C. Detection of bond-forming reaction by PCR amplification and
DNA-microarray analysis. Spots that are significantly green suggest bond forming reaction, the yellow and orange represents the
ratios of Cy3 to Cy5 fluorescence and red represent no reaction.
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primer extension reaction. As described above, single strand DNA of A and B-type contained each
substrate pair and were assembled by PE followed by a ligation reaction which allows the identity
of both substrates to be encoded (Figure 34A).411:436

The catalyzed-phosphodiester bond formation for DNA extension was carried out using a
T4 DNA-ligase in a three-step reaction mechanism (Scheme 58).° First, ATP is used as a cofactor
and converted to an activated enzyme bond phosphoramide intermediate upon nucleophilic attach
by the essential lysine .**® Second, the phosphoramide intermediate is captured via nucleophilic
addition of the 5’-phosphate, resulting in subsequent release of the lysine residue and formation of
a phosphoranhydride.*”° This is followed up by a nucleophilic attack from the 3’ hydroxyl group
of the other DNA strand, releasing AMP which results in the ligated phosphodiester bond (Scheme
58).490

Figure 36. Screen design and microarray analysis after avidin pull down selection. A. Coupling partners scaffolds. B.
Screening result by DNA-microarray. The reactions were performed under three different conditions: 1 mM Cu(l) in
9:1 dioxane:H>0, at 25 °C for 10 min; 10 mM NaBH3CN in 9:1 MeCN:H:0 at 25 °C for 12 h; and 10 mM Au(IIl) in
9:1 MeCN:H20 at 25 °C for 2 h. Spots that are significantly green suggest bond forming reaction, the yellow and
orange represents the ratios of bond/no bond formation and red represent no reaction. Panel B republished with
permission from ref 411. Copyright © 2007 American Chemical Society.
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Therefore, using this ligation method, the reaction discovery pool was done in a 15 x 15
substrate matrix with a single solution containing 1 picomol of the substrate pool.*!! Then, after
reaction completion, the disulfide cleavage uncouples biotin from unproductive reactions ( Figure
35). An avidin pull-down follows this step to isolate the successful reactions. Then, PCR
amplification and DNA microarray analysis highlight in a similar fashion as the first generation
screening method 4% (Section 5.1.2.) the substrates that reacted by looking at the coding region on
the bound DNA (Figure 35).4!!

Furthermore, this screening method has been used to study reactions in organic solvents
such as acetonitrile, DMF, methanol, and dioxane with a 9:1 solvent ratio in H2O.*'! The substrates
selected for the reaction discovery screen were chosen by their readily accessible functional
groups, including primary halides, alkenes, alkynes, benzaldehydes, epoxides, nitriles, ketones,
amines, aromatic halides, indoles, a,B-unsaturated systems, and carboxylic acids (Figure 36A &

B).4!! The
screening
reported on a
Cu(l)
cycloaddition
between
alkyne and
azide as a
positive hit
(Figure 36A
& B)*!' The
results  were
compared to
non-transition
metals
conditions
such as
NaBH;CN
whereby a less

efficient
Figure 37. Screening result with 10 mM Ru(bpy);Cr2 in 100 mM aqueous sodium carbonate, pH 9.5 , reaction was
25 °C, 1h under visible-light radiation (26 W CFL bulb ). Spots that are significantly green suggest bond
forming reaction, the yellow and orange represents the ratios of bond/no bond formation and red expeCted' In
represent no reaction. Figure republished with permission from ref 436. Copyright © 2011 Springer addition, new

Nature. reactivity was

explored with

Au(Ill), leading to the discovery of mild conditions for the selective Markovnikov-type

hydroarylation of olefins with indoles (Figure 36B).*!! Specifically, this Au-mediated coupling

was achieved between indole and styrene scaffolds upon further Au-olefin activation of styrene,
whereby the intramolecular hydroarylation between the styrene-indole system occurred.*!!

This hybridization-independent DNA-encoded screening method was further explored to
discover new reactions not easily predicted.**® The highlight of this screening was the use of
tris(bipyridine)ruthenium (II) dichloride (Ru(bpy)sCl2) in the presence of a visible-light source to
undergo through photoredox reactions (Figure 37). The screening unveiled several positive hits
from coupling between aryl azide and alkene, sulfone, phenol, and nitrile functionalities (Figure
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37).4%6As shown, this azide-reduction reaction was compatible with several functional groups and
efficient chemoselectivity was achieved, in contrast to known reactions.**® These results presented
the opportunity of developing an azide-reduction manifold in biological macromolecules.**® In
summary, Liu and coworkers designed two generations of screening systems, where DNA-
encoded reaction discovery afforded high effective molarity, around millimolar
concentrations.*?#1:436 Furthermore, the conditions leverage the reactions to favor intermolecular
bond formation, which would not normally be expected at nanomolar
concentrations.*®#1436These methods also allow for a high-throughput screen of 10° to 10°
products mixtures per day. #1943

5.2.1.1 Application to Au(IlI)-Catalyzed Friedel-Crafts-Like Indole Alkylation

Liu and coworkers studied over 200 bond-forming combinations of substrates in a single step by

using the above technique, and it led

Scheme 59. Acid-Catalyzed Indole Hydroarylation Reaction to the discovery of selective

Markovnikov-type hydroarylation

of olefins with indoles (Scheme

59)4"  The reactions were

characterized both in a DNA-linked

format and also via conventional

flask format. Further optimization of

non-DNA-linked substrates was

carried out. The indole and styrene

reaction compatibility were tested in

the presence of different acids

including AuCls, AgOTf, AgBF4,

Ag(02CCF3), TfOH, and HCI while

under various solvents conditions.

The combination of TfOH and DCM was found to be effective, providing the highest yield of

indole-styrene coupling product in an open-air flask. The optimized protocol was tested on
different substituted alkenes and showed excellent promise (Scheme 59).4!!

5.2.2.2 Application to Visible-Light-Induced Azide Reduction

The second-generation DNA encoded reaction discovery by Liu and co-workers provides an
innovative and bio-compatible screening method to report on the Ru(Il)-catalyzed azide reduction
which is promoted further by visible light. The different substrates linked with DNA were chosen
under several reaction conditions for discovering novel hits.**® Here, an unprecedented bond-
forming reaction between DNA-linked aryl azides 421 (Scheme 59A) and nitriles was observed
in the presence of Ru(bpy);Cl, photoredox catalyst and visible-light.**
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As these reactions were studied in a non-DNA-linked format, surprisingly the coupling
product of the DNA-linked azide and nitrile did not lead to a significant coupling product, and an
exclusively azide reduced product was observed (Scheme 60B).** After several combinations, the
functional group compatibility of the azide reduction was tested under the optimized condition: 5
mol% Ru(bpy);Clz, 10 equiv. i-Pr,NEt/HCOOH, 1.5 equiv. Hantzsch ester in DCM, hv, 25 °C.#3
The variety of substrates that contained protic functional groups, including free indoles, acids and
alcohols, functional groups sensitive to hydrogenation, including alkenes, alkynes and aryl halides,
functional groups sensitive to nucleophiles, including alkyl halides, alkyl mesylates and aldehydes,

were  compatible
Scheme 60. Ru(bpy)s;Cl.-Mediated, Induced by Visible Light Reduction with reaction
conditions
(Scheme 60B).
This  remarkable
azide reduction
protocol was
further tested in the
presence of
biologically
relevant molecules
including nucleic
acids, protein, and
an oligosaccharide
in aqueous solvent
(Scheme 60C &

D).+
The azide
reduction on
oligonucleotide

434 (Scheme 60C)
provided cleanly
the expected
compound 435 in
95% yield without
disulfide bond

reduction. The
authors also
examined the
compatibility  of
this novel

A. Aryl azide acetonitrile coupling reaction. B. Aryl azide reduction. C. Disulfide-linked DNA methodology for
oligonucleotides aryl azide reduction. D. Naringin azide analogue in the presence of protein

enzyme RNase A. azide-reduction in

the presence of a
protein enzyme, RNase A, with standard aqueous reduction conditions (Scheme 60D). The
reaction yielded the expected product 437 without forming any side product, and it did not alter
the enzyme RNase A structure or activity. After completing the reduction reaction, an enzymatic
assay of the isolated RNase A showed <10% loss of enzymatic activity.**
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5.3. DNA-Based Method for Enantioselectivity Readout
5.3.1. Enantioselectivity Readout Using Enantiomeric DNA Aptamers

A further example of a nucleic acid screen makes use of the availability of both D- and L-forms
(spiegelomers) of DNA.*! The high-throughput screening of asymmetric reactions is known to be
done with high-performance liquid chromatography (HPLC). However, this technique presents
the limitation of analyzing up to approximately 800 samples per day and does not provide reaction
yield information.*”! Notably, Heemstra and coworkers have demonstrated the possibility of
performing high-throughput chiral sensing of single small-molecule targets.*’! It is possible to
obtain information on both enantiomers of product with a sequence for a single-stranded DNA
aptamer selected to bind to a single
enantiomer.*’!

DNA aptamers are
considered short-length
oligonucleotides that bind with high
affinity to specific targets.**> Their
binding affinity is comparable to
that of monoclonal antibodies with
a typical Ky (dissociation constant)
range between 0.1 and 50 nM.*?
The method described by Heemstra
and coworkers utilizes reciprocal
chiral substrate selectivity with a
structure-switching biosensor
format to obtain a fluorescence
readout.*”! The biosensor approach
takes advantage of a hydrogen-
bonding interactions between the
DNA aptamer labeled with a
fluorophore and a complementary
strand labeled with a fluorescence
quencher (Figure 38).*! The DNA
aptamer will selectively bind to a
small molecule of interest and
displace the complementary strand.
Upon displacement with the
analyte, the aptamer is no longer
proximal to this quenching agent.*!
Then, the fluorophores installed on

. . the single-stranded aptamers are
Figure 38. Overwew of smgle strand DNA aptamer employed to measure unquenched and can be monitored
the optical purity of tyrosinamde mixtures. A. Chemical structures of . . .
native D-DNA and L-DNA (Spiegelomers). B. Enantiomeric structure- for intensity relative to the
switching biosensors of DNA-aptamers with orthogonal fluorophores. C. concentration of the analyte in

Chemical structures of fluorophores and quencher. solution. The different dyes placed
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on each aptamer can be compared, with the intensity ratio corresponding to the optical purity of
the analyte.*!

Previous work from Peyrin and coworkers reported the design of DNA aptamers that
selectively bind L-tyrosinamide and that can be assayed using a structure-switching aptamer with
a fluorescence polarization readout.***#°° The assay is based on fluorescence anisotropy associated
with the aptamer selectively binding to the molecule of interest.*>**> Further exploration by
Heemstra and coworkers led them to develop an orthogonal fluorophore system to measure the
enantiomeric excess of D-and L-tyrosinamide mixtures following their synthesis.*’! The readout
of this assay utilizes well-established fluorophores such as hexachlorofluorescein (HEX) and
fluorescein (FAM), which have similar electronic properties (Figure 38B).*! The fluorophores
HEX and FAM have excitation/emission wavelengths of 524/572 nm and 490/520 nm,
respectively (Figure 38B). The fluorescent quencher, black hole quencher (BHQ1), is able to
quench both fluorophores with a Amax of 534 nm.*!

As shown in Figure 38A, the L- and D-DNA aptamer is complementary for opposite
enantiomers displacing a weakly complementary DNA strand bound to the aptamer. The
complementary strands contain a linked fluorescence quencher and can be employed in a screen
for enantiomeric excess.*’! This reported work demonstrates the ability of such an aptamer-based
sensing method to provide for an accurate readout on analyte optical purity and to do so with rather
high throughput.**! These early experiments have been conducted on samples that are relatively
homogeneous and these examples suggest that such aptamer-based enantioselectivity readouts
should be deployable to post-work-up product streams for reactions that follow largely a single
reaction manifold, but differ in stereoselectivity as a function of the chiral catalyst. Going forward,
it will be interesting to see for which reactions this method is best deployed and what sort of
abbreviated work-up or product isolation procedure is most suitable. From this perspective, there
may be reason to use robotics here to increase throughput eventually. Most importantly, there
would appear to be a very wide window for exploration open to future investigators here as SELEX
technology should permit for the selection of enantiomer-selective aptamers across a broad
spectrum of product chemotypes.

6. CONCLUSIONS

As has been discussed in this overview, the same attributes that Nature selected for in the evolution
biomacromolecules under Darwinian selection pressure also serve them well in the service of
synthetic chemistry, particularly as tools to facilitate the search for new reactivity and for control
of stereochemistry in developing synthetic methodology. The ability to recognize stereochemistry
efficiently derives from the inherent chirality of DNA (RNA), antibodies and enzymes and their
ability to form folded three-dimensional structures featuring chiral ligand binding pockets.

Through Darwinian evolution in biology, nucleic acids have been selected as the repository
of ‘bar-coded’ genetic information, and for their ability to rapidly reproduce that information
through templated processes. This makes nucleic acids an ideal platform for reaction templation,
in general, and for the encoding of reactant information, as well. As has been discussed herein,
DNA-templation has been used effectively for the HT-screening for novel chemical reactivity,
particularly by the Liu group.?%:0-384:409.429.434.433.463.464.496  The approach is clearly biomimetic in
that it exploits a common DNA-templation in an annealing region to bring together a set of reactant
partner candidates, in pairwise fashion. Each partner carries an annealing sequence, that takes
advantage of base-pairing to drive templation, and each partner also carries a separate coding
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sequence, that may be regarded as the biomimetic bar code, essentially genetically encoding the
reactant. Successful reaction effectively creates a new chemical ligation point, while cleavage of
a built-in chemical switch--a disulfide,***¢ a B-carbamoyloxy-sulfone linkage,*’' or a
photocleavable o-nitrobenzyl phosphate ester (Li group)**® essentially eliminates unreacted pairs

from being amplified.

In terms of novel chemistry, Liu and co-workers were able to discover Pd(II)-mediated-
oxypalladation Heck-like yne-ene coupling reaction that proceeds in both an intramolecular and
an intermolecular sense and that proceeds in a six-endo-dig as well as in a five-endo-dig, and a
five-exo-dig sense. Another interesting finding with this method was an Au(Ill)-catalyzed Friedel-
Crafts-like indole alkylation reaction. Finally, the DNA-ligated and -encoded platform was shown
to be biocompatible and suitable for the study of photoredox and visible-light chemistry, leading
to the identification of Ru(Il)-catalyzed azide reduction with visible light. Given advances in
microfluidics technology by the DNA-encoding practitioners such as Harbury,*!%*7 this approach
can likely be multiplexed, and the throughput significantly increased going forward. Of course, it
is important to note that parallel to the developments in DNA-templated and encoded-catalyst
discovery, the field of DNA-encoded chemical libraries for drug discovery/chemical biology has
burgeoned and shows great promise.3%:20:497-504
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In terms of chiral sensing, the ceiling on the use of nucleic acids is high, with SELEX
technology insuring that aptamers or spiegelomers with high levels of enantioselection can likely
be obtained for chiral

products/analytes of interest to the

synthetic chemist, via repeated

cycles of selection/amplification

protocol originated by Ellington

and Szostak.** With  the

pioneering work on the use of

aptamers for ee readout is by

Peyrin®%%-3% and Heemstra,*!-%7

and with the advent of aptamer-

switching technology®*-% and the

versatility of aptamer-recognition

motifs, there should be a

heightened interest in  the

technology within the community.

Finally, the ability of
nucleic acids to position candidate
catalytic components at a potential
reaction center has the possibility
to really open up a much higher
throughput exploration of
combinatorial catalysis space. The
potential here is perhaps best
illustrated by a recent disclosure
from Pimentel and Martell®'® in
which DNA scaffolding

o technology was used to
Figure 39. A. Martell group-utilization of DNA-scaffolded frameworks for d trate iust h . rtant
exploring synergistic catalysis. B. Transition state for the Stahl oxidation cmonstrate  jus Ow 1mporian
involved highly cooperative catalysis between the copper-bipyridine and effective molarity can be for the
nitroxide components. C. The remarkable influence of effective molarity, as exploration of synergistic
achieved by DNA-scaffolding on rate particularly as one dilutes the talvsi A latf ti
individual components particularly at low loading. Panel C republished Cata yS‘IS. S a pla Orm I.‘eaC 100,
with permission from ref 510. Copyright © 2021 American Chemical the Wisconsin team utilized the

Society. Stahl oxidation®'!*12 of alcohols to
aldehydes. As is illustrated in
Figure 39, this transformation requires the appropriate juxtaposition of both a Cu(Il)-bipyridine
center and the nitroxide catalytic component to permit for their synergistic oxidation of the
coordinated alkoxide. As can be seen from the bar graphs, particularly at low catalyst loading, the
profound acceleration of complementary component scaffolding is huge. The opportunity here for
exploiting more complex DNA architectures and even exploring ternary catalytic combinations
would appear to be very high indeed and this approach aligns well with the expanding field of
DNA-conjugated small molecule catalysts or DCats.>!3->16

As for antibodies, they have evolved a hypervariable region that is sometimes referred to
as the ‘complementarity determining region’ (CDR) so that they might rapidly adopt a binding
pocket of high affinity to an analyte of interest, often an offending xenobiotic in a biological
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context. This highly selected for trait serves as an ideal property for reaction screening
applications. The concept of utilizing antibodies for this purposes really harks back to the
pioneering work of Tawfik>!” and the concept of catELISA>'® that he first put forward. Provided
that the product for a reaction under study is known, it is then quite reasonable to expect that by
utilizing hybridoma technology one can generate or purchase a set of monoclonal antibodies to
that analyte. Moreover, with appropriate screening, as has been pointed out in this review,
particularly from the examples reported by the groups of Wagner-Mioskowski,**® and Janda-
Lerner,*24% one can arrive at antibodies with complementary enantioselectivities, allowing one
to probe both relative rate/conversion and enantioselectivity for a transformation of interest. This
method has the advantage of high sensitivity, selectivity, and no requirement of an extra workup
step, allowing the experimentalist to screen one thousand reaction combinations in a single day.
And while the Taran laboratory, in particular, has really exploited enzyme-linked antibody
readouts, much in the manner of the clinical ELISA approach, the potential for single, fluorescent
antibody detection demonstrated by the Janda team is worth emphasizing. This group identified a
set of blue-fluorescence antibodies that, at once, displayed high binding affinity, enantioselectivity
and fluorescence upon analyte-binding, obviating the need for an enzyme conjugate. This type of
single protein antibody sensing system is clearly under-developed at this stage and worthy of
further exploration going forward.

In terms of the chemistry uncovered, such enzyme-conjugated antibody-based screening
methods led to the discovery of efficient transition metal-mediated cycloaddition reactions of 1,3-
dipolar systems of the sydnone variety alkyne dipolarophiles particularly from Taran and co-
workers. And the follow-on discovery of a strain-promoted variant of this transformation opens up
biorthogonal chemistry applications.>*> Finally, in recent years this area has really expanded with
the observation both of fluorescent probes based upon such sydnone cycloadditions®!°~2! and of
exceptionally facile cycloadditions with fluorosydnones,>*? with potential applications in PET-
imaging technology.*?

The final class of biomacromolecules to discuss is perhaps the most versatile class.
Namely, enzymes have evolved roles that encompass both molecular recognition and catalysis.
Moreover, at least for redox chemistry, a chromophore-change is often associated with that
catalytic process. Thus, quite naturally from their roles in Nature and in metabolism, enzymes
make ideal “sensors,” providing advantages in terms of rapid analysis, specificity, and sensitivity.
As has been discussed herein, parallel to the work by the groups of Seto****37 and Moberg/Hult
338,360.52401 the EMDee (enzymatic method for determining ee), the Berkowitz group has developed
the ISES (in situ enzymatic screening) method®”!3%221-223 that provides a readout on catalyst
performance in real-time without the need for quenching and/or work-up. This ISES technique
runs under biphasic conditions to screen organometallic catalysts in an organic phase with the
reporting enzymes providing a spectroscopic signal in real time in an adjacent buffered, aqueous
phase. Efforts are underway to expand the sorts of chemistry explored by the ISES method by
developing other sets of reporting enzymes, including thermostable enzymes.>*> Looking ahead,
advances in protein engineering and directed evolution!'3®13%26527 should allow for the generation
‘reporting enzymes’ for a much greater array of analytes and chemistries and should also permit
the development of more organic solvent-tolerant enzymes as well.>28->3

In terms of the chemistry uncovered through the ISES method, the development of the first
examples of asymmetric Ni(0)-mediated allylic amination chemistry is notable.!>%16172 Thijs
chemistry provides for an earth-abundant transition metal-mediated entry into the important PLP-
enzyme inactivator, L-a-vinylglycine.!” Colorimetric ISES?** led to the discovery of a Rh(II)-
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perfluorocarboxylate/LiBr-mediated bromorhodiation/carbocyclization transformation that was
applied to the synthesis of the natural product cores corresponding to xanthanolide, zaluzanin A,
and linearifolin.?*®  Perhaps the most significantly, the fundamentally new
thiocyanopalladation/carbocyclization transformation also arose out of the colorimetric-ISES
screen (one well out of 1152 catalytic candidate combinations).??* This new reaction allows for the
construction of both C-SCN and C-C bonds with excellent stereocontrol, proceeding with high
1,2-anti- or 1,3-syn-selectivity, with allylic or propargylic substitution in the cyclization substrate,
respectively.””” This chemistry shows great promise for diversity-oriented synthesis (DOS), as
was demonstrated in constructing the oxabicyclo[3.2.1.]Joctyl core of the natural products
annuionone A and massarilactone G and in decorating this core with a range of functionality
through the rich tailoring chemistry open to the vinyl thiocyanate functionality.??

The double cuvette->?! and cassette-ISES?*2?2* methods provide for information on sense
and magnitude of stereoinduction, as well as on relative rate, and these methods have been utilized
to explore a broad range of chiral salen ligand space. Among the more promising new non-C-
symmetric salen ligand scaffolds discovered in this manner are those derived from the readily
available terpenoid natural product, B-pinene,??* and from D-fructopyranose and its carbocyclic
analogue itself available from D-mannose.??? Finally, it must be said that for those practitioners
who utilize enzymatic screening, there is both a challenge and a potential high end reward from
the need to scope out appropriate enantioselective ‘reporting enzymes’ for such double cuvette-
ISES techniques. Namely once such enantioselective enzymes have been identified that can not
only be used to screen for a targeted enantioselective organometallic transformation say, but they
can also be exploited in and of themselves for asymmetric biocatalysis. This approach has been
taken to great avail for several ISES reporting enzymes in the Berkowitz group, including
recombinant KRED enzymes from Codexis, ***** and the hyperthermophilic SSADH-10°* from
the archeon, Sulfolobus solfataricus and the remarkable Clostridial enzyme, CaADH that displays
unusual substrate promiscuity, yet stereochemical fidelity.?3>5%
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