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Alfred Bader, a pioneer in the field of chemistry and co-founder of Aldrich
Chemical Company, now a part of the Life Science business of Merck KGaA,
Darmstadt, Germany, passed away on December 23, 2018, at the age of 94.

Scientists from around the world grew up using Aldrich Chemical products in
their labs, referencing the Aldrich Catalog and Handbook, and appreciating the
oft-used request to “Please Bother Us.”— a request for customers to call at any
time with any question or idea. Bader’s commitment to his customers and to the
broader scientific community could be felt in all aspects of his work.

Bader’s remarkable story began in 1938, when at age 14, he fled his native
Vienna during the rise of Nazism. He would eventually complete a chemistry
degree at Queen’s University in Kingston, Ontario, and later a Ph.D. in organic
chemistry at Harvard. Bader was an entrepreneur at heart. He began his career
in 1950 working as a chemist for the Pittsburgh Plate Glass Company
in Milwaukee. A year later, he and Jack Eisendrath founded Aldrich
Chemical Company, which would eventually grow to become one of
the largest chemical companies in the world. Aldrich later merged
with Sigma International, Ltd., to form Sigma-Aldrich Corporation.
Bader became president of Sigma-Aldrich Corp. and then served on
its board until 1992, when he left to focus on philanthropic efforts.

Dr. Bader’s work and legacy have left a lasting impact on science.
He will be immensely missed. Passion and curiosity drove

Dr. Bader to push the boundaries of chemistry, something we

live by every day.

Sincerely yours,

[N

Udit Batra, Ph.D.
CEO, Life Science

Member of the Executive
Board, Merck KGaA,
Darmstadt, Germany

The Life Science business of Merck KGaA, Darmstadt, Germany
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"PLERSE BOTHER US."

Dear Fellow Chemists,

Professor Garret M. Miyake of the Department of Chemistry at Colorado
State University kindly suggested that we offer PhenO_1Naph_Biph
(901111) and PhenN_2Naph (901112) as sustainable alternatives to
precious-metal-based photoredox catalysts, such as the Ir- and Ru-
based ones. These organic photoredox catalysts act as strong excited-
state reductants, and have proven effective in controlling atom-transfer radical polymerizations
(ATRPs).! They have also proven very valuable in small-molecule organic synthesis by
efficiently catalyzing carbon-carbon and carbon-heteroatom bond formations,? and enabling
transformations not previously accessible with precious-metal catalysts.?

(1) Theriot, J. C.; Lim, C.-H.; Yang, H.; Ryan, M. D.; Musgrave, C. B.; Miyake, G. M. Science
2016, 352, 1082. (2) Du, Y.; Pearson, R. M.; Lim, C.-H.; Sartor, S. M.; Ryan, M. D.; Yang, H.;
Damrauer, N. H.; Miyake, G. M. Chem.—Eur. J. 2017, 23, 10962. (3) For a fuller discussion of
the chemistry of these and other organic photoredox catalysts, see Professor Miyake's review
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PhenO_1Naph_Biph PhenN_2Naph
901111 PhenO_1Naph_Biph, 297% 100 mg
901112 PhenN_2Naph, 297% 100 mg

We welcome your product ideas. Do you need a product that is not featured on our website?
Ask us! For more than 60 years, your research needs and suggestions have shaped our product
offering. Email your suggestion to techserv@sial.com.

Udit Batra, Ph.D.
CEOQ, Life Science
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Dr. Alfred Robert Bader—co-founder of Aldrich Chemical Co. and Sigma-Aldrich Corp. (today
a part of the Life Science business of Merck KGaA, Darmstadt, Germany) and one of the most
influential men in the chemical industry* since the mid-twentieth century—passed away peacefully
on December 23, 2018, at the age of 94.

Dr. Bader founded and launched the Aldrichimica Acta in
1968. For about the first 24 years of its existence, the Acta
cover featured paintings from Dr. Bader’s private collection,
and he often wrote the “About Our Cover” commentary
about the featured painting. A Harvard chemistry graduate,
Alfred was also a renowned art connoisseur and avid
art collector, who acquired the nickname The Chemist
Collector. Until the end, Dr. Bader was a most enthusiastic
supporter of, and advocate for, the Acta: He believed J -
strongly in its value, eagerly anticipated each issue, Alfred perusing his favorite publication (April 2014).
requested copies of each, and distributed them to his visitors. He promoted the Acta wherever he
went and whenever he could. He will be missed.

*To find out more about Dr. Bader's enduring legacy to chemistry and the art world, visit


https://www.sigmaaldrich.com/catalog/product/aldrich/901111?lang=en&region=US?&utm_source=acta&utm_medium=printed%20literature&utm_campaign=chemical%20synthesis-tid-2018002102
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1. Introduction

Dr. Alfred Robert Bader—co-founder of Aldrich Chemical Co. and
Sigma-Aldrich Corp. (today a part of the Life Science business
of Merck KGaA, Darmstadt, Germany)—passed away peacefully
on December 23, 2018, at the age of 94. He is survived by
his wife, Isabel, his two sons, David and Daniel, and several
grandchildren.?

When I began writing this personal account as a tribute to
Alfred, whom I had the honor of knowing and working with for
more than 20 years, 1 approached the task with a good deal
of concern about how to properly cover in just a few pages a
life so rich in accomplishments. With this in mind, this piece
constitutes a look through a narrow window at a man who was
very closely associated with, and has heavily impacted, the
business and science of chemistry for over a half century.* A
more complete picture of a man as influential and complex as
Alfred was awaits a future biographer.>®

I first saw and heard Alfred while still in graduate school at
the University of Illinois in Urbana-Champaign. Sometime in
the early 1980s, Alfred came to the UI to give a lecture on the
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intersection of art and chemistry
and on playing detective with
unattributed or misattributed
works of art by using various
scientific techniques. It was an
engaging lecture, and while it
was not about Aldrich Chemical
Co., it still indirectly served as a
powerful advertisement for the
relatively young company.

Although Alfred no longer
had official ties to the company,
he still liked to meet new
employees whom he perceived
could have some impact on
the business—after all, he
was still the largest individual
shareholder and had a vested
interest in how well the company
was performing. In my case, I met Alfred not long after I joined
Aldrich in January of 1996 at one of the regular meetings of
the ACS Milwaukee Section. Alfred cared a great deal about
the Aldrichimica Acta throughout his life and liked to see it in
capable hands. Therefore, when he found out that, among other
things, 1 had responsibility for the Acta, he naturally took a
keen interest in me. Thus, began our professional and personal
relationship that continued almost until his death.

The Acta was but one of our mutual interests. With Alfred
having a strong interest in Middle Eastern affairs and I being
originally from Lebanon, he was naturally curious to hear my
perspective on current happenings in the region. Whenever we
met, Alfred would often initiate a conversation about the Middle
East. He was especially proud that his ancestors were from the
region and that his last name meant “full-moon-faced”. He would

Dr. Bader as the Guest Speaker
at the ACS Milwaukee Section
Meeting (September 2001).
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often tell me fondly and proudly about his paternal grandfather—
born in Moravia of the Czech Republic and a graduate of the
prestigious French civil engineering school, L'Ecole des Ponts
et Chaussées in Paris—who had worked with Ferdinand Marie
de Lesseps on the construction of the Suez Canal in the mid-
1800s.” In subsequent years, I would meet with Alfred mostly at
his request a few times a year.8 As I pointed out in my editorial
in early 2009 on the occasion of his 85th birthday,® Alfred had
primarily four pursuits in life that he was passionate about
(what he called his ABCs): Art (the appreciation and collection
of), Bible (the study and teaching of), Chemistry (the science
and business of), and, later in life, Philanthropy. One other
lesser known, but nonetheless very early interest he had, was
collecting stamps.

2. If at First You Don’t Succeed, ...

My interactions with Alfred followed mostly from my
responsibilities at Aldrich, and revolved principally around
two of Alfred’s four pursuits, Chemistry and Art: Chemistry
in terms of suggestions for review articles and new products,
and Art in terms of paintings
that Alfred owned and that he
passionately wanted used on
the covers of the Aldrichimica
Acta. In this second regard,
Alfred was anything if not
persistent. He pushed very
hard, and often, to have
paintings in his collection®
be featured on the cover. His
persistence paid off, as we
eventually featured a painting
that Alfred owned!! on the
cover of the second issue of the
First of the Paintings in Alfred’s Acta of 2001, after a hiatus of
Collection to Be Featured on the

Cover of the Aldrichimica Acta aDbout 10 years. Thereafter, we
After a 10-Year Hiatus. featured one of his paintings
every now and then.!?

3. The Business of Chemistry

Whatever the final verdict on Alfred’s lifetime achievements may
be, one undisputable fact is the central and critical roles he played
in starting, building, and running a robust chemical company—
Aldrich and then Sigma-Aldrich, now a part of the Life Science
business of Merck KGaA, Darmstadt, Germany—that is still a
world leader in the chemistry and life science businesses. In the
process, Alfred has (i) helped countless researchers around the
world by facilitating and accelerating their research, and thus
contributed significantly to the tremendous scientific advances
that we have all witnessed over the past half century; and (ii)
provided steady employment and a good standard of living for
thousands of individuals, their families, and their communities.

3.1. Adversity Stokes the Drive

This accomplishment, however, did not come easily to the young
Austrian immigrant, who had fled Vienna as a teenager after the
Nazis marched into the city and just before Europe plunged into
World War 1I, and who had to overcome major obstacles along
the way. While Alfred grew up in the home of his well-off paternal
aunt in Vienna, 3 he suddenly found himself moving around from
country to country and place to place as a refugee, sometimes
regarded with suspicion as an “enemy” alien by the host country,
and having to shine shoes and wash clothes in order to survive.'#
However, Alfred had what it takes to overcome adversity and
to succeed: intelligence, drive, persistence, passion, and a
business acumen that came naturally to him.

3.2. The Consummate Salesman

Throughout his life, Alfred was a tireless salesman and
negotiator. Armed with a first-rate knowledge of chemistry,
he crisscrossed North America and Europe in search of new
products to list and sell, of business partners, and of customers
for the young company he co-founded and ran for decades.
Most valuable was his connection to, appreciation of, and repeat
visits to chemistry academics who proved to be a tremendous
innovation asset for the company. They helped Alfred keep his
pulse on what areas were being actively researched and, thus,
in need of reagents, starting materials, solvents, and laboratory
equipment. Alfred loved selling. Whenever I happened to meet
him soon after he had sold a painting, large or small, or a copy
of one of his books, T would find him beaming. Of course, at that
point it was not for the money he made on the sale, but for the
sheer joy of making the sale.

3.3. Continued Involvement

Alfred never lost his strong interest in the goings-on at the
company to his last days. He frequently explained this to me
and others by saying that the company was his “baby” and that
he could not let go of it. For this reason, he was not content
with the official statements and reports that the company put
out, and liked to learn as many additional details as he could.
He would often write to, or call, officers of the company to get
more information, and would make an effort to attend as many
of the company functions that were open to him as he could.



3.4. The Perpetual Entrepreneur
If you were a centimillionaire®
in your sixties, seventies,
or eighties, how would vyou
live your life? Would you aim
to enjoy a quiet, carefree
retirement? Not Alfred! Until he
no longer physically could, he
continued to maintain a regular
work schedule at his gallery, to
travel and give several lectures
a year, to do philanthropic work,
correspond with an astonishing
variety of professionals and,
perhaps most importantly for
the business of chemistry, to
help chemistry startups by
investing in them, with mixed
results—some succeeding, some failing.® Labeling Alfred as a
workaholic would not have been an exaggeration.

Favorite

Alfred Perusing His
Publication (April 2014).

4. Alfred, the Person

What, then, was Alfred like
in person? If you had the
opportunity to meet him,
| the first thing that would
strike  you about Alfred
. would be his modesty that
was manifested in the
clothes he wore, the car he
drove, the house he lived
in, and in the unassuming
manner he carried himself
with people of all walks of
life.® He was consistently
soft-spoken, polite, and
considerate.

Alfred Challenging the Author’s Older
Son in a Game of Chess (May 2014).
Needless to Say That Alfred Quickly
Won That Game and Many Others.

4.1. The Philanthropist

Alfred was a generous donor and was liberal in showing his
gratitude to the institutions that helped him as a young refugee.
He was also interested in establishing a lasting legacy and in
contributing to institutions of higher learning and scientific
societies. That he did, abundantly, as his donations to universities
(in Canada, in particular Queen'’s University, and in Britain, the
U.S., and the Czech Republic) and chemical societies (ACS,
RSC, Czech, and Canadian) attest to. In addition to endowing
chairs in chemistry, and setting up scholarships,'” fellowships,
and many other types of assistance to able and/or needy
young professionals, Alfred has also contributed generously
and consistently to a number of humanitarian efforts around
the world.’® As generous as Alfred was towards universities,
scientific societies, and humanitarian organizations, he was
exacting with money on a personal level throughout his life to
a point that used to astonish his acquaintances and colleagues.

Aldrichimica ACTA
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4.2. A Religious Man

Alfred taught, and was deeply
interested all his life in, the
(Hebrew) Bible and its teachings
(the B part of his ABC). Born to
a devout Catholic mother, who
could not raise him because she
had fallen on hard times, he
was raised by his paternal aunt,
who instilled in him the love of
Judaism. He thus sought all his
life to live as much as possible
as a committed [his word] and
devout Jew, albeit one who was
not comfortable with the labels
orthodox,  conservative,  or
reformist.® Despite that, he still
had to be converted to Judaism,
as an adult, in a ritual ceremony
before his first marriage.°

(}Igrjghimica actz

Alfred’s Favorite Painting, Joseph
and the Baker by a Rembrandt
Student, Was Featured on the
Cover of AA 1970, 3 (2). The
Painting Is Now in the Private
Collection of David Bader.

4.3. Contrary to Prevailing Wisdom

With regard to diet and exercise, and as far as this author
knows, Alfred did not participate in any kind of sport or fitness
program most of his life. He also was not particularly mindful
of how healthy or unhealthy the foods he ate were. (A lifestyle
that reminds me of that of a nonagenarian friend of Alfred, the
late Professor H. C. Brown.) Nonetheless, he was in amazingly
good health most of his life. Even at 86 years of age, when
many of his younger and more physically fit colleagues had
passed away, he still had a sharp intellect, good hearing, good
eyesight, and still drove his car to and from work. However,
as can be expected and as Alfred got older, his recollection of
events and their relative importance gradually started to blur,
as I discovered when I was researching my article on the history
of Aldrich when Alfred was about 77 years old.*®

5. Farewell

In all the years I dealt with Alfred, T came to expect a phone call
from him on a fairly regular basis, often bright and early in the
morning, when he would, among other things, comment favorably

The Author and His Family Enjoying Sunday Brunch with Alfred and
Isabel at the Astor Hotel in Milwaukee (August 2007).



Remembering Dr. Alfred R. Bader (1924-2018)
Sharbil J. Firsan

or, more often, unfavorably on something he saw in a recent issue
of the Aldrichimica Acta or in one of our other publications such
as the catalog/handbook. After T wrote my 2001 piece about the
history of the company on the occasion of the 50th anniversary of
Aldrich,*@ he called and gave me a glowing review of the piece.
With Alfred’s departure, the Acta has lost another staunch and
longtime supporter and believer in its mission and value.?! Until
almost the end, Alfred promoted the Acta wherever he went and
whenever he could.

Farewell, Alfred! Farewell, Friend! Your kindness, humility, and
friendship will be missed forever. I offer my sincere condolences
to Alfred’s widow, Isabel, his two sons, David and Daniel, and
their families.
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Abstract. The application of photoredox catalysis to atom-
transfer radical polymerization (ATRP) has resulted in the
development of strongly reducing organic photoredox catalysts
(PCs) that are some of the most reducing catalysts known. The
objectives of this review are to highlight these PCs with regard
to their development and applications in polymer and organic
synthesis, as well illuminate aspects of these PCs that remain
to be studied further.
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1. Introduction
Photoredox catalysis has gained increasing attention because
it provides chemists with the ability to perform challenging
transformations by harnessing the reactivity of excited state
photoredox catalysts (PCs) under mild reaction conditions.
This ability is particularly important in synthetic organic
chemistry, where photoinduced electron transfer (PET), between
a PC and either a donor (reductive quenching) or acceptor
(oxidative quenching), and energy transfer have facilitated
previously challenging reactions and enabled a myriad of novel
transformations.*” Among the best known PCs are those containing
precious metals such as ruthenium and iridium.2* However,
these PCs present an issue with regards to sustainability,® as Ru
and Ir are among the rarest metals on earth. To this end, several
organic PC families have been reported as alternatives—including
anthracenes,®!' benzophenones, 214 acridiniums,'>1” xanthene
dyes, 820 perylene diimides,?' and many more®*—that are capable
of mediating various synthetic transformations. However, most
organic PCs operate through a reductive quenching pathway, and
strongly reducing organic PCs are less common.

Given the wide range of transformations to which photoredox
catalysis has been applied, it is not surprising that it has also
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found use in polymer synthesis.?? For example, in the free radical
polymerization of methacrylates reported in 2011, Ru(bpy)s?*
operated as a PC through a reductive quenching mechanism
requiring the use of a sacrificial electron donor.?® Notably,
the controlled radical polymerization of methyl methacrylate
(MMA) in the presence of fac-[Ir(ppy)s] (1) under visible light
irradiation was reported a year later.2* Operating by an atom-
transfer radical polymerization (ATRP) mechanism, control in
this class of reactions is achieved by reversible deactivation,
most commonly with a bromide chain end group, which can be
iteratively removed and reinstalled on the polymer chain via
reduction and oxidation, respectively. As this process minimizes
the number of reactive radicals in solution at any given time,
it reduces bimolecular radical termination processes,? thus
enabling control over the polymerization as evidenced by (1)
linear first-order kinetics, (2) linear growth of polymer molecular
weight (MW) as a function of monomer conversion, (3) relatively
low- to low-molecular-weight dispersity (b < 1.2 and © < 1.1,
respectively), and (4) achievement of initiator efficiency (I*
= Mn[theoret\ca\]/Mn[expemmental]; M, = number average molecular
weight) near 100%. Notably, this system efficiently polymerized
MMA employing low catalyst loadings (as little as 50 ppm of
1) while maintaining good control over the polymerization,
something that has been challenging even in the traditional
ATRP.26 Moreover, temporal control over the polymerization was
demonstrated by cycling the light source on and off, showing
that the polymerization could be started and stopped without
loss of the bromide end-group functionality.?

Despite these achievements, concerns regarding the
sustainability of this PC remained, motivating the development
of an ATRP method employing organic PCs, or organocatalyzed
ATRP (O-ATRP), instead. Furthermore, the purification of
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Figure 1. Examples Highlighting the Evolution of Strongly Reducing
Organic PCs Based on PhenS, PhenN, and PhenO.

polymers presents challenges, and trace contamination by metal
residues could impede application of these materials in biomedical
devices, electronic applications, and multistep syntheses.?” Thus,
shortly after the seminal paper by Fors and Hawker,2* O-ATRP
was demonstrated in two concurrent reports, polymerizing MMA
using perylene (2)? or 10-phenylphenothiazine (3).2° Of these
two catalysts, the superior capability of 3 to mediate a controlled
polymerization was evidenced in its ability to synthesize polymers
with lower dispersity (£) compared to 2. This difference was
attributed to 3's significantly stronger excited state reduction
potential [EP(?PC**/?PC*) = -0.6 V for 2,30 EO(?PC+/IPC*) =
-2.1 V for 3,?° both vs SCE]. However, 2 could operate using
visible light irradiation, whereas 3 required the use of UV light,
raising concerns for potential side reactions that might result
from UV absorption by the organic molecules in solution.* Thus,
the development of strongly reducing and visible-light-absorbing
organic PCs has been pursued, yielding a variety of PCs based
on the phenothiazine (PhenS), dihydrophenazine (PhenN), and
phenoxazine (PhenO) scaffolds (Figures 1 and 2).

To date, a number of reviews have been published detailing
the applications of photoredox catalysis in organic and polymer
synthesis.1*42231.32 However, due to their relatively recent
development, reviews of PCs based on PhenS, PhenN, and
PhenO are relatively few.33%33 Therefore, this review will focus
on these PCs, highlighting their development, reactions, and
mechanisms in hope of demonstrating their broad utility in
synthetic organic and polymer chemistry. Moreover, this review
will discuss future research directions regarding these PCs in
the hope of accelerating their development, improvement, and
utilization in the coming years.
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Figure 2. Further Examples Highlighting the Evolution of Strongly
Reducing Organic PCs Based on PhenS, PhenN, and PhenO.



2. Development of Strongly Reducing Organic
Photoredox Catalysts

While their application scope has since grown, the original
motivation for using PhenS, PhenN, and PhenO as strongly
reducing organic PCs came from O-ATRP. Inspired by the
seminal report on photoredox catalyzed ATRP using 1,%* this
method was developed as a metal-free variant of ATRP to
eliminate metal contamination of polymer products for metal-
sensitive applications. Originally, it made use of either 228
or 3%° to polymerize methacrylates in a controlled fashion,
but differences between these two organic PCs as well as the
drawbacks of each soon became apparent, prompting the
development of strongly reducing organic PCs that are capable
of establishing a high degree of control over polymerizations by
using a visible light source so as to avoid possible side reactions
caused by UV light.**

In the proposed mechanism, the PC operates through
oxidative guenching (Scheme 1),282° in which the photoexcited
PC reduces an electron acceptor to generate the PC radical
cation (?PC*), followed by oxidation of an electron donor by
2PC** to regenerate the ground state catalyst. In the case of
O-ATRP, the acceptor is typically an alkyl bromide initiator or a
bromide-capped polymer chain-end, whereas the donor is the
propagating radical formed by activation of the C-Br bond. With
this mechanism in mind, several desirable characteristics were
targeted in the search for new O-ATRP catalysts:3* (i) Strong
visible-light absorption (high molar absorptivity); (ii) long-lived
excited state; (iii) sufficiently negative excited state reduction
potential [E°(?PC**/PC*), singlet or triplet excited state] for
the reduction of common alkyl bromide ATRP initiators [E%(C-
Br/C-Br-) = -0.6 to -0.8 V vs SCE®*]; (iv) sufficiently oxidizing
PC [FY, = EO(?PC*/'PC)] for oxidation of the propagating
radical [F%(C-Br/C-Br) = -0.6 to -0.8 V vs SCE]; (v) redox
reversibility, i.e., a stable 2PC** that does not partake in
degradative side reactions; (vi) low reorganization energy for
the transition from PC* to 2PC** to 'PC; and (vii) photoinduced
charge-transfer excited states resulting from spatially separated
singly occupied molecular orbitals (SOMOs).

strong visible-light absorption

ground-state sli?f?c_i“evrilc;
pfggl)e/ggx PC reducing catalyst

(eg 2)

excited state
sufficiently stable electron
oxidizing D™ radical acceptor
radical cation cation (e.g., R-Br)
ZPC +

electron donor
(e.g., propagating radical)

Scheme 1. A General, Oxidative Quenching Mechanism by Which
Strongly Reducing PCs Operate. First, an Electron Is Donated by the
Excited State PC (PC*) to an Acceptor (A), Followed by Extraction of an
Electron from an Electron Donor (D) to Regenerate the Ground State
PC. (Ref. 28,29)
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Following these design principles and with guidance
from computational methods, two new families of PCs with
favorable properties for O-ATRP were discovered: N,N-
diaryldihydrophenazines (PhenN’s) (e.g., 5 and 6)* and
N-arylphenoxazines (PhenO’s) (e.g., 7 and 8).® PhenN’s
improved upon previous generations of PCs by accessing more
reducing triplet excited states [computationally predicted
EO(?PC**+/3PC*) < -2.0 V vs SCE] while maintaining visible light
absorption.3* In turn, polymerizations with PhenN’s produced
polymers with dispersities (£) as low as 1.10 (for PC 5), although
with consistently moderate initiator efficiencies, presumably
due to side reactions of the PCs with propagating radicals. A
major conclusion in this report was that PhenN PCs bearing
electron-withdrawing groups (EWGs) or an extended = system
on the N-aryl substituents appeared to consistently outperform
other PCs, prompting an investigation into the cause of these
observed differences.

As all of the PCs investigated in this study were sufficiently
reducing (as PC*) and oxidizing (as 2PC**) to mediate O-ATRP,
density functional theory (DFT) calculations were used to
elucidate the differences in their electronic structure that might
influence PC performance.?* These calculations revealed that
all of the PC triplet excited states studied featured low-lying
SOMOs localized on the PhenN core, whereas the nature of
the high-lying SOMOs was dependent on the functionality on
the N-aryl substituents. Specifically, PCs bearing electronically
neutral or donating groups exhibited population of high-lying
SOMOs on the PhenN core. In contrast, PCs bearing EWGs
or extended = systems on the N-aryl substituents showed
high-lying SOMOs localized onto the N-aryl group, suggesting
photoinduced intramolecular charge transfer (CT). With these
properties in mind, PC 6 was computationally predicted to
contain spatially separated SOMOs and, experimentally,
6 exhibited enhanced performance in O-ATRP, producing
polymers with £ as low as 1.03.

More recently, 10-phenylphenoxazine (7) was also predicted
and demonstrated to have favorable properties for use
as an O-ATRP catalyst.?® While 3 and 7 differ only by their
chalcogenide, the difference in size between O and S was
hypothesized to have significant impacts on the comparative
performance of these PCs, as the ground state structure of 3
is noticeably bent while the ground state structure of 7 is more
planar, and computations predict that the radical cation of both
compounds is nearly planar. As such, owing to the smaller size
of O and more planar core structure, DFT calculations predicted
PhenO’s would have lower reorganization energies than PhenS
when transitioning from the triplet excited state to the radical
cation and back to the ground state. As these PCs have been
proposed to operate via an outer-sphere electron-transfer
mechanism, this lower penalty for structural reorganization was
hypothesized to result in enhanced PC performance due to more
favorable electron-transfer processes.

To investigate whether photoinduced intramolecular CT might
also be accessible in PhenO’s, derivatives possessing different
N-aryl substituents were synthesized and investigated in
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O-ATRP.3® Computations predicted that PhenO’s possessing either
a 1- or 2-naphthyl substitution at the N-aryl position could access
photoinduced CT excited states, and experimentally these PCs
were observed to produce, under UV irradiation, polymers with £
< 1.3. While these studies were useful in determining structural
influences on PC properties, and these PCs were successful
in O-ATRP, neither 7 nor the N-naphthylphenoxazines absorb
light in the visible spectrum. Therefore, structural modifications
of 1-naphthylphenoxazine were undertaken to red-shift its
absorption while maintaining a strong excited state reduction
potential as well as CT character. Thus, 8 was introduced,
bearing biphenyl core-substituents that effectively red-shifted the
absorption into the visible range as well as increased the molar
extinction coefficient to 26,600 M~*cm™! (Table 1).353¢ It should
be noted that although the wavelength of maximum absorption
of 8 is still in the UV range (An.x = 388 nm), its absorption
tails significantly into the visible range, resulting nonetheless in
strong visible light absorption. Gratifyingly, the use of 8 in the
polymerization of MMA under white light irradiation resulted in
polymers possessing relatively low £'s (£ = 1.13) and achieving
nearly quantitative I*. With regards to PhenS’s, similar efforts
have been made to red-shift their absorption. For example,
N-phenylbenzo[b]phenothiazine (9) has been reported, which
featured a nearly 50 nm red-shifted absorption relative to 3,
allowing it to absorb in the visible region.?” Additionally, methods
to synthesize visible-light-absorbing PhenS derivatives by
substitution of the PhenS core with 4-n-butylphenyl groups (PCs
10 and 11) have been reported.33°

The tunability of PhenO-based PCs has also been
demonstrated,® as synthetic variations have been systematically
made to tune PC absorption, CT in the excited state, and redox
properties. While the former two have already been discussed
in the context of various PCs, of more interest is the latter,
which expanded on previous findings® and vyielded a library of
PhenO PCs with DFT-predicted E°(?PC**/3PC*) values spanning
-1.42 V (for PC 12) to -2.11 V (for PC 7) and E°(?PC**/*PC)
spanning 0.30 V to 0.62 V (all vs SCE, Table 1).%3 Additionally,
some work has also been reported on synthetically tuning the
PhenN3#40-42 and PhenS®8.3%43-45 core structures. In particular,
Matyjaszewski and co-workers investigated the influence of a

Table 1 Tunable Properties of PhenO’s through
Modifications of the Core Structure (Ref. 35,36)

Facile Synthetic

PC 7 8 12
EO(3PC*+/3PC*)2  -2.11 (-2.48)¢ -1.70 (-1.80)¢ -1.42 (-1.75)¢
EY(2PC**/'PC)®  0.58 (0.68)¢ 0.42 (0.65)¢ 0.62 (0.69)e
Amax,abs’ 324 nm 388 nm 411 nm
€max,abs” 7,700 M~icmt 26,600 M~icm~! 22,300 M-icmt

2 DFT-predicted redox potentials reported in V vs SCE. » Maximum absorption
wavelengths. ¢ Molar absorptivities at An... ¢ Values in parentheses are experimental
E°(2PC*+/'PC*) values (V vs SCE), where the lowest excited singlet energies were
estimated from the maximum wavelength of emission. ¢ Values in parentheses are
experimental E,,, values (V vs SCE) determined using cyclic voltammetry.

number of N-aryl substituents on PC properties and reactivity in
O-ATRP for a variety of PhenS-based PCs, such as 4.%3

Finally, in an effort to improve PC recyclability, which remains
one of the limitations of these PCs, a variant of 3 attached
to a polymer support was developed that could be repeatedly
added and removed from reaction mixtures simply with a set
of tweezers.* As a result, the PC could be used in multiple
polymerizations (up to 6 times) without any observable loss in
performance, thus providing a means of catalyst recycling.

3. Applications in Polymerization Reactions

3.1. O-ATRP

Broadly speaking, O-ATRP occurs by a mechanism similar
to that of traditional ATRP, in that a catalyst mediates an
equilibrium between “active” (P,*) and “dormant” (P,Br) polymer
chains, repeatedly activating and deactivating polymers by
reversible removal and addition of a halide end group, often a
bromide (Scheme 2). Key to this process is that deactivation
is favored over activation and propagation, thus maintaining a
low concentration of reactive radicals in solution to minimize
bimolecular coupling and other termination reactions.? In
thermally driven ATRP, activation occurs via an inner sphere
electron-transfer (ISET) mechanism, in which the halide is
transferred from the polymer chain-end (or alkyl halide initiator)
to the catalyst species at the same time as electron transfer. By
contrast, activation in O-ATRP occurs through an outer sphere
electron-transfer (OSET) mechanism, where an excited state
PC (PC*) directly reduces an alkyl bromide (either an initiator
or a polymer chain-end) to generate Br-, 2PC**, and an active,
propagating radical. ?PC* may subsequently associate with
Br- to form the ion pair 2PC**Br=.4% Upon deactivation, 2PC*+Br-
oxidizes the radical chain-end and reinstalls the bromide to re-
form the dormant polymer species and regenerate the ground
state PC. While specific mechanistic details are still under
investigation and may vary between individual PCs, the current
understanding of this mechanism will be discussed in greater
detail in a later section (see Section 5).

In initial reports on O-ATRP using either 22 or 3?° in the
presence of the initiator ethyl a-bromophenylacetate (EBP), the
viability of the method was demonstrated through polymerization
of MMA (eq 1).282° With the potential of this method established,
the homo-polymerizations of several methacrylates were

demonstrated, including benzyl methacrylate, 343  tert-
Pc —— 2 — pPC*
PruiBr N
.- 2pC+ Br
deactivation initiation
step 3 alkene step
PI’H—1 <— Pn.
propagation

step

Scheme 2. Proposed O-ATRP Mechanism. (Ref. 40)



butyl methacrylate,?® isobutyl methacrylate,®® isodecyl
methacrylate,*®  trimethylsilylhydroxyethyl — methacrylate,3*
2,2,2-trifluoroethyl methacrylate,® and di(ethylene glycol)
methacrylate (Figure 3).>* Notably, the polymerization of
2-(dimethylamino)ethyl methacrylate to produce polymers
with relatively low £’s was unsuccessful using 1, but was
realized with PhenS catalysts.?® In subsequent reports, the
monomer scope of these PCs was expanded to methacrylates
bearing long alkyl chains,?”4” extended aromatic groups,* and
heterocyclic functionalities.*

In addition to these more traditional monomers, the
polymerizations of biomass-derived methacrylate monomers
using PC 3 have also been reported, demonstrating that both
homo- and co-polymers of these monomers could be achieved
via O-ATRP.*® The polymerization of acrylonitrile by O-ATRP
using 3 and other PhenS catalysts, albeit with relatively high
(B = 1.42) compared to traditional ATRP (£ = 1.04), has also
been reported.*%*0 While methacrylic acid has been polymerized
using 3,°' control over this polymerization was not evaluated,
necessitating further future studies. Very interestingly, the
polymerization of methacrylates with pendant furan-protected
maleimides using 5 has also been reported.> This report not
only provides a strategy for post-polymerization modification,
but also demonstrates that these PCs tolerate a wide array of
functionalities. However, despite various efforts, the monomer
scope of O-ATRP beyond methacrylates remains largely
unestablished and, as such, an important future direction of
O-ATRP is to define the monomer scope and capabilities of this
polymerization platform.

In all ATRP methods, the choice of initiator can also play
an influential role in controlling a given polymerization. Thus,
various initiators have been investigated for use with all three
PC families (see eq 1), especially traditional alkyl bromides
such as EBP,29343649 djethyl 2-bromo-2-methyl malonate
(DBMM),%  methyl a-bromoisobutyrate (MBIB),3*34  ethyl
o-bromoisobutyrate  (EBiB),%® methyl 2-bromopropionate

Example of O-ATRP of Methyl Methacrylate (MMA) and
Some of the More Common Initiators Used in O-ATRP

hite LED
Me (0] 2 (white ) o} Me

OMe B Br
! %\rf ’ E‘OJK( 2, DMF, N atm E‘OWH
6}

Ph i, 10 h Ph CO,Me
MMA EBP  MMAEBP:2=875:9:1 pyya, 59.2% yield
D=1.29; I (EBP) = 14%
b = polymer dispersity; /* = initiator efficiency

Other Bromide Initiators Tested

)O o o B R._Br n
EtO %oa RO)S( ' \hlﬂ:} R=8—Br
Me Br Me Me
DBMM or DMM R =Me (MBiBor MBI) R =CN (BPN) sulfonyl
R = Et (EBIB or EBI) R =CO,Me (MBP)  bromides

eq 1 (Ref. 28,29,34,36,39,43,49)
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(MBP),*#3¢ and 2-bromopropionitrile (BPN).344° In addition,
several alkyl chloride initiators have been investigated with
PhenS catalysts, though with less success.*? Although these
PCs are capable of activating alky!l chlorides due to their strong
excited state reduction potentials, they seem to be inefficient at
deactivating the propagating radicals in conjunction with chloride
initiators, resulting in less control during polymerizations.
Perhaps the most interesting development in O-ATRP initiators
thus far has been the introduction of aromatic sulfonyl halides
by Chen and co-workers.?* In their report, nearly 20 sulfonyl
bromides were investigated in polymerizations mediated by 11,
achieving £'s as low as 1.21 in the polymerization of MMA, and
in polymerizations of several other methacrylates and acrylates
with varying levels of control. Of particular note is that this new
initiating system allows for the post-polymerization modification
of polystyrene (PS) via O-ATRP, as sulfonyl chlorides can be
installed on the aromatic rings of PS to initiate an O-ATRP for
grafting-from brush synthesis (see Section 3.3).

One drawback of general photoredox catalysis is the difficulty
of scaling photochemical reactions,>*>* as reactions in batch
reactors must be performed on a small scale to ensure uniform
irradiation throughout the reaction vessel. To overcome this
obstacle, flow reactors have been implemented, in which a
reaction mixture is pumped through a transparent, narrow tube
wrapped around a light source to achieve both uniform irradiation
as well as facile scalability.> In an effort to extend these benefits
to O-ATRP, the polymerizations of various methacrylates using
PCs 5, 6, and 8 were undertaken in a flow setup, resulting in
the ability to synthesize the polymers on a gram scale while
maintaining relatively low £.48 Moreover, due to the improved
irradiation conditions offered by continuous flow, enhanced PC
performance was observed, allowing for a tenfold reduction in
catalyst loading without significant loss of performance.

Me
Methacrylates: A(OR
(o]

R =H, Me, Et, n-Bu, i-Bu, Bn,
n-Cq2Hos, MeoNCH,CHo,
i-Pr(CHy)g, i-Pr(CHy)7,
n-Bu(Et)CHCH,, MeO(CH,)20(CHy)»

e 2 O __N__Cl
IO
GO

Cl

Methacrylates Derived from Biomass: N
W o

0]
ey A o

n-CgHy7

Acrylonitrile, Acrylates, and Acrylamides: < R
R'=CN, MeO,C, n-BuO,C, t-BuO,C, i-PrNHCO, Me,NCO

Figure 3. Monomers Successfully Polymerized via O-ATRP by Using
PhenS, PhenN, and PhenO Photoredox Catalysts. (Ref. 29,34,36,45,47-
49,51)
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3.2. PET-RAFT

Although the primary application of PhenS, PhenN, and PhenO
catalysts has been in O-ATRP, some applications of these PCs
to PET-RAFT (photo-induced electron/energy transfer-reversible
addition fragmentation chain-transfer) polymerizations have
been reported.®->° Much like traditional RAFT, PET-RAFT makes
use of a chain-transfer agent (CTA), often a thiocarbonylthio
compound, to mediate a controlled radical polymerization
(Scheme 3).°>%8 However, where traditional RAFT commonly
utilizes thermal initiators, PET-RAFT makes use of a PC to mediate
this process,>>>8 minimizing the formation of dead chains from
the reaction of initiator radicals with active polymers.> Similar to
what is seen in O-ATRP, PC* activates a dormant polymer-CTA
bond, generating a radical that can engage in polymerization

For example: Z = PhS or n-BuS; P,, = MeCHCO,H or MeC(CN)(CH,)>,CO.H

Scheme 3. Xu and Boyer’s Proposed Mechanism of PET-RAFT.

(Ref. 55-58)
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Figure 4. Monomers Polymerized via PET-RAFT by Using PhenN and
PhenS Catalysts. (Ref. 38,46,59)

(P,), 2PC**, and the respective thiocarbonylthiolate (in the case
of a thiocarbonylthio CTA). The active P, radical can either
propagate or undergo reversible deactivation by one of two
pathways: in the first, the radical reacts with 2PC** to undergo
oxidation and reinstallation of the CTA end group. In the second,
the active radical can undergo chain-transfer with another CTA-
capped polymer, resulting in the deactivation of one chain and
the activation of another chain (Scheme 3).

Although originally reported using iridium PC 1,80 PET-
RAFT was later expanded to PhenS, when 3 was employed to
polymerize  N-isopropylacrylamide, N, N-dimethylacrylamide,
tert-butyl acrylate, and ethylene glycol methyl ether acrylate
(Figure 4) with relatively low to low £'s and temporal control.>®
This monomer scope was recently extended to various other
acrylates and methacrylates while also introducing a method
for catalyst recycling by using a polymer-supported PC that is
based on 3.4 Finally, the ability of PhenS catalysts to polymerize
partially fluorinated monomers has also been demonstrated,
producing a variety of partially fluorinated polymers with
generally low £'s.38

To demonstrate the utility of PET-RAFT in materials
manufacturing, existing polymer-based gels were homogeneously
modified in an example of living additive manufacturing.®! Since
the gels consisted of polymer networks with trithiocarbonate
iniferters embedded in the polymer backbone, chain extensions
could be achieved upon irradiation by infiltrating the gels with
N-isopropylacrylamide and 3. Importantly, since this method
involved modification of the existing polymer network, the
resulting material was homogeneous in nature in contrast to
the heterogeneous materials obtained by simply growing one
material on another using previous methods.

Moreover, as these PCs have displayed the ability to mediate
polymerizations both via O-ATRP and PET-RAFT, some work
has combined these two reaction manifolds into a stepwise
synthesis of copolymers of acrylates and methacrylates using
5.52 Capitalizing on the strengths (and weaknesses) of both
methods, a multifunctional initiator bearing a trithiocarbonate
moiety and an alkyl bromide moiety was synthesized, in which
the former functional group would only react during PET-RAFT
and the latter during O-ATRP. Thus, the polymerization of
methyl acrylate was achieved via PET-RAFT, followed by the
polymerization of methyl methacrylate via O-ATRP, resulting in
a block copolymer that otherwise would have been challenging
to prepare by either method alone.

3.3. Complex Polymer Architectures

One of the hallmarks of a controlled polymerization is the
ability to synthesize complex polymer architectures.63-65
For the methods described above, this ability has been
demonstrated at various levels, through the synthesis of
linear block-copolymers,?9:34,36:45,62,66 hryshes, 3257 and even
star®® polymers (Figure 5). For example, all three original
reports on O-ATRP mediated by PhenS, PhenN, and PhenO
catalysts showed that PMMA synthesized with these PCs could
be isolated and used as a macroinitiator for the synthesis



of various block copolymers.293436 Moreover, a report by
Xu et al. made use of 5 to synthesize block copolymers of
N-isopropylacrylamide and tert-butyl methacrylate, albeit with
poor control over £.% Notably, in addition to chain-extending
polymers synthesized via O-ATRP, polymers synthesized by
other methods can be synthetically modified for use as O-ATRP
macroinitiators. Thus, block copolymers containing poly(3-
hexylthiophene)* and poly(ethylene glycol)®® have also been
realized, demonstrating the ability of these PCs to tolerate a
wide range of functional groups.

Expanding on this notion of modifying existing polymers,
several methods have been reported for synthesizing brush
polymers from existing linear homopolymers. One approach that
has already been discussed to some extent is that in which sulfonyl
halides were installed on the phenyl groups of polystyrene to
enable grafting of poly(methyl acrylate) chains.?® Furthermore,
fluorinated polymers with chloride-functionalized backbones
have been modified using PC 3 to synthesize macromolecules
with interesting dielectric properties for electronics applications
(eq 2).5%70 Capitalizing on the presence of a chloride moiety
in poly(vinylidene fluoride-co-chlorotrifluoroethylene) [P(VDF-
co-CTFE)],”t grafting of various acrylates and methacrylates
onto P(VDF-co-CTFE) was achieved while also avoiding metal
contamination that occurs in traditional ATRP methods.”® The
impact of this reduced metal contamination was also evaluated
and will be discussed further in a later section (see Section 3.4).%”
Finally, the ability of these PCs to synthesize star polymers
in the presence of multifunctional initiators was investigated,
yielding a range of complex star architectures with up to 8 arms
that are composed of either homo- or block-copolymers.68

Thus, a variety of polymeric architectures have become
accessible by wusing PhenS, PhenN, and PhenO photoredox
catalysts. In particular, something that should be emphasized
is the number of methods using these PCs to modify existing
polymer structures and yield increasingly complex architectures.
While a single method to polymerize any monomer is ideal,
the reality is that most methods have associated strengths and
weaknesses. However, the ability of PhenS, PhenN, and PhenO

Linear Copolymers

Star Polymers

Brush Polymers

Figure 5. Polymer Architectures Synthesized Using PhenS, PhenN, and
PhenO Photoredox Catalysts.
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photoredox catalysts to tolerate various functional groups
allows methods with complementary strengths to be combined,
whether it be in a one-pot synthesis®® or in a multiple-step
synthetic sequence, giving rise to polymer architectures that
might not be possible by any of these methods alone.

3.4. Avoiding Metal Contamination for Sensitive Applications
Often cited as one of the major advantages of O-ATRP,28,29,34,36
is the use of PhenS’s, PhenN’s, and PhenO’s for the synthesis
of polymers without the metal contamination associated with
traditional ATRP. Although significant advances have been
made toward reducing catalyst loadings’>74 and purifying
polymers synthesized by traditional ATRP,7>78 even trace metal
contamination remains problematic in polymers for electronics
applications.®”.70.7L In particular, grafting insulators, such as
PMMA, to poly(vinylidene fluoride)-based polymers (PVDF)
has shown promise to yield materials suitable for high-pulse
capacitors, whereas residual metal ions from traditional ATRP
can result in significant dielectric loss.”® As this loss has been
attributed to ion migration under an applied electric field, using
an organic PC to mediate the grafting process can eliminate
this issue, since any catalyst remaining in the polymer should
be in the ground state and would thus not be influenced by an
applied field.

In this regard, the method developed for the modification of
P(VDF-co-CTFE) using 3 (see eq 2) was shown to be capable
of activating the C-ClI bond toward hydrogenation’* as well as
O-ATRP.”%In a later report, the impact of employing an organic PC
versus a traditional copper catalyst was evaluated, demonstrating
that polymers prepared via O-ATRP exhibited a far reduced ion
mobility compared to polymers prepared using traditional ATRP.®7
Moreover, when comparing the materials properties of these two
samples, the former exhibited both enhanced discharge energy
density and discharge efficiency over a range of applied electric
fields, suggesting that 3 can yield these desirable materials with
reduced impact on their performance.

In addition to electronics applications, biological applications
of polymers have also been cited as potentially metal-sensitive
to warrant the investigation of PhenS's,% PhenN’s,? and
PhenO’s.? To this end, the ability of 3 to synthesize amphiphilic

General Approach for the Modification of P(VDF-co-CTFE)
by Reduction with PhenS Catalysts

MA, BA, or MMA (9 mmol) R F
e F 3 (0.11 mmol)
y y
SECF T hv (365 nm), DMSO, 30 °C S

poly(vinylidene fluoride-
co-chlorotrifluoroethylene)
[P(VDF-co-CTFE)]

VDF:CTFE = 94:6
1.00g

R =H, PMA, PBA, PMMA
P(VDF-co-CTFE)-g-PMA
or P(VDF-co-CTFE)-g-PBA
or P(VDF-co-CTFE)-g-PMMA

MA = methyl acrylate; BA = n-butyl acrylate; MMA = methyl methacrylate

eq 2 (Ref. 67,70)
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diblock copolymers was investigated,® as these materials have
attracted attention for drug and gene delivery.8.8t By modifying
poly(ethylene glycol) for use as an ATRP macroinitiator,
copolymers of ethylene glycol and glycidyl methacrylate could be
obtained, albeit with £ values well above 1.5. It should be noted,
however, that organic PCs for biologically relevant polymers may
be unnecessary, as copper is vital to human life and copper
dietary supplements have even been used to mediate traditional
ATRP.82 Moreover, while these PCs have been shown to be
biologically active molecules,83-%0 their toxicity in humans has
not been investigated and should warrant further study.

3.5. Surface Modifications

Surface-initiated polymerizations represent a versatile approach
for the production of hybrid organic-inorganic materials with
interesting surface properties.®* In particular, surface-initiated
ATRP (SI-ATRP) has emerged as an important technique
capable of yielding such materials with precisely controlled
architectures.®> However, until recently, the production of
patterned surfaces by SI-ATRP remained a challenge, requiring
the use of advanced lithographic and printing methods.
To overcome this challenge, a method was developed that
capitalizes on the spatiotemporal control achieved in O-ATRP
and allows the use of binary photomasks to produce patterned
polymer coatings on functionalized silicon surfaces in a single
step (eq 3).%2 Notably, features at even the micron scale could
be produced reliably, demonstrating the high level of precision
obtainable by this method.

In addition to the modification of flat surfaces, SI-ATRP
photocatalyzed by 3 has also been reported using functionalized
silica nanoparticles, which were simultaneously used to
investigate parameters influencing PC control in the grafting
process. % For example, the effects of various initiating moieties
were investigated for both small (16 nm) and large (120 nm)
silica nanoparticles, revealing that 2-bromo-2-phenylacetate

Functionalized-Surface Modifications
by O-ATRP Using PhenS Catalysts

functionalized silicon surface

3, MMA surface coated with
DMA, rt patterned polymer
o
-0 Br
‘ = —O-lSi/\M;\O
o Me Me

n
Me Me COMe

eq 3 (Ref. 92)

based tetherable initiators exhibited superior performance to
those with 2-bromoisobutyrate moieties.® Moreover, this work
was extended to determine the impact of the tetherable initiator
spacer length on the grafted polymer properties. Thus, it was
determined that for O-ATRP, increasing the initiator spacer
length results in both lower £ polymer chains and higher grafting
density (number of chains per unit of area).®?

Other work in this area has focused on surfaces of other
materials, including iron(III) oxide nanoparticles® and europium-
doped hydroxyapatite,®® capitalizing on the ability of these PCs to
yield controlled polymer grafts without introduction of unwanted
metal ions. Moreover, surface grafting of methacrylic acid
onto a silicon wafer has also been achieved,”® demonstrating
compatibility between this monomer and 3. As controlling
the polymerization of methacrylic acid has historically been
challenging for ATRP,*” future work should undoubtedly include
investigation of the ability of PhenS’s, PhenN’s, and PhenQO’s to
yield well-defined poly(methacrylic acid).

3.6. Post-Polymerization Modifications

In addition to the ability to synthesize well-defined polymers
for various applications, the ability to alter polymers post-
polymerization is also desirable. One such example that has
already been discussed is the one in which polystyrene was
modified to enable grafting of methyl acrylate chains from
the aromatic pendants.®* In another example, researchers
reported on the ability of 3 to remove chloride, bromide,
and trithiocarbonate end-groups from various polymers,
enhancing their long-term stability by removing these reactive
functionalities.®® Moreover, this method was extended to
dehalogenate tethered initiators on functionalized silicon
surfaces, allowing for patterns to be prepared on functionalized
surfaces prior to use in SI-ATRP. Thus, the utility of these PCs
has been demonstrated in a diverse range of polymer-based
applications, including polymer synthesis and modification.

4. Applications in Small-Molecule Transformations
Although the primary application thus far of these strongly
reducing organic PCs has been in polymer synthesis, several
reports have emerged on their application in small-molecule
transformations, demonstrating their broader utility as catalysts
for diverse chemical reactions.

4.1. Carbon-Carbon Bond Formations

PhenS catalysts have been reported as PCs in the dehalogenation
of various organic molecules (eq 4).* Much like the activation of
alkyl halides in O-ATRP, the dehalogenation of organic halides—
including aromatic iodides, aromatic and alkyl bromides, and
aromatic chlorides—was demonstrated using PC 3.%° While these
reactions were originally limited to dehalogenations followed by
hydrogenations, the ability of 3 to mediate a radical cyclization
provided evidence for a radical mechanism. Thus, this reactivity
was later exploited to form C-C bonds with several substrates
using PCs 3 and 14.% In addition, by tuning PC reduction
potentials [E°(?PC**/!PC*) = -2.1 V and -1.5 V vs SCE for 3



and 14, respectively], selectivity for certain halides over others
was achieved. For example, using PC 14, iodo functionalities
in multi-halide substrates could be targeted. In contrast, and
as PC 3 is more reducing, both iodo and bromo functionalities
could be targeted while leaving chloro and fluoro groups intact.
Interestingly, the ability of PhenS catalysts to activate
carbon-halogen bonds was also extended to fluorides. Using
PC 3 and cyclohexanethiol (CySH) as co-catalyst, C-F bonds
in various trifluoromethylarenes were activated for reaction
with unactivated alkenes, allowing for the alkylation of several
substrates under mild conditions (eq 5).'1% Although this
activation approaches the thermodynamic limit of PC 3's
reducing ability [-2.07 V vs SCE for 1,3-bis(trifluoromethyl)-
benzene; E°(?PC**/'PC*) = -2.1 V vs SCE for 3], quenching
of PC* by 1,3-bis(trifluoromethyl)benzene was demonstrated
using Stern-Volmer analysis. Thus, it was proposed that such
substrates could be activated to form a radical species capable
of mesolytic cleavage of a C-F bond, which would then lead to
reaction with alkenes to effect the desired transformations.
Finally, the trifluoromethylation of several aromatic and
olefinic compounds has been reported using PC 6 under visible
light irradiation of F5C-I (eq 6),19 as PC 6's excited state is
sufficiently reducing to directly reduce CF;I and generate CF3°
for the trifluoromethylation reaction. While such transformations
were previously accessible by photoredox catalysis, they required
the use of polypyridyl Ru and Ir PCs such as fac-[Ir(ppy)s]
(1),102-106 35 few PCs possess the excited state reduction
potentials necessary to mediate these reactions. However, due
to the strongly reducing excited states accessible by PhenS's,
PhenN’s, and PhenO’s, transformations such as these have
become accessible without the need for these precious metal
PCs,0t demonstrating the potential of these organic PCs as
sustainable alternatives to precious metal catalysts.

4.2. Other Coupling Reactions

In addition to the C-C bond formations described above,
methodologies for C-N and C-S cross-couplings have also
been reported using these strongly reducing organic PCs. For
example, through the use of a dual photoredox/nickel catalytic
system, the coupling of various primary and secondary amines

Dehalogenation Selectivity Determined by
the Reduction Potential of the Photoredox Catalyst

PC (5 mol %)
/©/C' (n-Bu)3N, HCO.H | O /@/C'
—_— +
hv (380 nm) Z
F MeCN, rt F F

Br Br
PC RxnTime Yield Yield
14 5h 96% 4%
3 48 h 5% 90%

eq 4 (Ref. 44)
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with aryl bromides was achieved in the presence of PCs 6 or
8 (eq 7).1% Furthermore, using PC 8 at 10 times less catalyst
loading than the Ir PC used in the seminal report by Oderinde,
Johannes, and co-workers,'% a similar approach was employed
to couple thiols to aryl bromides, yielding a range of products in
moderate-to-high yields (eq 8).1°! It should be noted that, while
similar C-S coupling reactions were reported using aryl iodides
with an Ir PC,1%7 aryl bromide coupling partners were ineffective
in this system. Thus, this reaction (eq 8) represents an example
in which these organic PCs have enabled transformations
previously inaccessible using precious metals.

PhenS-Catalyzed Defluorination and C—C coupling
of Trifluoromethylated Substrates with Alkenes

3 or 4 (10 mol %)
2 HCONa (3—4 equiv) R2

F R
F CySH (10 mol %)
H1
AI')<F + \)\Ra

FY\H\
_— R3
H,0-DMSO (5%, v/v) F

" Ar R!
3 equiv 23°C, blue LED ’
28 examples
240r48 h
or 11-89%

Ar = mono- and disubstituted benzene, 2-Pyr; R' = H, Me
R?, R® = H, alkyl, terminally functionalized alkyl,
cycloalkyl, cycloalkenyl, heterocycloalkyl

eq 5 (Ref. 100)

Trifluoroalkylation of Alkenes Catalyzed
by Organic Photoredox Catalysts

; 6 (1-5 mol %)

1
R HCOK (1.5 equiv) - R
Re—l v 1 | ——— s ]
Ny DMA, 40 °C, SR
white LED, 648 h
alkene, 10 examples
arene, or 54-98%

heteroarene
Rf = CF3, CF3CF3; R' = H, Me, MeO
For alkenes, the major substitution product was the trans isomer
|

In the absence of HCO2K, Fac\)\/\ A

the reaction of F3C—I with R

alkenes led to addition products: R? = Ph, n-Bu, n-Oct, n-C;H1,0H
42-49%

eq 6 (Ref. 101)

Cross-Coupling of Amines with Aryl Bromides
by Dual Organic Photoredox—Nickel Catalysis

H 6 or 8 (0.4 mol %) Ar
{ NiBra+glyme (1 or 5 mol %) {
R"N\RZ + Ar—Br F(VN\F{Z
DABCO® (1.8 equiv), DMA
25-60 °C, white LED, 24 h 9 examples
68-98%

Ar = 4-XCgHa (X = H, Ph, MeO, CF3), 2-Np, 2-Pyr
R' = H; R2 = n-Pr, Ph, (furan-2-yl)CH,
NR'R? = pyrrolidinyl, morpholin-4-yl

eq 7 (Ref. 101)
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4.3. Selective Decarboxylative Olefinations

In another example of reactivity enabled by these strongly
reducing PCs, PhenN’s were employed in visible-light-
mediated decarboxylative olefinations to yield terminal alkenes
(eq 9).1% The use of 5 in conjunction with a copper catalyst
enabled these transformations to be performed with high
selectivity (as preventing isomerization to an internal alkene
had previously been challenging), under mild conditions and
without the use of precious-metal catalysts. Furthermore, this
method was demonstrated for a range of activated aliphatic
acids, including some derived from biomass feedstocks—
showing that the reaction tolerates a variety of functional
groups within the substrates.

4.4. Photocatalytic Phosgene Generation for
Synthesis

PC 8 can generate fluorophosgene photocatalytically in situ for
the synthesis of carbonates, carbamates, and urea derivatives
(Scheme 4).1% While the ability of phosgene derivatives to
perform such transformations was previously understood, such
syntheses required special equipment for handling phosgene due
to its severe toxicity. 10111 Alternatives to this class of reagents
do exist, but they tend to be far less effective,!* requiring
one to choose between an effective synthesis and the safety
of the associated reagents. As such, the ability of this method
to generate a phosgene derivative in situ using photocatalysis
is highly attractive, since the phosgene reacts quickly once
generated, minimizing the risk of exposure and thus the safety
concerns surrounding this reagent.

Organic

Cross-Coupling of Thiols with Aryl Bromides
by Dual Organic Photoredox—Nickel Catalysis

H 8 (0.2 mol %) Ar
] NiBry+glyme (5 mol %) !
S._ + Ar—Br — - EN
R pyridine (2 equiv), DMA R
1t, white LED, 24 h 9 examples

68-98%

Ar = 4-XCgHy4 (X = Ph, MeO, Ac, CN, CF3), 2-Np
R = Ph, 4-MeCgHy4, 4-MeOCgH4CH,, Cy, n-Oct, MeO,CCH(NHBoc)CH,

eq 8 (Ref. 101)

Selective Decarboxylative Olefinations
by Dual Organic Photoredox—Copper Catalysis

5 (2.5 mol %)
Cu' cat (2.5 mol %)

Y PhMe, argon atm R/\/\

OxN .0 3 W LEDS (Amax = 400 nm) 24 examples
1, 16-72 h 27 to >99%
o]

redox-active synthetic or cul Cu
biomass-derived aliphatic acid CU" ¢at = | Me 0

B/,

eq 9 (Ref. 108)

5. Mechanistic Insights Guiding Catalyst Development
Since PCs based on PhenS, PhenN, and PhenO were originally
developed for use in O-ATRP, mechanistic work surrounding
these PCs has primarily focused on their function in O-ATRP.
Thus, mechanistic discussions in this section will be made in
the context of this method, although the implications of these
discoveries likely extend beyond O-ATRP.

5.1. Photoexcitation, Activation, and Deactivation in O-ATRP
As with any photoredox-catalyzed reaction, the absorption of
light is the first important step to the operation of the PC. In
the context of O-ATRP, visible-light absorption is preferred over
absorption of UV light, as the latter has the potential to initiate
undesirable side reactions. To achieve this property, synthetic
modifications have been reported for various catalyst families,
allowing for the design of strongly reducing but also visible-light
absorbing PCs (see Section 2). Since the intensity of a light
source can often be tuned with ease, this external stimulus
can also be manipulated to influence light absorption by the
PC (and thereby the reaction it mediates). This principle was
demonstrated by polymerizing MMA in the presence of 8 under
various irradiation conditions, where the emission intensity of
the light source was modulated.!'*2 As a result of decreasing
light intensity, molecular-weight growth during polymerization
became less controlled and B increased, indicating a loss of
control over the polymerization. This result is consistent with a
decrease in deactivation efficiency, as decreased light intensity
yields less PC* and thereby less PC**Br- to deactivate reactive
radicals in solution. Significantly, the performance of 8 appeared
to be influenced to a lesser extent than that of 2, suggesting
that tolerance to varying reaction conditions can be designed
into these PCs.

Once a PC is photoexcited, the lifetime of the desired excited
state must be long enough to allow energy or electron transfer
to occur with the substrate.>” In the case of PhenO’s and
PhenN'’s, activation has been proposed to occur from 3PC*. As
such, the lifetime of 3PC* has been measured for some of the
PCs in these families, including 6 (4.3 £ 0.5 us) and 8 (480 +
50 us).10t Interestingly, these lifetimes are competitive with,

OCF3

O NHB 8 (2 mol %) o
Z DIPEA (3 equiv
Y, . (3 equiv) U
MeCN (anhyd) FoF
hv (400 nm), N2 fiuorophosgene
CN m,24h intermediate
15, 1.05 equiv
o /( PhCN
o” “N-Bz
/

96%
(27 other examples, 27-99%)

Scheme 4. Photocatalytic Generation of Fluorophosgene in Situ for the
Synthesis of Carbonates, Carbamates, and Urea Derivatives. (Ref. 109)



or even exceed, those of traditional precious-metal-containing
PCs (e.g., 1.9 us for 1),13114 although only 8 has a comparable
quantum vyield for the triplet excited state (&, = 2% for 6 and
@ = 90% for 8).101

However, whether these PCs operate predominately via the
IPC* or 3PC* excited state remains to be determined. Recently,
an investigation of electron transfer between photoexcited
PhenN’s and methyl 2-bromopropionate (MBP) was presented,
suggesting 'PC* may be the most important excited state
in regards to catalysis for this family of PCs.'™ Similarly,
mechanistic investigations related to the dehalogenation of
aryl halides have suggested that 3 can operate efficiently from
IPC*.%° On the other hand, others have argued that these PCs
likely operate predominately from 3PC* in O-ATRP, as these
states tend to be much longer-lived than 'PC*,11® Thus, further
studies are required regarding which excited state species of the
PC is most pertinent to catalysis, something that may prove to
be case-specific.

Regardless of the nature of the excited state, the importance
of photoexcitation has been demonstrated with 3.4° For example,
upon irradiation, 3 activates methyl 2-bromoisobutyrate (MBiB)
with a rate constant k, = 5.8 x 108 Mt s, whereas in the
absence of irradiation K, = 1.0 x 107* M-t s, demonstrating
that ground state 3 is essentially incapable of performing the
necessary reduction for activation. Moreover, a comparison
of the activation of various initiators suggests similar
trends are observable as in traditional ATRP, such as ethyl
a-bromophenylacetate (EBP) (k,: = 2.0 x 10% M1 s 1) being
a faster acting initiator than MBIiB, while MCiB (the chloride
analogue of MBIB) is a slower acting initiator (k, = 1.5 x 10°
M-t s1) than MBIB.

With regard to deactivation, initial reports proposed this
step may occur via bimolecular reaction between 2PC**Br-
and the propagating radical, requiring ?PC** to pre-associate
with Br- prior to deactivation.?8:2%.343640 Alternatively, other
work has suggested that this process may in fact proceed
via a termolecular mechanism.® Using derived activation
parameters, the rates of various deactivation pathways were
calculated according to Marcus theory and compared to the rate
of termination for evaluation of their viability. Based on these
calculations, a termolecular deactivation was predicted to be
more viable than other pathways involving ISET, OSET, and
dissociative ET. However, these calculations did not explicitly
account for the entropic penalty associated with a three-body
collision, which makes termolecular reactions unfavorable,!*
especially considering the species involved are at very low
concentrations in O-ATRP. Alternatively, the influence of ion
pairing on deactivation in O-ATRP has been reported, supporting
a bimolecular mechanism in which PC** and Br~form an ion pair
prior to deactivation.*

5.2. Intramolecular Charge Transfer in the Excited State

During early investigations of PhenN'’s, it was observed that PCs
bearing N-aryl substituents with EWGs or extended n systems
exhibited noticeably better performance in O-ATRP (especially
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in regards to producing polymers possessing lower £'s) than
those bearing electron-donating or electron-neutral N-aryl
substituents.** Through the aid of computational chemistry,
it was discovered that the electronic properties of these
substituents could influence electron density distribution in the
3PC* excited state, giving rise to intramolecular charge transfer
(CT) from the PhenN core to the N-aryl substituent containing
EWGs or extended conjugation. Computationally, this property
can be observed by the presence of spatially separated SOMOs
in 3PC* (Figure 6), as well as by visualizing the shift in electron
density upon photoexcitation using electrostatic-potential-
mapped electron density diagrams (Scheme 5, Part (a)).%
Experimentally, the effects of CT can be observed (i) visually
through the solvatochromism of these PCs, (Scheme 5, Part
(b)) and (ii) by using fluorescence spectroscopy for quantitative
analysis.®40 Notably, this intramolecular CT is analogous to
the metal-to-ligand CT,3° which is observed in many successful
metal-based PCs.!18

After the correlation of these CT properties and their
influence on the performance of the PC, several studies have

3

3PC* (LE) 3pc* (CT)

Figure 6. PhenN’s Computed to Have Spatially Separated SOMOs
(Right) Were Observed to Perform Better as O-ATRP Catalysts than
Those That Possessed Localized SOMOs. (Ref. 40)
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been reported on ways to manipulate CT in favor of improving
polymerization control in O-ATRP. For example, following
the discovery that PCs with CT character could operate in a
range of solvents (whereas non-CT PCs could not), solvent
optimization was performed under O-ATRP conditions for a wide
range of PCs, including 5 and 6.4 As result, it was discovered
that switching the solvent from N, N-dimethylacetamide
(DMA) to ethyl acetate (EtOAc) can yield improved control
over the polymerization of MMA, as observed through more
linear growth of polymer molecular weight and lower £ (1.08
in EtOAc vs 1.17 in DMA for PC 5). In addition, a recent
investigation into the photophysical properties of PCs with and
without CT character has suggested that a CT excited state
with perpendicular geometry and appropriate energy (e.g., PC
8) can aid intersystem crossing (ISC) to the 3PC*,!19 allowing
for PCs with favorable photophysical properties to be targeted
synthetically. Notably, these findings can be used to explain the
observed differences in performance between CT and non-CT
PCs, as improved ISC would vyield a larger concentration of the
active catalytic species in O-ATRP (assuming the PC operates
via the 3PC* excited state and not the 'PC*).

5.3. Excimer Formation and Reactivity

The possibility of these PCs forming excimers has also been
investigated as a means of understanding their reactivity in
thermodynamically challenging reductions.!%® In an attempt to
prepare carbonates, carbamates, and urea derivatives, it was
observed that PC 8 was capable of reducing 4-(trifluoromethoxy)-
benzonitrile (15), which was surprising given that this PC should

not be thermodynamically capable of reducing this substrate
[E*oq(?PC+/3PC*) = -1.7 V whereas F°.4(15/157) = -2.1 V, both
vs SCE]. To explain this observation, it was proposed that PC
8 might form excimers under reaction relevant concentrations,
leading to the formation of a PC radical anion and radical cation
upon photoexcitation. In the absence of an electron donor, these
species likely undergo a comproportionation reaction to generate
two ground state PC molecules. However, upon addition of an
electron donor such as an amine, it was proposed that the PC
radical cation could be quenched, resulting in a longer-lived
radical anion capable of reducing a substrate. Supporting these
hypotheses, quenching of the radical cation upon addition of an
amine was observed using transient absorption spectroscopy,
and the E°4(*PC/?PC*) of the radical anion of 8 was measured
to be about -2.5 V vs SCE, which is sufficient to reduce 15.1%
Thus, excimers of these PCs may offer a means of enhancing
their reducing power to access more challenging transformations
in the future.

6. Conclusion and Outlook

Until recently, few PCs with strongly reducing excited states
existed, especially organic PCs. Thus, PhenS's, PhenN’s, and
PhenO’s represent a unique subset of molecules that are
capable of performing challenging reductions catalytically
without the use of precious metals. Capitalizing on their strong
excited state reduction potentials, these PC families have been
widely applied to the synthesis of polymers with controlled
molecular weights, low dispersities, and complex architectures.
Furthermore, their ability to operate via several mechanisms

Increasing Solvent Polarity

Scheme 5. Comparison of PhenN’s without (Top) and with (Bottom) CT Excited States. (A) Computed Electrostatic-Potential-Mapped Electron-
Density Diagrams Portraying the Distribution of Electron Density within PCs upon Photoexcitation to an Excited State, with Red Signifying Larger
Populations of Electron Density. (B) Charge Transfer PCs Exhibit Large Solvatochromic Shifts in Their Emissions in Solvents of Different Polarity,
While Non-CT PCs Do Not. Solvents of Increasing Polarity from Left to Right: 1-Hexene, Benzene, Dioxane, THF, Pyridine, and DMF. (Ref. 35,40)



(e.g., O-ATRP and PET-RAFT) has also been demonstrated.
Moreover, the ability of these PC families to mediate a variety of
small-molecule transformations has been reported, the scope of
which will undoubtedly expand in coming years. To promote this
expansion, future investigations focusing on the mechanisms of
these PCs in a range of applications will be crucial, allowing for
their design principles to be refined to target desired, selective
transformations. Moreover, these PCs have a unigue potential
to increase the long-term sustainability of transformations
currently mediated by precious metal catalysts. However, the
sustainability of these PCs is currently hindered by the fact
that all of the PCs discussed herein to date are synthesized
via palladium-catalyzed transformations. Thus, future efforts
should also include the development of more sustainable PC
syntheses that are not dependent on precious metals.
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Titanium Salalen Catalysts for the
Asymmetric Epoxidation of Terminal
(and Other Unactivated) Olefins with

Hydrogen Peroxide

Keywords.
hydrogen peroxide; catalysis; oxidation; asymmetric synthesis;
epoxides; metal catalysis; natural product synthesis.

salalen; titanium; asymmetric epoxidation;

Abstract. The epoxidation of terminal, unconjugated olefins
with high stereoselectivity has been a long-standing problem
in asymmetric catalysis. In this review, we describe the
development of titanium salalen catalysts which provide a
practical solution to this problem. This type of epoxidation
catalyst employs aqueous hydrogen peroxide as terminal
oxidant, which makes this method even more attractive from
a preparative point of view. The best salalen ligands for this
purpose are derived from c¢is-DACH as the chiral building block,
and the one such ligand incorporating two 3-(pentafluorophenyl)-
salicylic aldehyde moieties (9c¢, “Berkessel ligand”) currently
affords the most effective and selective titanium catalyst in
this regard. In addition to several examples of the recent use
of titanium salalen epoxidation in natural product synthesis,
practical hints for catalyst preparation and application are
presented. Structural and mechanistic aspects of titanium
salalens are briefly addressed as well.
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1. Introduction

“If carbonyl compounds have been said to be ‘virtually the
backbone of organic synthesis’, the epoxides correspond to at
least ‘one of the main muscles’.”* This famous 1983 statement
by Dieter Seebach highlights the fundamental importance
of epoxides as building blocks in organic synthesis.? At that
time, the development of methodology for the preparation of
enantiomerically pure epoxides had just taken an enormous
leap forward with the discovery of the stoichiometric Sharpless
epoxidation of allylic alcohols (SE) in 1980.° The catalytic SE
followed in 1987, and served as one of the cornerstones for
the conferment of the Nobel Prize in chemistry to K. Barry
Sharpless in 2001.4° In 1990, Jacobsen> and Katsuki® reported
independently the first efficient, asymmetric epoxidation of
unfunctionalized £ and Z alkenes catalyzed by manganese-
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salen complexes such as 1 and 2 (Figure 1). More recent
developments in the field of metal-based catalytic asymmetric
epoxidation include iron complexes of N4-tetradentate ligands
such as 3, as reported by Costas;’ or bishydroxamic acid
ligands such as 4 in combination with vanadium, molybdenum,
zirconium, or hafnium, as reported by Yamamoto.® In the area of
organocatalytic epoxidations, numerous chiral ketone catalysts
have been developed,® as exemplified by the highly practical Shi
catalyst, 5, first disclosed in 1996, and which is based on readily
available p-fructose.®

Despite the vigorous development of the field of catalytic
asymmetric epoxidation over two decades, one class of olefins
had remained largely recalcitrant to efficient catalytic asymmetric

epoxidation: terminal, unconjugated olefins (“a-olefins”).
NMe,

Jacobsen, 1990 Katsuki, 1990 Costas, 2013
(Ref. 5a) (Ref. 6) (Ref. 7a)  \Mez2
Os_CHPh Me
Y oxM *
N fo) o) M Ph, /Ph
“OH ./ .., ~P_ ,OH, -
@ _OH L/\L ): P |TO
‘N o ¢} Me P CeFs
A B PH Ph
07 ~CHPh, Me
Me
4 5 6
Yamamoto, 2005 Shi, 1996 & 2002 Strukul, 2006
(Ref. 8a) (Ref. 9a,b) (Ref. 11)

Figure 1. A Selection of Metal Complexes, Ligands, and a Chiral
Ketone That Have Been Used in Recent Developments of the Catalytic
Asymmetric Epoxidation of Olefins.

OH
@ PN asymmetric /\|) activation
—_—
&7‘ dihydroxylation LQ" cyclization
(Sharpless AD) OH
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OH
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H kinetic resolution OH H o
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Scheme 1. Examples of Indirect Methods for the Preparation of
Enantiopure Terminal Epoxides. (Ref. 13-16)

In 2000, Eric N. Jacobsen stated: “Perhaps most significant,
no useful methods exist for the direct, enantioselective
synthesis of terminal epoxides, arguably the most useful
subset of these compounds from a synthetic standpoint.”9 For
vinylcyclohexane, an a-branched terminal olefin, Shi reported
in 2002 a 71% ee for the corresponding epoxide by utilizing
a modified chiral ketone catalyst,® and up to 85% ee was
reported by Yamamoto in 2006 by employing a molybdenum
catalyst.® For a-unbranched terminal olefins such as 1-octene,
only Strukul’s pentafluorophenylplatinum epoxidation catalyst
6 (Figure 1) had achieved, in 2006, ca. 80% ee, with good
yields, and using hydrogen peroxide as oxidant.* With this
exception, no preparatively relevant method for the direct
(i.e., one-step) catalytic transformation of terminal olefins into
highly enantioenriched epoxides existed.’?> As a consequence,
several “workarounds” were developed for this class of alkenes
(Scheme 1).13716

A typical two-step procedure consists of the application of the
Sharpless dihydroxylation as the stereoselective step, followed by
one of the established 1,2-diol-to-epoxide dehydrations (Scheme
1, Part (a)).B Alternatively, instead of a-olefins, aldehydes can
be used as starting materials that are subjected to asymmetric
organocatalytic a-chlorination, followed by reduction/ring
closure (Scheme 1, Part (b)).™ A related procedure involves
the enantioselective reduction of a-haloketones to the alcohols,
followed by ring closure (Scheme 1, Part (c)).*> For terminal
epoxides that are available as racemates in larger quantities,
Jacobsen’s hydrolytic kinetic resolution (HKR) is a frequently
applied and highly efficient method for obtaining virtually
enantiopure terminal epoxides (Scheme 1, Part (d)).10.16

2. Discovery of Titanium Salalen Catalyzed Epoxidation
with H,0,

The situation changed significantly when, in 2005, Katsuki and
co-workers reported their most remarkable discovery, namely
that the dimeric titanium di-p-oxo salalen'” complex 7 is an
efficient catalyst for the asymmetric epoxidation of various
types of unactivated olefins—including terminal unconjugated
1-octene.’®® A Meerwein-Ponndorf-Verley reduction of the
corresponding salen ligand upon treatment with Ti(Oi-Pr), led
to salalen complex 7 (Scheme 2, Part (a)).'® Two years later,
Katsuki’'s group disclosed improved reaction conditions that
allow the highly enantioselective epoxidation of various terminal
and (Z)-1,2-disubstituted olefins (Scheme 2, Part (b)).1° Besides
the high yields and enantiomeric excesses, the use of cheap,
readily available and environmentally benign aqueous hydrogen
peroxide (typically 30%) as the terminal oxidant is another
advantage of this new epoxidation method.?° On the other hand,
its drawback and obstacle to broad application in synthesis is
the relatively demanding multistep synthesis of catalyst 7.

3. Further Development of Titanium Salalen Epoxidation
Catalysis

After their seminal discovery in 2005, Katsuki and co-workers
mostly focused on titanium salan!’ complexes, which were then



developed within a few years into highly efficient and readily
accessible catalysts for the asymmetric epoxidation of conjugated
olefins with hydrogen peroxide.?! In contrast, we were mostly
interested in the development of practical methodology for the
asymmetric epoxidation of wunactivated, unconjugated olefins
with hydrogen peroxide, and, therefore, set out to simplify and
further improve the original titanium salalen motif. Our earlier
work had dealt with the use of salalen complexes for modeling
metallo enzymes, and had afforded, inter alia, catalytically
active peroxidase models.?? Methodology for the synthesis of
salalen ligands was thus well established in our laboratory,
and it was now applied to the titanium systems. In 2007, we
presented a series of significantly simplified salalen ligands,
derived from trans-DACH (DACH = 1,2-diaminocyclohexane).?
The corresponding titanium complexes have principally the
same structure as complex 7, i.e., they are di-u-oxo dimers,
composed of homochiral halves with cis-B configuration,
arranged in the dimer in an anti fashion.'81%23 (See also
Section 6.) While the epoxidaton of conjugated olefins such
as 1,2-dihydronaphthalene or indene proceeded with quite
satisfactory yields and enantioselectivities (eq 1),23 the results—
in particular the low conversions—for unconjugated olefins were
disappointing (1-octene: 6% vyield, 60% ee; vinylcyclohexane:
14% vyield, 84% ee). We suspected that a competing oxidative
catalyst degradation accounted for the low yields when low-
reactivity olefin substrates were employed—an assumption that
was later corroborated by an in-depth mass spectroscopic study
using isotopically labeled ligand 8.2

Our development of simple yet active and selective salalen
ligands took a big leap forward in 2013 with the introduction
of cis-DACH as chiral building block. The cis-DACH-derived
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ligands such as 9a and 9b proved highly stable toward oxidative
degradation and, for the first time, allowed the efficient and
highly enantioselective epoxidation of a variety of unactivated
olefins with structurally simple ligands, using hydrogen peroxide
as terminal oxidant (eq 2).2>2% Aiming at even higher catalyst
stability and activity, we subsequently investigated the effect
of introducing fluorine and trifluoromethyl substituents in the
salicylic aldehyde moieties of the ligands. This study led to the
identification of the current “champion”, cis-salalen ligand 9c,
which is derived from cis-DACH and 3-(pentafluorophenyl)-
salicylic aldehyde.?6:?” The corresponding Ti-9¢ complex allowed
the highly enantioselective and high-yielding epoxidation of a
variety of unactivated olefins.

As a rule of thumb, terminal and (Z)-1,2-disubstituted
olefins are epoxidized at comparable rates and with high

trans-DACH-Derived, Simplified Salalen Ligand
for the Enantioselective Epoxidation of Unfunctionalized Alkenes
Catalyzed by in Situ Generated Titanium(salalen) Complex

R2 _ R® 8 (10 mol %), Ti(O/-Pr)s (10 mol %) e AR
R! R4 30% Ho0z(aq) (1.5 or 4.5 equiv) R R4
DCM, rt, 18 h
alkene or 8 examples
cycloalkene 5-91%, 30-97% ee

Noteworthy Examples: I

; X
cd o (roure-

91%, 96% ee 88%, 97% ee !
: Ph Ph
trans-DACH-derived

salalen ligand (8)

eq 1 (Ref. 23)

1. Ti(Oi-Pr)4
(2 equiv)
DCM, N,
rt, 3 days

2.Hy0, 1t, 2 h

salen ligand titanium(salalen) complex

7, 60%

7 (1 or 2 mol %), DCM

30% H205(aq) (1.5 equiv)
r, 24 h

() alkyl/\
R

R =H, Me, Et, t+Bu, Cy

.0
alky|/<{*
R

14 examples
19-99%, 11-97% ee
Noteworthy Examples:

Me\/\/\/<? 7 Me\/\/v<T
cis
Me

85%, 82% ee 72%, 95% ee 85%, 74% ee

Scheme 2. (a) Last Step in the Preparation of Dimeric Titanium Di-
u-oxo Salalen Catalyst 7. (b) Asymmetric Epoxidation of Unactivated
Terminal and (Z)-1,2-Disubstituted Olefins with Hydrogen Peroxide as
the Terminal Oxidant. (Ref. 18,19)

cis-DACH-Derived, Simplified Salalen Ligand
for the Enantioselective Epoxidation of Unfunctionalized Alkenes
Catalyzed by in Situ Generated Titanium(salalen) Complex
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o]
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Noteworthy Examples:
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9c: 63%, 95% ee

9b: 94%, 90% ee
9c: 97%, 93% ee

9c, R =CN: 75%, 96% ee
9c, R = NO,: 87%, 96% ee

eq 2 (Ref. 25,26)
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enantioselectivity [typically ee’s for terminal olefins > ee’s for
(Z)-1,2-disubstituted ones]. Moreover, (E)-1,2-disubstituted
substrates are epoxidized more slowly, and with low ee's.
2,2-Disubstituted and trisubstituted olefins are converted at
best sluggishly and with low enantioselectivities. This reactivity
pattern allows, for example, the selective epoxidation of
terminal carbon-carbon double bonds in the presence of
trisubstituted ones, as exemplified by substrate 10 (Figure 2).%8
The catalyst-induced stereoselectivity overrides the intrinsic
diastereoselectivity, as shown for substrate 11: By choosing the
proper catalyst enantiomer, both epoxide diastereomers can be
prepared with equal selectivity.?8

3.1. Additive Effects
In the course of our studies, we noticed that both acidic and
basic additives can significantly accelerate the epoxidation.?
From a broader screening of acids and bases as co-catalysts,
pentafluorobenzoic acid, tetra-n-butylammonium hydrogensulfate
(TBAHS), and 2,6-di-tert-butylpyridine emerged as the most
beneficial additives. While the transformations listed in eq 2
typically required 40-45 h for completion, the reaction time could
be reduced to a more convenient 10 h—with reduction of the
catalyst loading to 0.5 mol % and no loss in enantioselectivity—
by employing one of these co-catalysts (eq 3).%

Katsuki's titanium salalen catalyst 7 (Scheme 2) was based
on (5,S)-trans-DACH and two (aR)-binaphthyl salicylic aldehyde
moieties, i.e., a total of three chiral building blocks.!®19 After our

epoxidation
only here
95% ee Me  Me dr>16:1
:i: >
* 0" o
X X : x
Me Me Me
10 11
ol l o e l
S H H
H -0 -0
0 N N N\
| P N & rv<’\/<| + ‘S{)\I
Me 9 <1 : 16

95% ee ent-9b >16 : 1

(catalyst based on ligands 9b, ent-9b)

Figure 2. Regio- and Diastereoselective Epoxidations, Exemplified by
the Conversion of Olefins 10 and 11. (Ref. 28)

Effect of Pentafluorobenzoic Acid Co-Catalyst on Epoxidation Rate

9c (0.5 mol %)
Ti(Oi-Pr)4 (0.5 mol %)
CgF5CO2H (0.5 mol %) n-octyl\<|
30% Hz0(aq) (1.3 equiv) H O
841 mg DCE, 1t, 10 h
>99% (GC)
735 mg (81%, isolated)
96% ee

n-octyl\ =

eq 3 (Ref. 26)

discovery of the beneficial effect of cis-DACH, we became also
interested in studying the combination of Katsuki's binaphthyl
salicylic aldehyde motif with our novel diamine building block,
and with the 3-phenyl- and 3-cyclohexylsalicylic aldehydes that
had proven effective in our ligands 9a and 9b, respectively.?
The structures of the resulting ligands 12-14 are displayed in
Figure 3, and their corresponding titanium complexes were
tested in the asymmetric epoxidation of 1-octene and vinyl
cyclohexane.?? In the series 12a-12d (most closely related to
Katsuki's complex 7), up to 94% ee's were obtained for both
olefins (with ligand 12c), but only low conversions and yields
were achieved, even after 100 h of reaction time. With ligands
13a-13d, higher conversions and ee’s up to 89% were observed.
In contrast, ligands 14a-14d gave high conversions and ee’s of
up to 94% (ligand 14d) in relatively short reaction times (30-72
h). We could show that, with ligand 14d, the epoxidation of
1-octene can even be performed in the absence of solvent and
with only 0.5 mol % catalyst loading (72%, 96% ee).?® With the
related ligand 14b, 78% epoxide yield and 92% ee could be
achieved at a catalyst loading as low as 0.1 mol %.2°

4. Applications of the Titanium Salalen Catalyzed
Epoxidation in Natural Product Synthesis

The methodology described herein has recently found application
in natural product synthesis. In 2017, Costa, Vilarrasa, and
co-workers reported a formal total synthesis of the macrolide
amphidinolide E, in which the preparation of building block
15—that ends up as the C10-C17 motif in amphidinolide E—
was based on the twofold application of a titanium salalen

13a:R=Ph, a* = (R)
13b: R =Ph, a" = (9)
13c:R=Cy, a*=(R)
13d: R=Cy,a" = (9)

14a:a* = (S), R'=Ph
14b: a* = (R), R'= Ph
14¢: a* = (S), R'=Cy
14d: a* = (R), R'=Cy

Figure 3. Salalen Ligands Derived from cis-DACH and Incorporating
Binaphthyl Salicylic Aldehyde Motifs. (Ref. 29)




catalyzed asymmetric epoxidation (Scheme 3).3° In the first
step, O-TBDPS protected 4-penten-1-ol (16) was converted
into epoxide 17 in 90% yield and 92% ee by using 9b (see eq
2) as ligand. Epoxide opening with allylGrignard reagent and
CuCl gave homoallylic alcohol 18 (88%), which was subjected
to epoxidation by employing ligand 14d (see Figure 3). The
resulting hydroxy epoxide 19 isomerized instantaneously to
tetrahydrofuran derivative 20. Swern oxidation of 20 provided
the desired building block, 15.

In 2018, Stadler, Kalesse, and collaborators reported
the structure elucidation of the rickiols, novel 20-, 22-, and
24-membered macrolides from the ascomycete Hypoxylon
rickii, and the total synthesis of 24-membered-ring rickiol E3
(Scheme 4).3! The total synthesis involved early on a titanium
salalen catalyzed epoxidation of O-benzyl protected 8-nonenol
(21) to epoxide 22 using ligand 9c (see eq 2). Linchpin coupling
of propylene oxide and epoxide 22 to 2-TBS-1,3-dithiane led
to intermediate 23, which was converted into the “southern
fragment” (24) of rickiol E3. In this regard, a comparison
was made with “workaround d” (see Scheme 1, Part (d)), i.e.,
the nonstereoselective epoxidation of starting olefin 21 with
mCPBA followed by Jacobsen’s HKR. In this two-step approach,
epoxide 22 was obtained in lower yield (42%) but with virtually
identical ee (95%).°!

| obrmitoi-Pr), (30 mol %) 0
30% H,05(aq) (18 equiv)
OTBDPS DCE, rt, 3d, argon atm OTBDPS
16 17;90%, 92% ee
allylMgBr (2.5 equiv)
CuCl (26 mol %), THF
—50°C, 0.5 h, N, atm
O o
¢ 14d/Ti(O/-Pr), (30 mol %) -~
OH 30% H,05(aq) (18 equiv) OH
OTBDPS DCE, rt, 3d, argon atm OTBDPS
19 18, 88%
spontaneous
isomerization
Swern 17
CH,OH —— > 10 o7 CHO
OTBDPS oxidation OTBDPS
20, 76% 15, 88%

amphidinolide E

Scheme 3. Formal Total Synthesis of Amphidinolide E by Costa and
Vilarrasa Involving Two Titanium Salalen Catalyzed Epoxidations
Leading to Key Intermediate 15. (Ref. 30)
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5. Accessing the Salalen Ligands, the Titanium Salalen
Catalysts, and the Related Epoxidation

5.1. Salalen Ligands Based on trans-DACH

Salalen ligands derived from trans-DACH (25) have routinely
been synthesized in our laboratory by a versatile and practical
two-step procedure (Scheme 5).232% The first step consists
of reductive N-monoalkylation of the diamine, 25, with a
salicylic aldehyde, 26, in the presence of NaBH;CN or NaBH,.
The monoalkylated product is then condensed with a second

9c/Ti(OPr) (1 mol %) 0
BnO A X
BVA 50% Hy00(aq) (1.15 equiv) Bno
21 DTBP (2.0 mol %), DCE, 1t, 12h 22, 77%, 94% ce

DTBP = 2,6-di-tert-butylpyridine

1. TBS-dithiane (1.10 equiv), Et,O
n-BulLi (1.20 equiv), rt, 10 min
2. (R)-propylene oxide (1.00 equiv)
-50°C,1h
3. 22 (1.20 equiv), HMPA (1.20 equiv)
pentane, -78 °Ctort, 1 h
Me_ Me

0”0 OoH HO QQTBS

H H H
AN e = o A e

24 23, 80%
southern fragment
of rickiol E3

N\

linchpin
coupling

rickiol E3

Scheme 4. The Titanium Salalen Catalyzed Epoxidation as the First
Step in Stadler and Kalesse's Total Synthesis of Rickiol E3. (Ref. 31)

a
NaBH5CN (1.3 equiv)

NH NH
\ MeOH-EtOH (1:1) 2
H,N  NHg* CI rt, overnight R2 on
25-HClI reductive ,
(1.11 equiv) alkylation R
26aorb
CHO CHO condensation | MeOH-EtOH (1:1)
rt, overnight
R? OH R* OH
o Q
26a 26b N

R', R%, R%, R*=H, Ph, t-Bu,
MeO, F, CI, I, NO,

13 examples, 45-85%

Scheme 5. Synthesis of Salalen Ligands Derived from trans-DACH.
(Ref. 23,24)
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equivalent of salicylic aldehyde (same or different) to generate
the salalen ligand. Typically, it was sufficient to employ the
mono-HCI salt of trans-DACH (25.HCI) to achieve exclusive
monoalkylation of the diamine component.?324

5.2. Salalen Ligands Based on cis-DACH

We had reported in 2010 that cis-DACH can be desymmetrized in
an operationally simple fashion by enantiotopos-differentiating
mono-N-Alloc protection using diallyl carbonate as the acylating
agent in the presence of commercially available Candida
antarctica lipase B (CAL-B, Scheme 6).32 With enantiopure
mono-Alloc cis-DACH (27) in hand, both enantiomers of the
salalen ligands derived from cis-DACH were easily prepared,
as shown in Scheme 6 for 9c and its enantiomer ent-9c.?>?
Typically, cis-DACH salalen ligands such as 9c are obtained,
after a final recrystallization from methanol or ethanol, as
analytically pure yellow crystalline materials.

5.3. Titanium Salalen Catalysts
Mixing the salalen ligands derived from either trans- or cis-
DACH with equimolar amounts of Ti(Oi-Pr), in a solvent

diallyl carbonate
toluene

i, ii
G =
CAL-B, 1t, 96 h
HoN  NHp @@onatm L N' 'NHAlloc  BocHN  NHa
cis-DACH 27;96%, 98% ee

Alloc = allyloxycarbonyl |||/ /iii

NH  NHAlloc BocHN HN
o o)

CeFs CeFs

ivl lv
SQH SQR
NH N= =N HN

CeFs CeFs CeFs CeFs

9c ent-9c

(i) 28, Et3N, dioxane-water (1:1), rt, overnight, 94%
(i) Pd(OAc),, PPhg, 29, DCM, rt, overnight, >99%
(iii) (a) 30, EtOH; (b) NaBH,4, MeOH

(iv) (a) 29, Pd(OAc),, PPhs, DCM; (b) 30, EtOH

(v) (a) HCI, MeOH; (b) 30, EtOH
o
H
OH

o
Ph>_N r\N,Me
NG OBoc o I:IAO
Me CeFs

28, Boc-ON 29, NDMBA 30
[2-(tert-butoxycarbonyloxy- N,N-Dimethyl-
imino)-2-phenylacetonitrile] barbituric acid

Scheme 6. Synthesis of Both Enantiomers of the Salalen Ligand 9c¢
from cis-DACH. (Ref. 25,26,32)

such as dichloromethane (DCM) and exposing the mixture
to traces of moisture (e.g., by simply opening the flask or
using nonanhydrous DCM) result in complete conversion into
the dimeric di-p-oxo titanium complexes (Scheme 7). The
procedure can be run in air, and no inert atmosphere is required.
Simple evaporation of the solvent in vacuo is typically sufficient
to induce crystallization, whereupon the catalytically active
titanium complexes can be collected by filtration in air. A final
recrystallization from methanol or ethanol affords analytically
pure dimeric di-p-oxo titanium complexes. These crystalline,
vellow to orange materials such as the Berkessel-Katsuki
catalyst (31) are bench-stable catalysts, and can be stored
under air and at room temperature in brown glass containers
indefinitely.

As an alternative to the isolation and use of the di-u-
oxo dimers, we have established the so-called “in situ/vac”
procedure, for the in situ preparation of the active titanium
complexes. For this purpose, equimolar amounts of the ligand
and Ti(Oi-Pr), are dissolved in dichloromethane and exposed to
traces of water, as described in the preceding paragraph. The
solvent is then removed completely, and the remaining yellow
to orange solid is dried thoroughly under reduced pressure at
room temperature. This “vac” step ensures removal of the
isopropy! alcohol byproduct, for which we had earlier observed
an inhibitory effect on the subsequent epoxidation reaction.?®
After drying, the solid complex is taken up in the solvent of

s R
NH  N=

OH HO
CeFs CeFs
9c

chiral salalen ligand
(from cis-DACH)

Ti(Oi-Pr)4
H0
cis-f
N NN
?/ iNH o f—T]_I_\NH
AN \ HoOx(t) o7 | N0
(@) A| (0] —_— (6)
L 05T o
. N 't i\
anti HN(LI\N N SN
cis-p \—O o
31 32

Tiz(9¢c-2H*),0,
di-u-oxo dimer

Tiz(9¢c-2H*),0(0,)
u-0X0-u-peroxo complex

N J
Y

active epoxidation catalysts

Scheme 7. Self-assembly of the Titanium Di-u-oxo Dimer 31 and Its
Further Conversion into the u-Oxo-u-peroxo Dimer 32. (Ref. 23,25,26,29)




choice for the epoxidation. In our hands, the “in situ/vac”
generated catalysts performed epoxidations in a manner that
was equivalent to that of the “isolated” catalysts.

5.4. Practical Considerations for the Titanium Salalen
Catalyzed Epoxidations

Due to the better solubility of hydrogen peroxide in them,
dichloromethane and in particular 1,2-dichloroethane have
typically been employed as solvents for the epoxidations,
while acetonitrile and ethyl acetate are viable alternatives.
The epoxidations are started by addition of agueous hydrogen
peroxide, typically in one portion, to the solution of catalyst
and olefin (and additive if required) in the solvent of choice. In
a typical experiment, a 4-6 M solution of the olefin in 0.3-0.5
mL of solvent is prepared and 0.5 mol % of the catalytically
active dimer is added. Under “in situ/vac” conditions, the latter
is first prepared from 1 mol % each of the ligand and Ti(O/-Pr),.
Typically, 1.3-1.5 equivalents of 30% or 50% aqueous H,0, are
used, with the latter concentration typically providing higher
reaction rates. Vigorous stirring is recommended to ensure
efficient mixing of the (typically) biphasic reaction mixture. No
inert atmosphere is required, and the epoxidations are typically
run at room temperature. Note, however, that increasing the
reaction temperature above rt may well have a beneficial effect
on both rate and enantioselectivity. Once reaction monitoring
indicates completion, the reaction mixture is passed through a
short bed of anhydrous MgS0O,-Mn0O, (10:1) mixture, to remove
water and to disproportionate excess H,O,. The filtrate can then
be worked up further in the usual way, ideally by distillation, and
workup by column chromatography is possible as well. Under
these conditions, the catalyst could be recovered intact in many
instances, albeit in the form of the p-oxo-p-peroxo dimer. The
latter are catalytically just as active as the di-u-oxo dimers,
bench stable, and can therefore be re-used without loss of
activity. In our hands, 3-4 runs with the recycled catalyst were
possible without significant loss of activity.

As mentioned in Section 3 and eq 3, co-catalysts such as
pentafluorobenzoic acid, tetra-n-butylammonium hydrogen-
sulfate  (TBAHS), or 2,6-di-tert-butylpyridine  (typically
employed at the same loading as the catalyst) significantly
accelerate the epoxidation.?® While typical reaction times in the
absence of additives are on the order of 40 h at rt (vide supra
for temperature effects), the additives allow reduction of the
reaction time to ca. 10 h and simultaneous reduction of the
catalyst loading by 50%. When exploring epoxidation conditions
for a new alkene substrate, testing of the acid/base additives
mentioned is strongly recommended.

6. Structural and Mechanistic Aspects of Titanium
Salalen Catalysts

All of the salalen ligands investigated by us (trans and cis)
coordinate to the titanium ion in a pseudo-octahedral cis-f fashion
(Scheme 7).23:25:26,.2% The sense of chirality at the metal center is
dictated by the ligand: For example, the sense of chirality at the
metal center is A in the complex with enantiomeric ligand 9c.
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This astonishing act of molecular self-assembly is completed by
anti-selective dimerization of the complex to the di-p-oxo dimer
(e.g., 31). Upon exposure to hydrogen peroxide, even in very
low concentrations, the di-pu-oxo dimer is converted into the
U-0xo-p-peroxo complex (e.g., 32) (Scheme 7).

While the p-oxo-u-peroxo complex 32 itself does not transfer
oxygen to olefins, salalen dimers 31 and 32 show virtually the
same activity under the catalytic epoxidation conditions, i.e.,
in the presence of aqueous hydrogen peroxide. This behavior
is in line with earlier observations by Katsuki and co-workers
on a titanium di-u-oxo and p-oxo-u-peroxo pair derived from
a salan ligand,?'c and we share Katsuki's conclusion that the
U-0XO0-U-peroxo complex serves as a reservoir species that
needs to be activated further for oxygen transfer to occur.?¢
The mechanistic details of this activation process for cis-
DACH derived titanium salalen complexes are currently under
investigation in our laboratory.33

7. Conclusion

For the synthetic organic chemist, titanium salalen catalysts
efficiently close a gap in synthetic methodology, namely the
one-step, high-yield, and highly enantioselective epoxidation of
unactivated olefins—in particular, terminal, unconjugated ones.
As an additional benefit, this type of epoxidation uses aqueous
hydrogen peroxide, a readily available, safe, and environmentally
benign terminal oxidant. Reported first in 2005 for trans-DACH
derived complexes by Katsuki and co-workers,!® our research
efforts have since furnished the novel class of ¢is-DACH derived
salalen ligands, in particular bis(pentafluorophenyl)salalen
ligand 9¢, which exhibits outstanding stability, catalytic activity,
and stereoselectivity.
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Abstract. Currently, many pharma and biotech companies
as well as academic laboratories are developing PROTAC
programs to investigate whether induced protein degradation
offers new insights into a protein’s pharmacological utility and
new treatment opportunities for their high-value therapeutic
targets. Within this review, we aim to explain the complexities
and empiricism inherent in designing proteolysis-targeting
chimeras, which result in the synthesis of compound libraries
for the discovery of lead molecules with degrader potential. Due
to typically limited resources in exploratory projects or concept
space, this required synthesis of large compound libraries to
fully explore PROTAC options is a high barrier to overcome.
Thus, we also comment on how to strategically choose which
molecules to synthesize and how the use of commercial building
blocks can accelerate the discovery of degraders. Additionally,
we describe the available assays for profiling PROTACs.
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1. Introduction

In the last decade, the development of proteolysis-targeting
chimeras (PROTACs) has emerged as a new therapeutic
modality.'> PROTAC compounds are small, hetero-bifunctional
molecules that target proteins for degradation by recruiting
an E3 ligase in the vicinity of the protein of interest (POI).
This proximity enables E3 ligase-mediated ubiquitination of
the target protein followed by consecutive recognition and
degradation by the proteasome. In this way, the PROTAC
hijacks the native cellular degradation mechanism to selectively
remove the POI from the cell (Figure 1, Part (a)).* As a result,
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PROTAC technology has a great potential as a new therapeutic
approach for the treatment of cancer and other protein-related
diseases, for which traditional drug discovery has not led to
effective treatments. It is estimated that only a small portion
(~10%) of the human proteome is accessible with contemporary
inhibitor-based, small-molecule drug programs,>® and targeted
protein degradation has the potential to significantly expand
the modern medicinal chemistry druggable space.

The limitations of small-molecule, inhibitor-based pharma-
cology have strongly motivated the development and use of
genetic techniques to successfully remove or decrease the
expression of disease-causing proteins within the cell (Figure
1, Part (b)). RNAI,”8 antisense oligonucleotides,®!® and more
recently CRISPR!"3 can be used “on demand” to control
protein levels. These genetic strategies, however, suffer
from several limitations**—including the need for genetic
manipulation, off-target issues, lack of cell permeability, and
poor pharmacokinetics—thus making the translation of these
technologies to the clinic highly challenging. Fortunately,
PROTAC-mediated targeted protein degradation can overcome
these challenges.’®-23 A PROTAC molecule transiently interacts
with a POl and E3 ligase prior to POI ubiquitination and
degradation by the 26S proteasome, but the PROTAC is not
degraded alongside the POI. Consequently, this degradation
approach to drug discovery and development differs in two key
ways from inhibitor-based pharmacology: (i) The cell needs to
resynthesize the POI after treatment before protein function
is restored, and (ii) in contrast to the “one drug, one target”
model of inhibitor-based pharmacology, a PROTAC compound
can be catalytic, with one degrader molecule transiently
binding and removing multiple POIs. Thus, this approach offers
several advantages over the traditional drug paradigm: (a)
Abrogation of protein function can be accomplished at lower

drug concentrations due to the catalytic nature of the PROTAC.
(b) Modulation of the PQOI function can be achieved with less
exposure time of the drug due to POI removal. (c) Difficult-
to-drug targets—such as transcription factors, regulatory/
scaffolding proteins, and non-enzymatic proteins—can be
targeted since binding at any protein surface is all that is
required for modulation. (d) Additional feedback loops or
significant scaffolding roles perpetuated by inhibitor-occupied
proteins would be lost upon degradation (similarly to genetic
knockdowns). (e) Finally, resistance by gene overamplification
can be overcome once again due to the catalytic nature of the
PROTAC agent.

ARV-110, an oral androgen receptor (AR) degrader, entered
clinical trials in the first quarter of 2019 for the treatment of
patients with metastatic, castration-resistant prostate cancer
(mCRPC), and could demonstrate the technology’s therapeutic
potential. Nonetheless, this novel technology has proven to
be a valuable tool to study target engagement and validation.
Moreover, since its discovery, many proteins—ranging from
kinases to signaling proteins, cytosolic proteins, and membrane
receptors—have been knocked out by degraders.

1.1. State of the Art in Protein Degradation

Almost 20 years ago, Sakamoto et al. reported that an IkBa
phosphopeptideinhibitor conjugatedwith ovalicinwasable torecruit
the E3 ligase SCFFTRP and successfully induce the degradation
of the target protein methionine aminopeptidase-2 (MetAP-2).4
While being the first PROTAC proof of concept, the peptide ligand
used lacked cell permeability, which limited its therapeutic utility.
The groups of Crews, Deshaies, and Kim followed this seminal
study with extensive research on next-generation PROTAC
degraders that possess better physicochemical properties.?#-28
This effort led to the first cell-permeable PROTAC that targets
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Figure 1. (a) Mechanism of Targeted Protein Degradation Mediated by PROTAC. (b) Comparison of Protein-Centric Drug Discovery Strategies (Small-
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androgen and estrogen receptors, then the first in vivo PROTAC
proof of principle, and ultimately to the future development of all
small-molecule degraders.??

Despite the impressive progress made beginning with the
seminal, impermeable peptidic PROTAC to the subsequent
demonstration of phosphoPROTAC-induced targeted protein
degradation in vivo, the development of small-molecule
degraders remained very limited. This was due to the
unavailability of effective small-molecule E3 ligase ligands.
The only known example was the nutlin/AR ligand that was
reported by Crews and co-workers in 2008 for MDM2-mediated
degradation of AR in prostate tumor cells (Figure 2).°
Unfortunately, however, the nutlin/AR PROTAC was less effective
than the early peptidic degrader. Two years later, Hashimoto’s
research team found that bestatin esters can effectively
recruit the E3 ligase cIAP1 and successfully knockdown both
target proteins and cIAP1 itself through autoubiquitination and
degradation, resulting in cell toxicity.>! To address this challenge
and develop small-molecule PROTAC hybrids with desirable
physicochemical properties along with better potency, the
laboratory of Crews designed and developed small-molecule
ligands that potently bind to the primary HIF-binding site on the
von Hippel-Lindau (VHL) E3 ubiquitin ligase.3233 This ligand was
further optimized by Ciulli’s group to afford a series of potent
VHL ligands.?435 Other studies have revealed that thalidomide
and its derivatives, lenalidomide and pomalidomide, bind to
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the E3 ligase complex cereblon (CRBN) and induce proteasomal
degradation of the transcription factors Ikaros (IKZF1) and
Aiolos (IKZF3)—that being the mechanism of action of these
important immunomodulator drugs in multiple myeloma.3%-3°
The availability of these ligands (Figure 3) for both VHL and
CRBN E3 ligases accelerated the discovery—independently,
by the research groups of Crews'8, Ciulli,?® and Bradner’!—of
multiple small-molecule PROTACs, including degraders that
target members of the BET family, BRD4/3/2. For example,
ARV-825 was found to induce nearly complete degradation of
BRD4 at 10 nM.'8 Bradner’s team went further and showed that
small-molecule PROTAC degraders are effective in vivo.?! In
fact, 50 mg/kg (ip, qd) dBET1 treatment of a mouse model
led to an impressive lymphoma tumor regression in 14 days.
Interesting additional evidence of PROTAC-induced degradation
was revealed with the hook effect, which describes the loss of
efficacy at increasing PROTAC concentrations. Further insight
about the PROTAC mechanism was gained when Ciulli’s group
solved the first co-crystal structure of a VHL PROTAC, MZ1,
interacting with both the target protein BRD4 and the E3
ubiquitin ligase VHL at their interface.*? This interaction between
target, E3 ligase, and PROTAC is called the “ternary complex.”
Notably, the protein-protein interaction created by this ternary
complex illustrates the complexity of designing a PROTAC. The
role of the ternary complex formation and the importance of
that protein-protein interaction were investigated by Calabrese
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and co-workers.® By developing PROTACs that target BTK,
these authors found that the ability of a PROTAC to induce
a stable ternary complex is necessary for degradation, but
cooperativity was not a key factor. In contrast, thermodynamic
entropy/enthalpy was found to be crucial in terms of degradation
efficacy. Taken together, the ability of a given PROTAC to form
a stable ternary complex might govern potency and selectivity.
This hypothesis is in accord with recent work by Crews’s group
who found that a foretenib-based PROTAC that weakly binds
to protein p38a (Kp ~ 11 uM) was able to efficiently degrade
p38a with a half maximal degradatory concentration (Dpmax)
of 210 nM.*2 This very surprising finding of increased potency
could raise questions of potential unexpected off-target
degradation. Interestingly, Winter's and Bradner’'s groups
reported that MI-389, a sunitinib-based PROTAC, failed to
induce degradation of consensus targets including cKIT plus
40 other kinases.® Despite lack of target degradation, an off-
target was identified. Comparative profiling via quantitative
mass spectrometry of untreated proteomes and those
treated with MI-389 demonstrated the sole degradation of the
translation termination factor GSPT1 among 6490 proteins
quantified, highlighting the power of guantitative proteomics
to investigate off-target effects due to unintended E3 ligase
modulation. Another very promising characteristic of PROTACs
is the fact that they may provide unexpected selectivity.
Many such examples are described in the kinase field, where
PROTAC derivates of very promiscuous kinase inhibitors such
as TL12-186% and foretinib® yielded more selective kinase

degraders. For instance, the promiscuous diaminopyrimidine-
based inhibitor TL12-186 binds over 100 known Kkinases;
however, the PROTAC derivate of TL12-186 degraded only 28
kinases. This additional layer of selectivity can be rationalized
by the requirement to produce a stable and productive ternary
complex for the degradation to happen.* More recently, the
promiscuous FLT-3 inhibitor quizartinib was conjugated with a
VHL ligand, producing a more selective degrader. Additionally,
FLT-3 PROTAC had acceptable pharmacokinetics (PK) with half
maximal inhibitory concentration (ICsy) coverage after 20 hours
(10 mg/kg, ip). A further pharmacodynamics (PD) study showed
that PROTAC FLT-3 could induce the degradation of FLT-3 in vivo
with a 30 mg/kg treatment (ip, qd).*¢

1.2. Recent Progress in the PROTAC Field

A better understanding of the mechanism of action of PROTACs,
along with more widely available E3 ligase ligands, accelerated
the early proof of concept to a currently viable therapeutic
approach with these molecules. Several therapeutically
relevant proteins have been successfully degraded this way,
either partially or near completely, and most of this work has
been extensively reviewed.* Notably, a successful use of an
MDM2 E3 ligase recruiting PROTAC with dual function (degrader/
inhibitor) has been reported.*® Nutlin-based PROTAC A1874 was
able to degrade BRD4 and thus suppress oncogenic protein Myc
expression by 85% relative to control. In addition, since nutlin
itself is an MDM2 inhibitor, PROTAC A1874 also upregulated p53
via MDM2 inhibition. Furthermore, the loss of cell viability, when
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different cell lines were treated with A1874, was confirmed to
be superior to the sum of the effects of the MDM2 inhibitor
idasanutlin alone and JQ1 alone.*® Given the important roles
of Myc and p53 in cancer (tumor suppressor regulation, DNA
repair, cell cycle arrest, and apoptosis), this successful PROTAC
with a dual function could offer more robust therapeutic effects.
Very recently, PROTAC technology has been established as a
valuable tool for intracellular target engagement validation
in the absence of downstream molecular pharmacodynamic
biomarkers in the case of the protein pirin.*® The authors found
that, not only did a pirin ligand based PROTAC degrade the
target protein, it also competed with the original ligand to bind
to pirin when co-incubated. Similarly, PROTACs were employed
as potent and selective tools to study BCL6 biology. Scientists
from AstraZeneca found, however, that neither BCL6 inhibitors
nor BCL6 degraders could produce the expected phenotypic
response when applied in DLBCL, therefore highlighting the
challenges associated with small-molecule targeting of BCL6.%0
Targeted protein degradation was elegantly used to address the
kinase-independent functions of Focal adhesion kinase (Fak), a
protein possessing simultaneous kinase and scaffolding roles for
several signaling proteins.>! In this effort, a defactinib derivative
linked to a VHL ligand yielded PROTAC-3, a highly selective, low
nanomolar-potency Fak degrader with a DCg, value of 3.0 nM
as well as an excellent D,,,, of 99%. In addition, PROTAC-3 is
five times more selective than the clinical candidate defactinib
(Verastem VS-6063) since it binds only 20 kinases at 1 uM.
In a direct comparison between PROTAC-3 and defactinib,
the authors found that PROTAC-3 outperformed defactinib in
reducing Fak downstream target paxillin. Treatment with 50 nM
of PROTAC-3 caused over 85% reduction of p-paxillin levels. In
comparison, defactinib reduced p-paxillin levels by only 62% at
10 pM. In addition, 50 nM PROTAC-3 treatment was found to
impair cell migration and reduce cell wound healing by 53%. As
expected, the Fak scaffolding role was overcome by targeting
Fak for degradation with PROTAC, while the inhibitor failed. More
recently, the oncogenic translation initiation factor protein elF4E
was targeted with a PROTAC. Through an impressive synthetic
route, the authors generated a series of GMP lenalidomide-
based PROTACs.>? Unfortunately, these molecules were not
able to induce elF4E proteasomal degradation. Whether this
result is due to lack of cell permeability or available lysine for
the ubiquitination step remains to be determined.

The first degrader targeting poly(ADP-ribose) polymerase-1
(PARP1), which plays crucial roles in DNA-damage signaling, was
successfully developed by Rao’s group.>? Niraparib conjugated
to a nutlin derivative yielded a degrader that led to selective
and significant reduction in PARP1 levels enough to induce an
enhanced apoptotic response in the MDA-MB-231 breast cancer
cell line, resulting in the observed caspase-3 cleavage. A
control experiment confirmed this hypothesis since niraparib or
nutlin-3 alone and in combination failed to cause any detectable
caspase-3 cleavage. In a recent study, Focal adhesion tyrosine
kinase (PTK2) was degraded by hijacking E3 ligases. Scientists
at Boehringer Ingelheim found that even though a series of
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PROTACSs potently and selectively caused PTK2 degradation with
an average DCsy in the low nanomolar range, these molecules
failed to affect proliferation of the tested cell lines in comparison
to the PTK2 inhibitor BI-4464 alone.>* This data suggests that
PTK2 might not possess significant scaffolding roles or that its
scaffolding function is not required for in vitro cell proliferation.
A group of scientists from the University of Calgary reported
that the “undruggable” antiapoptotic protein myeloid cell
leukemia 1 (MCL1) could also be targeted for PROTAC-mediated
degradation.> MCL1 is an ideal PROTAC target because it plays
a role in complex protein-protein interactions (that promote
cell survival) involving the pro-apoptotic factors Bim, Bak, and
Bax. MCL1 inhibitor A-1210477 was coupled with thalidomide
analogues for CRBN recruitment. After an extensive study with
docking and linker exit vector variation, optimized PROTAC
dMCL1-2 caused MCL1 reduction at 500 nM in Hela cells. MCL1
degradation resulted in apoptosis at 250 and 500 nM after
24 hours of treatment, as revealed by Caspase-3 cleavage.>®
Since MCL1 possesses a rapid turnover rate, the authors
confirmed that the observed MCL1 level reduction was indeed
caused by PROTAC-mediated proteasomal degradation.>® This
innovative work once again highlights the potential of the
PROTAC approach as an alternative way to target the so-called
“undruggable” proteins. Another property underscoring the
novelty of PROTACs is their catalytic, event-driven mechanism.
The impact of the catalytic effect on PROTAC degradation profile
was investigated by scientists from GSK.*® From two PROTAC
derivatives of ibrutinib/IAP ligand (covalent PROTAC 2) and a
reversible BTK inhibitor/IAP ligand (PROTAC 3), the authors
found that treatment of THP-1 cells with the covalent PROTAC
2 did not cause any BTK degradation despite confirmed target
engagement, and inhibited BTK activity merely to the same
extent as non-PROTAC covalent modification of recombinant
BTK in vitro. In contrast, reversible PROTAC 3 caused near-
complete BTK level reduction with a DCs, of 200 nM. Additional
investigation with another covalent PROTAC (PROTAC 4) that
recruits the E3 ligase CRBN produced a similar degradation
profile, thus confirming this finding. Interestingly, covalent
PROTAC 4 caused degradation of the Src family kinases CSK
and LYN. This is expected since it binds reversibly to these
proteins lacking the conserved cysteine present in the BTK
kinase domain. Together, these results demonstrate the
critical effect of catalysis on PROTAC-induced targeted protein
degradation, as well as on an enhanced selectivity profile when
converting an inhibitor to a degrader. Using information from
high-resolution crystal structures of palbociclib, ribociclib, and
abemaciclib with CDK®6, researchers at the Dana-Farber Cancer
Institute designed a series of PROTACs that degrade both cyclin-
dependent kinases 4 and 6 (CDK4/6) or selectively reduce either
CDK4 or CDK6 levels.”” As previously observed, the selected
inhibitor, linker length, and linker composition influenced the
degradation activity and selectivity. Among these PROTACS,
BSJ-02-162 (palbociclib-based) potently degraded CDK4,
CDK6, IKZF1, and IKZF3. BSJ-02-162 exhibited an enhanced
anti-proliferation effect in MCL cell lines in comparison to BSJ-
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03-204 (also palbociclib-based), which only degrades CDK4/6
or the warhead ligands. Independently, Zhao and Burgess
reported dual degradation of CDK4/6, resulting in reduced
levels of phosphorylated retinoblastoma protein (Rb) and cell
cycle arrest, with PROTAC recruiting CRBN.>®

Since its discovery, impressive progress has been made in
advancing the PROTAC technology from an in vitro proof of
concept to the first in vivo mice model validation. However,
whether the preclinical efficacy of PROTAC drugs will translate
into human therapy in the clinic remains to be determined.
To assess the potential preclinical efficacy of this class of
molecules, a recent study evaluated the ability of PROTACs to
induce protein depletion in large animals such as non-human
primates (Bama pigs and rhesus monkeys).”® A series of
PROTACs targeting CRBN and FKBP12 via pomalidomide and
rapamycin were synthesized. Among those compounds, RC32
caused FKBP12 degradation with subnanomolar DCs, after 12
h in cells. This potent FKBP12 degradation was observed in
different cell lines from different species. Further investigation
revealed that RC32 treatment of mice twice a day (30 mg/
kg, ip) caused complete knockdown of FKBP12 in different
organs. The lack of FKBP12 degradation observed in the
mice brain was attributed to the inability of RC32 to cross the
blood-brain barrier. This finding is not surprising given the
physicochemical properties of PROTAC molecules, which often
possess a very high surface polar area. The ability of RC32 to
induce FKBP12 degradation was further validated in the rhesus
monkey model species that is closely related to humans. RC32
caused nearly complete degradation of FKBP12 in different
rhesus monkey organs. Moreover, functional heart studies of
the monkeys after RC32 administration (8 mg/kg, ip, twice a
day) led to reduced ejection fraction (6.7% diminution at day
15) and fractional shortening (13.4% reduction at day 15) in
accordance with the reduced systolic blood pressure found in
RC32-treated monkeys. This effect was found to be reversible
after withdrawal of the treatment. Taken in its entirety, this
work demonstrated that PROTACs can indeed produce targeted
protein degradation in species closely related to humans, thus
strongly demonstrating their clinical potential.>®® The U.S. Food
and Drug Administration (FDA) has recently cleared Arvinas’s
investigational new drug application (IND) for their oral PROTAC
degrader ARV-110 against metastatic castration-resistant
prostate cancer (mCRPC).>*® Thus, this entire research field is
eager to learn how PROTACs will behave in these first clinical
trials (Table 1).60-104

1.3. Linkers and Exit Vectors

PROTACs have two recognition elements (heads), one of them
specific to the protein of interest and the other to an E3 ligase,
and these two heads are separated by a linker. The nature and
size of the linker plays an important role in determining the
right distance and appropriate physicochemical properties of
the entire molecule.’%> The linkers should be long enough to
prevent steric clashes between the two proteins. However, if
they get too long, the systems would suffer from solubility and

physicochemical issues as well as linker folding. The importance
of the length and nature of the linker was previously highlighted
by the selective degradation of BRD4 over BRD2/BRD3—all
members of the BET family of proteins—with a warhead that
has nearly equivalent binding to several other BRD subtypes
such as BRD2/3/4.2° Independently, Nowak et al. reported a
similar finding, namely that ternary complex conformations are
governed by linker length and composition, therefore affecting
the degradation selectivity of target proteins.t% These
observations, were further validated by Crews and co-workers
who targeted for degradation with a PROTAC a family member
of the human epidermal growth factor receptor protein.s?
Using the ligand lapatinib and recruiting the same E3 ligase
VHL, but using two different linkers, PROTAC1, with a shorter
linker length, efficiently degraded both EGFR and HER2, while
PROTAC 5, with a longer linker, selectively degraded EGFR over
HER2.82 Thus, varying PROTAC linkers can offer an extra layer
of selectivity.

Very recently, Wang’s research group reported that the
linker could be manipulated to increase solubility and modulate
the physicochemical proprieties of the final PROTAC compound,
leading to more potent degraders.®68 In a recent study, the
position of the exit vector was also found to play a critical role
in the degradation profile. Using the same BTK-binding ligand,
same linker length, and recruiting the same E3 ligase but with
different exit vectors, PROTAC MT-797, with attachment points
at position 4 of the CRBN ligand pomalidomide, was not able
to induce any BTK degradation, while MT-802 was found to
be highly potent with D, of 99% at 250 nM along with an
impressive DCsy of 9.1 nM.”” Crews and collaborators reported
on their progress in compound design and target selection,
leading to the preparation of fewer yet more effective molecules,
across different classes of proteins.®? For example, using the
same VHL E3-ligase ligand and same p38 ligand (foretinib), but
varying the exit vector and/or the linker length, they were able
to selectively degrade isoenzymes p38a or p38d. SJF-8240,
having a 12-atom linker, was more selective for p38a (DCs
of 716 £ 1.03 nM and D, of 97.4%), whereas it had only a
Dax Of 18% and DCsy of 299 nM for p388. Moreover, it was
not able to degrade isoforms B and y of p38. In contrast, SJF3,
with a shorter linker (10 atoms) and a different VHL ligand,
successfully degraded p386 with a Dy, Of 99.41 + 3.31% and
DCq of 46.17 £ 9.85 nM, but could not degrade the a, B, or y
isoforms of p38. This impressive enzyme isoform degradation
selectivity is driven by differential target presentation, leading
to one productive ternary complex that is dependent on the
exit vector selected and the linker length. Collectively, these
studies have demonstrated that linkers and exit vectors can
affect the physicochemical properties, selectivity, and even
degradation profiles of PROTACs.

2. PROTAC Library Design

After more than 15 years of research, PROTAC design remains a
highly complex and mostly empirical task. At present, discovery
is centered around known ligands that are utilized as the



handle to recruit the target protein. These ligands are usually
well-characterized inhibitors with known structure-activity
relationships and/or crystal structures, which helps to identify
suitable attachment points for linkers and provides rational
starting points for exit vectors. It is important to note that the
chosen ligand can severely impact the degradation potential
of the PROTAC itself. One study showed that bosutinib- and
dasatinib-based PROTACs?? exhibit different ABL degradation
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profiles despite possessing similar binding modes and exit
vectors. In the case where one has several chemical series to
choose the target ligand from, one should be aware that these
subtle changes influence the degradation profile. Usually, only
few ligands are of interest either due to their physicochemical
properties or ADME profile. If possible, one should choose a
ligand that has no liabilities here since they could make the
optimization of the corresponding PROTAC very challenging.

Table 1. Cellular Protein Degraders

ABL, BCR-ABL Tyr Kinase DAS-6-2-2-6-CRBN 22

Akt Ser/Thr kinase Tri_a-PROTAC 60

ALK Tyr Kinase TL13-112, MS-4077, MS-4078, TD-004 61-63

o-synuclein brain protein TAT-BsynCTM 64

AR nuclear receptor IkBa-DHT PROTAC, PROTAC 5, PROTAC A, SARM nutlin, ARCC-4, ARD-69, Compound 42a, 24, 25, 28, 30,
SARD279, SNIPER 11 65-69

ARH transcription factor Apigenin PROTAC 70

BCL6 transcription factor Compound 15 50

BET (BRD2, BRD3, bromodomain ARV-825, MZ1, dBET1, ARV-771, BETd-260/ZBC260, QCA570 18, 20, 21, 23,

BRD4) 71-74

BRD7, BRD9 bromodomain VZ185 75

BRD9 bromodomain dBRD9 76

BTK Tyr kinase Compound 10, CJH-005-067, DD-04-015, MT-802 41, 44,77

CAPER« splicing factor E7820, Indisulam, CQS 78

CDK6 cyclin-dependent kinase BSJ-03-123 79

CDK9 cyclin-dependent kinase Compound 3, Compound 11c 80, 81

cMet RTK Compound 7 82

CRABP nuclear receptor Compound 4b 31

DAPK1 Ser/Thr kinase TAT-GIuN2BCTM 64

EGFR RTK Compound 1 (also 3-5) 82

ER nuclear receptor IxBa Phosphopeptide-estradiol PROTAC, E2-SMPI, PROTAC B, SNIPER 9, ERD-308, TD-PROTAC, 24, 26, 28, 69,
Compounds 5-7 83, 84, 85

ERK1/2 Ser/Thr kinase ERK-ClipTac 86

ERRa nuclear receptor PROTAC_ERRa 19

Fak Tyr kinase PROTAC-3 51

FKBP12¢3¢y prolyl isomerase PROTAC 4, dTag-13 25,87

FLT-3 RTK TL13-117, TL13-149, FLT-3 PROTAC 44, 46

FRS20, growth receptor phosphoPROTAC T APPrrsa, 29

HaloTag® fusion tag HaloPROTAC 3 88

HDAC6 deacetylase dHDAC6 89

Her2 RTK Compound 1 82

Huntington disease protein 60Q-HSC70bm 90

MDM2 E3 ligase MD-224 91

MetAP2 aminopeptidase IxkBo-OVA PROTAC, Fu-SMPI 4, 26

p38a, p388 Ser/Thr kinase SJFa, SIFS 92

PARP1 transferase Compound 3 53

PCAF/GCN5 bromodomain GSK983 93

PI3K kinase phosphoPROTAC EbB2pp, .., Compound D 29, 94

Pirin cupin family CCT367766 49

Plk1 Ser/Thr kinase Poloxin-2HT 95

PSD-95 scaffolding protein TAT-GIuN2B9cCTM 64

RAR nuclear receptor SNIPER 13 69

RBM39 splicing factor Indisulam, Tasisulam, CQS 96

RIP2K Ser/Thr kinase PROTAC_RIP2k 19

Sirt2 lysine deacetylase Compound 12 97

Smad3 DNA binding protein PROTAC 98

TACC3 spindle regulatory protein SNIPER(TACC3) 99

Tau microtubuli stabilizing protein Peptide 1, THO06 100, 101

TBK1 Ser/Thr kinase Compound 3i 102

VHL E3 ligase CM11, Homo-PROTAC 103

X-protein viral protein 104
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Moreover, crystal structures of targets and E3 ligases
that have been used to model the ternary complex provide a
retrospective justification to degradation and target selectivity.?
The first effort to use computation to predict the ternary
complex? and the evolution of this effort will increasingly guide
PROTAC design in the future. Until then, researchers must
synthesize a permutated library consisting of different E3 ligase
binders; linkers with diverse lengths, compositions, and exit
vectors; and appropriate protein binders. Coverage of all this
synthetic diversity can easily add up to 100+ PROTACs being
synthesized for an initial degradation screen to find out if a
target is amenable to the approach or not.

Since resources at the proof-of-concept stage or for early
projects are usually limited in industry and academia, multistep
syntheses and laborious testing of large compound sets to fully
explore PROTAC options can set a high barrier to overcome.
To help facilitate such efforts, PROTAC building blocks and
Partial PROTACs have recently become commercially available.
They consist of E3 ligase binders that are connected to linkers
of various lengths and with different reactive groups that allow
for flexible conjugation chemistry (Figure 4). The use of such
templates reduces degrader synthesis to a one-step reaction
between the building block and the target ligand precursor.

Currently, only binders for CRBN and VHL are available
as they are the best studied. For CRBN, pomalidomide-
derived building blocks are offered because of their synthetic
accessibility. For VHL, modification of the amide group of the

VHL ligand leads to accessible derivatives. Linkers are usually
based on PEG or alkyl chains, and contain up to 6 ethylene
glycol units. Longer linkers have not shown any improvement
so far,*® and researchers can limit their efforts to utilizing 5-25
atoms. In contrast to PEG chains, which increase the solubility
and decrease the lipophilicity of the PROTAC, alkyl chains cause
the PROTAC to become more insoluble and lipophilic as the size
of the alkyl chain increases. This provides researchers with a
first handle to tune PROTAC properties. After examining the
published in vivo active compounds, one often finds rigidified
linkers possessing piperazine, phenyl, or spirocyclic motifs.
Although these linkers have better ADME properties, we do
not recommend using them at the degrader discovery stage.
Floppy PEG or alkyl chains can adopt multiple conformations,
increasing the likelihood of finding a degrader. Once a degrader
with an optimal linker length is found, optimization of the linker
composition and rigidity can be started.

Moreover, the portfolio of available reactive groups is
expanding steadily. Traditionally, first compound design
started with amide-bond formation, since carboxylic acid and
amide building blocks are readily available. Additionally, click
chemistry has proven valuable in PROTAC research,”¢ and,
thus, azide and alkyne building blocks are emerging as good
options. Additionally, alkyne derivatives can be employed in
Sonogashira couplings with aryl halide containing precursors.
This diversity in conjugation reactions increases the applicability
of the technology and provides a first tool to tune the angle of
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Figure 4. PROTAC Discovery Remains Empirical, and Designed Libraries Rely on Permutations of Target Ligands, Linkers, and E3 Binders.




the PROTAC's exit vector on the target protein side. From a
pragmatic point of view, one should start with the conjugation
chemistry that is most convenient and gives the fastest results.
Having all these available options, researchers can easily
design their first set of PROTAC molecules from their target
ligands of choice. The set could consist of a hundred members
for an in-depth analysis of the degrader potential or of only a
dozen members for a proof-of-concept study. At a minimum,
the set should consist of at least five members of different
lengths per E3 ligase and target ligand to cover the main
aspects of PROTAC design. Such a set would yield well-balanced
molecules with sufficient solubility, stability, and permeability to
allow initial testing in degradation assays. As demonstrated by
recent examples of testing in vivo, compound optimization is
also possible, since the “rule-of-5" applies similarly to PROTAC
set design* and provides chemists with a basis for improving
compounds in the set. However, adherence to the "rule-of-5"
holistically by all PROTAC degraders in development may vary
and should be kept in mind. In addition, further optimization of
the set could include using optimized E3 ligands, variation of
their exit vectors, linker composition and rigidity with focus on
improved ADME profile, as well as target ligand exit vectors, and
should be accompanied by straightforward compound profiling.

3. Profiling of PROTAC Compounds

Having the PROTAC library in hand, member compounds can
be profiled for target binding and degradation. In addition to
state-of-the-art optimization of physicochemical and ADME
parameters, in-depth profiling of the degradation process,
kinetics, and selectivity can be used to optimize the molecules
to create an efficacious in vivo degrader. An example of a
screening cascade is depicted in Figure 5.

3.1. Binding Confirmation

When the exit vector of the ligand is unknown, the unmodified
ligand could be used as a relative baseline for binding. To screen
the PROTAC library for target binding, various binding assays,
such as the Surface Plasmon Resonance (SPR) assay, may be
utilized. For enzyme targets such as kinases, an enzymatic
assay can also serve this purpose if an inhibitor is employed
as the target handle. Comparing the Ky or ICs, of the PROTAC
being tested to the unmodified ligand gives a measure of how
well the linker position is accepted. If the Ky or 1Cs, is within
20-fold, that can be reasonable evidence that the exit vector on
the PROTAC assayed is tolerated. It should be noted, however,
that the binding affinity between the PROTAC and target often
does not correlate to how effectively the PROTAC will degrade
that target; for example, micromolar binding can still yield an
active PROTAC.#

3.2. Degradation Assay

The most important assay is a degrader assay performed to
investigate the ability of a PROTAC compound to induce target
degradation by guantifying the changes in intracellular protein
levels. Important parameters determined include DCs,, the
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concentration at which half of the protein is degraded; Dy, the
maximal degradation reported as a percentage level; and tyay,
the time frame at D, (Figure 6, Part (a)). Additionally, a good
degradation assay should take into consideration other factors
such as cell lines used, concentrations applied, incubation
times, control experiments, and method of detection.

3.2.1. Choosing a Cell Line

The cell line chosen should be easy to handle and specific to
the phenotype or therapeutic application of the PROTAC target,
e.qg., cancer cell lines for cancer targets. Moreover, if unknown,
the target and E3 expression levels should be sufficiently high
or tested beforehand. Ideally, a cell line is chosen that permits
further testing, such as proliferation or phenotypic assays, to
be performed according to established protocols. However, one
can also start with an easy-to-treat cell line such as HEK293,
Hela, or Jurkat and test only optimized compounds in more
complex cells such as 3D cultures, co-cultures, or primary cells.

3.2.2. Effect of PROTAC Concentration on Assay

PROTACs should be tested in a concentration range. If
concentrations are too low, there may not be enough PROTAC
to bring together the ternary complex. If concentrations are
too high, elevated levels of PROTAC could preclude complex
formation due to saturation of the individual target and E3
ligase binding sites (hook effect; see Figure 6, Part (b).!° This
is drastically different from traditional assay development that
usually starts with the highest concentration possible. With
PROTACs, the reported DCs, values range from sub-nM to
100 pM. For hit discovery, three PROTAC concentrations are
recommended: 0.1, 1, and 10 uM. At higher concentrations,
small-molecule PROTACs can suffer from solubility issues.

PROTAC synthesis
library synthesis

!

degradation assay
reduced protein levels,
control experiments for
proteasome-mediated degradation

in vitro degrader profile 1
conc./time-dependent in vitro profile
profile (DCsg, Dmax)- -— physicochemical bnd
kinetic profile (fnax), and AMDE properties
proteome-wide
selectivity (MS) 1

MoA elucidation
cellular target engagement
ternary complex formation

target ubiquitination

cell phenotypic assays
e.g., proliferation

l

PK and formulation

!

in vivo efficacy

Figure 5. Example of a PROTAC Degrader Screening Cascade.
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3.2.3. Assay Time Points

Ideally, assay time points are guided by knowledge about
target turnover and re-synthesis rate. It is recommended that
different incubation times be investigated during hit discovery
for targets with unknown turnover. If the wrong incubation
period is chosen, the protein may have already been re-
synthesized, and then the PROTAC compound may appear
inactive.!%” Moreover, the testing of different incubation times
gives preliminary insights into the degradation kinetics, which
is helpful for PROTAC optimization.

3.2.4. Assay Controls

Several assay controls have been described in the literature.
Frequently, proteasome inhibitors such as carfilzomib,*
epoxomicin,”” MG132,°¢ and 17-AAG® are employed. They
prevent target protein degradation by the proteasome, and
result in the reconstitution of untreated protein levels. In many
cases, the respective E3 ligand’’ is added as a competitor in
high concentrations. This suppresses the binding of the PROTAC
to its E3 ligase, and thus degradation levels are reduced.
Commonly, an inactive PROTAC with similar physicochemical
properties is employed, but is unable to bind its E3 ligase. In
the case of VHL, this is achieved by incorporating the inactive
S-enantiomer®® into the PROTAC. For CRBN, methylated®® or
de-oxygenated®! thalidomide analogues are used. In the case
of cullin RING ligases such as CRBN and VHL, the NEDDS8

inhibitor MLLN492462 can also be utilized since neddylation is
essential for the activation of cullin RING ligases (CRLs). If
such controls do not reduce the degradation effect, the tested
PROTAC is very likely inducing nonspecific degradation effects
such as destabilization or autophagy.:0®

Lastly, a few reports have shown that siRNA can also
be used as a control. If siRNA is directed against the E3
ligase,®! degradation is abolished. Similarly, siRNA against
the target!® can be a suitable control for phenotypes with
reduced protein levels.

3.2.5. Protein Detection Methods

Western blotting is the current method of choice in the
PROTAC field to determine protein levels due to its ease in
handling, the availability of established protocols, and its
few requirements (i.e., no need for genetic manipulation and
expensive instrumentation). The cells are incubated with a
PROTAC compound prior to lysis, and the proteome is analyzed
by SDS-PAGE and blotted to a membrane. A target-specific
antibody and a suitable secondary antibody are chosen that
allow for fluorescent or chemiluminescent readout of the
target protein. A second, unaffected protein such as GADPH,83
actin,® tubulin,®® vinculin®” or histone 379 is detected in parallel
as a loading control, providing a quantitative readout of the
overall protein level in the sample. In this way, degradation
effects can be investigated in a concentration and time-
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dependent manner. Likewise, mass spectrometry444109 has
been applied to quantify cellular degradation effects. By
combining dynamic-SILAC labeling with isobaric mass tagging,
proteome-wide protein levels could be investigated, allowing
the additional assessment of PROTAC selectivity and whole
proteasome effects.

However, the preparation of cell lysates can be very
laborious when performed in high-throughput, e.g., when
screening a library of PROTAC compounds. To overcome this,
several reports have been published that use fusion proteins to
determine protein levels. In some reports, GFP-tagged target
proteins are employed,29.256488 and the relative fluorescence is
correlated with protein levels, measurable by flow cytometry!'©0
or a multiwell-plate reader.?” Thus, a decrease in fluorescence
would indicate a decrease in protein levels. Similarly, a
luciferase fusion protein’>7296107 can be employed to detect
protein levels by chemiluminescence. Notably, one study!”
compared the PROTAC-induced degradation of transiently
expressed fusion proteins with stably expressed fusion proteins
and found that parameters measured from ectopic expressions
are skewed due to overexpression and missing epigenetic and
transcriptional control mechanisms. Consequently, only stably
expressed fusion proteins should be utilized for the quantitative
interpretation of protein levels and degradation parameters.

3.3. Kinetic Profiling and MoA Studies of Degraders
Targeting a protein for degradation is a highly complex process
where the PROTAC molecule can fail in any of several steps.
After the degrader molecule enters the cell, it binds to its
target and E3 ligase to form a ternary complex that enables the
transfer of multiple ubiquitins to the target, thus sending it for
lysis by the proteasome. In the case of inactive degraders, or to
further optimize PROTACs, it can be beneficial to evaluate the
early steps in the degradation process. For instance, a PROTAC
might be impermeable*® or bind more strongly to a second,
undesired® target. To find out if that is the case, a cellular
target engagement assay could be helpful. Another pitfall could
be that the PROTAC cannot induce the formation of a ternary
complex in cells, or it does so in a geometry that disfavors
ubiguitination or selectivity.® Here, assays demonstrating
ternary complex formation or target ubiquitination could
provide further insight.

One particular assay with a potential to greatly contribute
to the PROTAC field was recently developed by Daniels and
co-workers at Promega.!”” They combined endogenous
tagging with NanoBiT® technology to enable the quantitative
measurement of protein levels and to investigate the kinetics
of target degradation in living cells (Figure 6, Part (d)). The
same researchers used CRISPR/CasS genome editing!t0t1t
to insert an 11 amino acid peptide, termed HiBIT, into the
protein of interest. Similarly, researchers at Promega and
the University of Utah introduced an 18 kDa protein, called
LgBIT, that spontaneously assembles with pM affinity to form
the functional NanoBiT® luciferase.!*2!13 Using bioluminescence
imaging, they were able to monitor the degradation profile in
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real-time with quantitation of degradation parameters such as
DCso, Dmay, and tr... Next, they established a NanoBRET®1#
protocol with ectopically expressed HaloTag® fusion proteins
of the E3 ligases® and ubiquitin as energy acceptors. When
a PROTAC induces proximity between the NanoBiT®-tagged
target protein and the HaloTag®-E3 ligase or HaloTag®-
ubiquitin, energy transfer occurs and results in a fluorescent
signal (Figure 6, Part (e)). Thus, intracellular ternary complex
formation and target ubiquitination were investigated in a time-
dependent manner.

A few crystal structures*0.:°075106 have been published that
broaden our understanding of the structural features of ternary
complexes. It was found that some protein-protein interactions
can lead to a cooperative effect*4L115 (Figure 6, Part (c)) that
turns a PROTAC into an efficient or a particularly selective
degrader. Moreover, initial attempts to rationalize PROTAC
design and to identify these cooperative interactions by in
silico prediction have been published, and will likely evolve with
further understanding of the technology.#>10¢

4. Conclusion

Targeted protein degradation is a rapidly growing research
area that has evolved within the last decade from a purely
academic research tool into a therapeutic modality that is
of great interest in industry as well as academia. With the
first PROTACs entering clinical trials in 2019, researchers
will be keen to find out if PROTACs will keep their promise,
and what some of the limitations on their use may be. The
list of targets amenable to this approach has been steadily
growing, and scientific efforts to expand the scope of suitable
E3 ligands, clever assay development, future prediction tools,
as well as commercially available building blocks and kits will
further advance the technology and facilitate its application to
tomorrow’s medicines.
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Abstract. The coumarins are considered an attractive
compound class because the coumarin nucleus is an important,
biologically active pharmacophore that plays a significant role in
chemical biology and in medical applications. Moreover, due to
their excellent photophysical properties, coumarins constitute
an important class of chromogenic and fluorogenic dyes. In
this article, we review a wide range of very recently reported
applications of coumarin hybrids as chemosensors, fluorescent
probes, biological markers, and biological trackers.
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1. Introduction

Coumarin is a privileged scaffold, owing to its characteristic
structure in which a planar aromatic ring is fused to a lactone
functionality and to its conjugated m system, fluorescent
properties, and other desirable features. This framework
has attracted the attention of several research groups, who
incorporated the coumarin scaffold into heterocyclic and non-
heterocyclic systems as part of a strategy for obtaining hybrid
molecules with potentially versatile biological activities, better
selectivity profiles, different or double modes of action, and/or
reduced undesirable side effects (Figure 1).!

Fluorescent probes are considered crucial tools for molecular
recognition events in biological systems.? In recent years, a
number of fluorescent probes have been developed, which
possess desirable properties such as high selectivity and
sensitivity, straightforward implementation, and noninvasive
in situ detection. Among these, coumarin-hybrid probes have
been widely utilized in tumor diagnosis or in analyte target
detection, enzymes, and organelles. Coumarin dyes are
often selected because of their good water solubility, strong
fluorescence, relatively high fluorescence quantum vyield, and
facile synthesis.?
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In the remainder of this review, we highlight recently reported
new molecules that incorporate coumarin rings, with the aim of
contributing an understanding that would permit the discovery
of novel compounds with improved properties for application as
chemosensors and fluorescent probes.

2. Synthetic Methods for the Preparation of Coumarin-
Based Hybrids

Generally, molecular systems incorporating a coumarin moiety
and intended for biological, pharmaceutical, and biomedical
applications have been assembled using traditional synthetic
chemistry. This includes classical transformations such as the
Perkin, Wittig, and Reformatsky reactions; the Pechmann and
Knoevenagel condensations; and the Claisen rearrangement.
An example of such methods is the use of the Pechmann
condensation in the straightforward synthesis of the new
fluorescent chemodosimeter 1, incorporating a coumarin
fluorophore and a carbonothiolate functionality as the recognition
unit (Scheme 1).4 Compound 1 was then used for the detection
of Hg?* concentrations in real water samples by fluorescence
turn-on response. The Pechman condensation, however, suffers
in general from a number of drawbacks such as the need for
excess acid and the production under some circumstances of
byproducts such as chromone.?

linker, e.g., —=HN(CHa),NH—

N hybrid
—| moiet:
hybrid K e
moiety 'wwv—:/ L
A oo
8 1

|
coumarin moiety v

/l NH /l\
ANy N N

R =H, Me, MeO, Br
example of A'

example of A

Figure 1. General Structure of a Coumarin-Hybrid Pharmacophore.

(Ref. 1)
1. HpS04,0°C, 2 h O O
2.1t,24h
v AN
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Me Me
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HO 0o oh Pho)l\o oo
90% 1, 80%

fluorescent chemodosimeter

Scheme 1. An Example of the Use of the Pechmann Condensation as
a Key Step in the Synthesis of the New Fluorescent Chemodosimeter
1. (Ref. 4)

The Knoevenagel condensation is also extensively used for the
synthesis of coumarin scaffolds, which are later incorporated into
other small molecules of interest in chemistry and biology.5
This reaction can be catalyzed by piperidine, piperazine,
1,1'-carbonyldiimidazole (CDI), 1,8-diazabicyclo[5.4.0]Jundec-
7-ene (DBU), or an ionic liquid, among others.’®® An example
of its utilization in the synthesis of a dual-emission ratiometric
fluorescent chemosensor, 2, with applications in cellular imaging
is depicted in Scheme 2.°

In addition to these popular traditional methods, other
approaches have been explored for the purpose of enhancing
yields, reducing reaction times, and improving product
recovery.’® These include reactions that use microwave
irradiation, sonication, transition-metal catalysis, heterogeneous
catalysis, or ionic liquids.

3. Applications of Coumarin Hybrids as Fluorescent
Probes for Chemosensing and Target Imaging

Because of their easy operating techniques, real-time response,
and high selectivity and sensitivity, fluorescent chemical
sensors have been developed in recent years as powerful tools
for monitoring levels of ions, molecules, and other chemical
entities. In particular, coumarin-based compounds are attractive
as fluorescent sensors because of their excellent chromogenic
and fluorogenic properties, associated high quantum vyields,
excellent water solubility, large Stokes relative displacement,
and good cell permeability.?® Moreover, and owing to their
highly variable size, hydrophobicity, and chelation capabilities,
coumarin-based hybrids have found specific applications as
highly selective fluorescent probes for detecting metal ions.?!

3.1. Detection of Mercury(II)

Because of the serious risk that mercury in the environment poses
to human health and biological reproduction, the development
of mercury detection probes has gained in prominence in recent

o) HoC(CO2EY), (2.0 equiv)

piperidine, EtOH(anhyd)
/d\H reflux, 6 h m
EtN OH Knoevenagel EtoN o0 X0

condensation
80%

2 stepy

Os_-OMe

EtoN o~ "0 ©

2, 25% (3 steps)
dual-emission, ratiometric
fluorescent chemosensor

Scheme 2. An Example of the Use of the Knoevenagel Condensation
as a Key Step in the Synthesis of the Dual-Emission Ratiometric
Fluorescent Chemosensor 2. (Ref. 6)



years.?? Relevant studies can be performed in water, in another
solvent when water solubility is low, and even in a range of pH
values for those probes that are not sensitive to pH.

7-Vinyloxy-4-methylcoumarin  (3), a hybrid comprising
methylcoumarin as a fluorophore and a vinyl ether group as a
recognition unit, was shown to be highly selective and sensitive
to Hg?* in aqueous solutions (Scheme 3).2 Wang, Zhou, and
co-workers pointed out that, when compared to other systems,
the protocol they developed using 3 is a low cost, simple, and
highly sensitive Hg?* detection method. Similarly, coumarin dye
hybrid 2 (see Scheme 2) was employed by Jiao et al. as a
highly selective, ratiometric fluorescent chemosensor to detect
nanomolar levels of Hg?* at physiological pH.® Interestingly,
the novel, rectilinear, and n-extended rhodol-coumarin hybrid
dye 4 was shown to possess high selectivity for Hg?* ions on
a nanomolar scale, even in the presence of biologically or
environmentally relevant alkali, alkaline earth, and transition
metal ions (Scheme 4).%* The detection mechanism is believed
to involve an Hg?* promoted reaction cascade consisting of ring-
opening and desulfurization. Moreover, incubation of 4 with HelLa
cells [37 °C, 1.5 h, CO, atmosphere (5%)] with and without Hg*
suggested that 4 is living-cell-membrane permeable, making it
suitable for practical in vitro applications.

Cheng and co-workers have recently reported the synthesis
of a pair of novel and water-soluble thioacetalized coumarin
hybrids and their application as ratiometric fluorescent probes
that are highly selective for Hg?* ions. The chemosensing ability
was attributed to the mercury(1l)-promoted conversion reaction
of the dithioacetal functional group into the corresponding
aldehyde with a corresponding shift in fluorescence from blue
to green visible with the naked eye (Scheme 5).22 The authors
also showed that coumarin-hybrid probe 5 penetrates the
membrane of Hela cells and could potentially be used for the
fluorescent imaging of mercury(II) in living cells.

1. (CH2Br); (1.1 equiv)

Ve K2COg3 (1.3 equiv) : Me .
HO 0" X0 2.DBU (1.2 equiv), MeCN oo

N5, 90°C, 12 h N e g
recognition fluorophore
unit
3, 26% (2 steps)
coumarin hybrid
almost no fluorescence

HgClp, 1t, 1 h

HEPES buffer
(20 mM, pH 7.0)
hand-held UV lamp

+ Hg[CH,CHOQO]»
H 0]

110-fold fluorescence
enhancement at 450 nm

Scheme 3. Synthesis and Testing of 7-Vinyloxy-4-methylcoumarin
(3) as a Coumarin-Hybrid Fluorescent Probe with High Selectivity for
Mercuric Ion. (Ref. 23)
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3.2. Detection of Copper(II)

Cupricion plays akey role in several basic physiological processes,
and is the third most abundant heavy metal in humans. However,
high levels of copper(II) in the human body can cause oxidative
stress and disorders associated with neurodegenerative diseases,
as well as rheumatoid arthritis, gastrointestinal disturbances,
and Wilson’s disease; in the environment, Cu?* is considered
a pollutant that is potentially very harmful to organisms.’:2!
A novel, highly selective, and highly sensitive method for
detecting Cu?* in acetonitrile in the presence of other metal
ions has been reported by Mei, Zhou, and co-workers. This
approach relies on colorimetric and fluorescence changes that
result from a Cu?*-induced intramolecular nucleophilic addition
in coumarin-hybrid 6, leading to a substituted imidazole ring
(Scheme 6).” The changes, which are complete in less than 3

Me 1. A, HS0, (concd)
A 90°C,3.5h
HO 0" X0 2. HaNNHp*H50 (80%)
1.05 equiv EtOH(abs), reflux, 4 h
3. 2-MeO,CCgH4NCS (1.5 equiv)
DMF(anhyd), 50 °C, N2, 24 h
Et;N
HO O CO.H
4, 44% (3 steps)
O O coumarin hybrid
Et,N Hg?* ring-opening,
. X desulfurization,
A (1.0 equiv) MeCN-H,0 (1:1) and oxadiazole
hex =508 nm formation

HgS +

43-fold enhancement
of fluorescence at 578 nm

Scheme 4. Novel and Living-Cell-Membrane Permeable Rhodol-
Coumarin Hybrid Dye 4 with Potential in Vitro Applications. (Ref. 24)

EtSH (2.0 equiv)

N H argon(anhyd)

BF3°Et;0 (1.2 equiv)
DCM,0°C,2h

N oT "0

5,72%
coumarin hybrid
blue fluorescence

Hg?*-promoted at 400-410 nm
dithioacetal deprotection

green fluorescence
at 460-490 nm

HeLa cells, Hg?* (30 uM)
PBS-DMSO (10:1), 0.5 h
hex =395 nm

Scheme 5. Dithioacetal-Functionalized Coumarin-Based Probe for the
Bioimaging of Mercury(II) in HelLa Cells. (Ref. 22)
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minutes, would allow this process to be utilized for the real-time
tracking of copper(II). The authors were also able to extend
this methodology to detecting intracellular copper(II) in HepG2
cells, thus demonstrating that compound 6 could be employed
as a practical and reliable probe for imaging Cu?* in living cells.

The monitoring of Hg?* and Cu?* in the mitochondria of Hela
cells and mouse kidney tissues using the two new, structurally
related, coumarin-based, and biocompatible fluorescent
sensors 7 and 8 has been described by Zhou and co-workers
(Scheme 7).2°> The authors carried out bioimaging experiments,
fluorescence co-localization studies, and time effects studies
in vitro to evaluate the ligands’ response to metal ions. Both
probes exhibited excellent selectivity for mercury(II) and
copper(Il) even in the presence of other ions. Probe 7 exhibited

NC, CN

NC(H,N)C=C(NH,)CN _
(1.2 equiv) N NH;

—_—
HOAc (glacial, trace)

MeOH, reflux, 4h ~ EteN 0

6, 75%
CN coumarin hybrid

|
N
Et,N T "o

~500-fold enhancement of
fluorescence at A = 489 nm

HepG2 cells, Cu?* (20 uM)
37°C, 2 h, hey = 439 nm

Cu?*-induced intramolecular
addition—cyclization

Scheme 6. Coumarin-Based Fluorescence Off-On Probe for Detecting
Intra- and Extracellular Copper(1I). (Ref. 7)

Me
7. R = HNCH,-2-Pyr, 3.0%
8, R = N(CH2-2-Pyr),, 2.6%
7-Hg?* 8:Cu?* 8-Hg2+
significant complete significant
fluorescence fluorescence fluorescence
enhancement quenching enhancement

(a) Hg?* in aqueous medium. (b) HeLa cells, Hg2*. (c) mouse kidney tissue, Hg?*
(d) Cu?* in aqueous medium. (e) HeLa cells, Cu?*. (f) mouse kidney tissue, Cu?*

Scheme 7. New, Structurally Related Fluorescent Probes That Are
Highly Selective for Hg2* and Cu?* in Vitro, in HeLa Cells, and in Mouse
Kidney Tissues. (Ref. 25)

an excellent selective fluorescence response to Hg* in MeOH-
H,O, whereby its fluorescence intensity increased significantly
for Hg?* but changed only slightly in the presence of Cu?*. In
contrast, probe 8 exhibited significantly increased fluorescence
intensity upon addition of Hg?* but complete attenuation of
fluorescence upon addition of Cu?* in H,0.

A number of other novel, coumarin-based fluorescent probes
have also been developed and successfully tested for the
selective detection of copper(II) under a variety of experimental
conditions and in living cells (Figure 2).8°2L.26 In these
cases, Cu?* induces fluorescence enhancement or guenching
either through complexation with the probe or through initial
complexation followed by hydrolysis of an imino group to
generate the fluorescent species.

3.3. Ratiometric Sensing of Zinc(II)
Zinc is one of the most important transition metals. It is
present in the human body in nanomolar (nM) to millimolar
(mM) concentrations, and is involved in a variety of biological
processes. Genetic abnormalities and environmental factors
may lead to disturbances in the metabolism of zinc, resulting
in a variety of diseases such as Alzheimer’s disease,
Parkinson’s disease, epilepsy, cerebral ischemia, amyotrophic
lateral sclerosis (ALS), diabetes, and childhood diarrhea. As
a consequence, there is keen interest in developing suitable
fluorescent probes for detecting Zn?* in order to help maintain
its physiological concentrations at suitable levels.

To this end, two new, coumarin-based ligands, 9a and 9b,
have been synthesized and evaluated as ratiometric fluorescent

ac p L
\ _.-Cuz+
Et,N 0N v OH o~/ T*N-NH

Cu* L= N
L 0O NEt, NN
OH XA. --Cut
N Et,N 0" Yo---GU,

O - HCIO,

coumarin hybrid complex with Cu* leading
to dramatic quenching of fluorescence

initial probe-~Cu?* complexation leading to
imine hydrolysis and 60-fold enhancement in
fluorescence at A = 502 nm (hgy = 435 Nnm)
(Ref. 8)

enhancement in fluorescence at
A =420 nm (hex = 320 Nm)
(Ref. 21)

at A =483 nm (hey = 439 nm) via
a photoinduced electron transfer mechanism
or d—d electron paramagnetic quenching
(Ref 9)

OMe
OMe
H
ELN o So. 4 °
cut
complete quenching of fluorescence
at A =521 nm (hex = 450 nm) in the
presence of Cu?* due to chelation-
enhanced fluorescence quenching
(Ref. 26)

Figure 2. Novel Coumarin-Hybrid Chemosensors of Copper(II) Either
via Enhancement or Quenching of Fluorescence.



probes for detecting and quantifying Zn?* in agueous media and
in living cells (Figure 3).1011 Both displayed good selectivity and
high sensitivity toward Zn* without interference by other metal
ions, especially by Cd**, which is in the same periodic table
group as Zn%*. For both 9a and 9b, the ratiometric fluorescence
response was ascribed to enhanced intramolecular charge-
transfer upon binding of the ligand to Zn*. In ethanol-water
(9:1), coumarin-furan hybrid, 9a, exhibited a fast (0.5 min) and
reversible ratiometric fluorescence response, suggesting that 9a
could be employed as a ratiometric fluorescent sensor for the
detection and monitoring of Zn?* in environmental and biological
systems in real time and under physiological conditions.0
Similarly, coumarin-quinoline hybrid 9b showed significant
colorimetric and ratiometric responses to Zn?*, exhibited
low toxicity, and had good cell-membrane permeability at
physiological temperature in MCF-7 cells.* It was also suggested
that 9b could be utilized for the qualitative determination of Zn*
in living cells and its quantitative detection in environmental
water samples.

3.4. Chemosensing of Aluminum(III), and
Pyrophospate

Two modes of fluorescence enhancement have been employed
for the selective and highly sensitive detection of aluminum(III)
in agueous buffers at neutral pH values in the presence of other
metal ions and its bioimaging in living cells (HelLa or PC3). The
first mode relies on an AlP*-triggered fluorescence resonance
energy transfer (FRET) from quinoline to coumarin in the
ratiometric fluorescent small-molecule probe 10 (Scheme 8).%
This chemosensor had a very low detection limit for AP+ (1 x 106
M) and passed through Hela or PC3 cell membranes in a short
period of time, making it suitable for monitoring intracellular
aluminum(III) in vitro and potentially in vivo.

In the second mode, chelation-enhanced fluorescence
(CHEF) was taken advantage of in developing a highly sensitive
and selective coumarin-Schiff base sensor, 11, for detecting
AF* in 90% aqueous methanol at pH 7.4 (HEPES buffer) and

Phosphate,

9b-Zn?

(9a),+Zn*

enhancement of fluorescence at
A =520 nm (Aex = 322 nm) in the
presence of Zn?* via an intramolecular
charge-transfer process
(Ref. 10)

red-shifting of fluorescence by 40 nm
to A =556 nm (hex = 380 nm) in the
presence of Zn?* via an intramolecular
charge-transfer process
(Ref. 11)

Figure 3. Ratiometric Fluorescent Sensors Suitable for the Detection
and Monitoring of Zinc(II) in Environmental and Biological Systems.
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in living Hela cells (Scheme 9).2 The 1:1 complex resulting
from the binding of APP* to 11 was found to act by the reverse
process, fluorescence attenuation, as a highly selective probe
for detecting pyrophosphate (HP,O,) and phosphate (H,PO,")
anions, such as found in calf thymus DNA (ctDNA), in the
presence of 20 equivalents of other competitive anions such as
acetate and nitrate.

3.5. Ratiometric Fluorescence Detection of Fluoride

A new, silyl-protected fluorescein-coumarin hybrid, 12, has
been reported by Ma, Song, and co-workers as a highly selective
and sensitive probe for the ratiometric fluorescence detection
of fluoride ion in the presence of other competing anions,
reactive oxygen species (e.g., H,0,, CIO-, ONOO"), and sulfur-
containing organics (e.g., GSH, Cys).'? Upon addition of F-,

hex = 253 nm %
OH

1. KoCOj3 (1.5 equiv)
acetone, reflux, 18 h

+ BT

N 2. B (2.0 equiv), Cul (cat) N~
5.0 equiv

N™ "O 0]

THF-HZO (10:1), 1, 10h N”
24 fluorescence at

e} A =390 nm

AR Mo  10,60% (overal)

EtOH-H,0 (2:3)
Tris-HCI buffer (pH 7)

Aex =253 nm

12-fold enhancement of
fluorescence at A = 480 nm
through FRET

Scheme 8. Chemosensing of Al3* via a Fluorescence Resonance Energy
Transfer (FRET) Mechanism. (Ref. 27)

A|3+
MeOH-HEPES (9:1) H H hex =410 nm
hex =410 Nm ] O-Me
\ Hela cells ARt
HO. i 2ANN©)
OH @\ 20 min .
N, N
X C OMe °C OMe
H H
0~ "0 @]
11 11-AR*

very weak fluorescence
at A =520 nm
(C=N isomerization allowed)

7-fold enhancement
of fluorescence at A = 520 nm
(C=N isomerization not allowed)

HaoPO4~ or HP207~
or
ctDNA (0-2 equiv)
MeOH-HEPES (9:1)

Scheme 9. Coumarin-Schiff Base Probe for the Highly Selective
Detection of Aluminum(III) as Well as Pyrophosphate and Phosphate
Anions in the Presence of Competing Ions. (Ref. 28)
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desilylation of the phenolic oxygen occurs by rapid reaction
of fluoride with the tert-butyldiphenylsilyl (TBDPS) protecting
group leading to fluorescein-coumarin hybrid 13, and a change
of fluorescence from blue to green (Scheme 10). The limit of
detection (LOD) for fluoride was calculated to be 0.025 uM, and
the process was successfully applied to the bioimaging of fluoride
in living HelLa cells and 5-day-old zebrafish larvae, hinting at
the potential application of this process in clinical diagnosis.
Another coumarin-based, ratiometric fluorescent probe that
relies on a desilylation of a triisopropylsilyl group by fluoride
ion was reported by Shen et al., and successfully applied to the
detection of fluoride in mitochondria of living HepG2 cells by
ratiometric fluorescence imaging.?®

Two other effective and highly selective sensors for fluoride
ion have also been reported. These rely on fast colorimetric
changes or fluorescence quenching to selectively detect and
determine fluoride ion concentration (Figure 4).13'% They
also proved to have high response rates and very low fluoride
detection limits (e.g., LOD = 2.16 x 107/ M).

1. NaOH (50%), CHCls
15-crown-5 (cat)
MeOH-H;0, 55 °C, 8 h

. HoC(CO»EL),, HOAC (cat)
piperidine (cat), EtOH(abs)

&

. 0 80°C, 16 h
uorescein 3. Phy(+BU)SICI (3.3 equiv)
EtsN, DCM(anhyd), 0°C, 6 h 12, 10% (3 steps)
A =466 nm (hex = 320 nm)
OEt
F~, MeOH-H.0 (3:7)
PBS buffer (pH 7.4)
F~, HelLa cells
Phy(t-BU)SIF +

F~, zebrafish larvae  /

fluorescein-coumarin (13)
A =532 nm (hex = 320 Nm)

Scheme 10. Highly Selective and Sensitive Ratiometric Fluorescence
Detection and Quantification of Fluoride Ion Based on Its Well-Known
Affinity for the tert-Butyldiphenylsilyl Group. (Ref. 12)

photo-induced electron transfer

e
Cl

S
Et:N 0" ~0 HFy” EtoN

complete fluorescence quenching
A =486 nm (Aex = 365 nm)
in DMSO upon addition
of 3 or 20 equiv of TBAF
(Ref. 14)

91% fluorescence quenching
h =499 nm (hgy = 365 nm)
in 3 s in THF upon addition

of 10 equiv of F~
(LOD for F~=2.16 x 107 M)
(Ref. 13)

Figure 4. Other Effective and Highly Selective Coumarin-Based Sensors
for Fluoride Ion.

3.6. Sensing of Hypochlorite (CIO~) in Aqueous Media and
Living Cells

Hypochlorous acid and its conjugated base (HCIO/CIO™) play
an important role in biological systems; however, excessive
production of HCIO/CIO™ could lead to several types of disorders,
such as Parkinson’s disease, rheumatism, lung injury, arthritis,
degeneration of neurons, and even certain cancers. Hence, the
monitoring of hypochlorite anion (CIO~) in a sensitive and selective
manner in aqueous media and living cells is of great interest.

To this end, a number of research groups have reported highly
sensitive and selective coumarin-based hybrids for the ratiometric
fluorescence detection of hypochlorite in water samples and in
mitochondria of living cells (Scheme 11).3:3%31 Rapid response
times (e.g., 20-30 s) and low detection limits (e.g., 8.3-22 nM)
were observed with these probes, without interference by other
anions or reactive oxygen or nitrogen species (e.g., HOe, H,0,,
0, 10,, t-BuOQe, ONOO-, NOe,NO,") over a range of pH values.
The hypochlorite-recognition mechanism of these probes relied
in each case on a unique chemical reaction triggered by CIO™—
such as oxime oxidation to an aldehyde, 8-lactone ring-opening,

Me
X CIO™ (15 equiv)
@ PBS buffer
HO 0" "0 (o1mpH74 HO
SNOH 0”

nonfluorescent dramatic fluorescence at

A =460 nm (hex = 365 nm)
(LOD for CIO™ = 8.3 nM)

(Ref. 3)
o)
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2 (1:9), pH 7.0 0
pt
H' ' Me

S 1
N
b 8%
A =580 nm (Aey = 410 nm) ‘N s—/ \

A =483 nm (hex =410 nm)
(LOD =41.8 nM)

(0] (Ref. 31)
TsHN—N O
X
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Et,N
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CIO™ (4 equiv) hypochlorite (4 equiv)

EtOH-buffer (1:1), pH 10/ \ EtOH-buffer (1:1), pH 6

A =570 nm (hex = 540 nm)
(LOD =21.5 nM)
(Ref. 30)

A =570 & 625 nm (hex = 500 nm)
(LOD = 88.0 nM)
(Ref. 30)

Scheme 11. Selective CIO- Detection by Hypochlorite-Triggered Unique
Reactivity of Coumarin-Based Fluorescent Probes.



or oxidative cleavage of a carbon-carbon double into two formy!l
groups—and resulting in an intense fluorescence response. The
probes were successfully applied to the determination of CIO™ in
real water samples (tap, river, and lake water, as well as diluted
commercial disinfectant) and to the bioimaging of hypochlorite
in RAW264.7 and SW480 cells.

3.7. Colorimetric and Ratiometric Detection of Sulfite
Endogenous sulfur dioxide (SO,) is present in mammalian
cells in the form of its aqueous derivatives (HOsS™ and SO5%°),
which are generated in biosynthetic pathways from sulfur-
containing amino acids through the action of enzymes such
as thiosulfate sulfurtransferase. While low concentrations of
sulfites can be beneficial, abnormally high concentrations are
associated with a number of health disorders such as respiratory
and cardiovascular diseases.!>32 Moreover, sulfur dioxide is a
recognized air pollutant generated by the burning of fossil fuels.
The detection, determination, and monitoring of the levels of
SO, and its derivatives in the environment and in biological
systems is therefore of great interest.

The research groups of Qian,® Zhao,*? and Wang® have
independently developed coumarin hybrids for sensing sulfites
in aqueous media and living cells, such as human colon cancer
cells SW480 as well as Hela, HepG2, L-02, and L929 cells
(Figure 5). Highly selective, sensitive, and rapid colorimetric,
ratiometric, or turn-on fluorescence sensing was achieved in
each case with sulfite detection limits in the nano- to micromolar
range. The sensing mechanisms consisted of either a disruption
of m conjugation via bisulfite addition to a double bond,> SO52-
addition to a hemicyanine moiety that interrupts an ICT/FRET
process,®? or the liberation of 6-hydroxycoumarin from its
levulinate ester precursor.??

RN

addition of HO3S™ to C=N, followed by
rearrangement, significantly enhances
fluorescence at A =516 nm
(hex = 470 nm) in 10 min in PBS buffer
(pH 7.4)-DMSO (trace)
(LOD for HSO3™ = 0.53 uM)
(Ref. 15)

8042 FRET ICT Jex  Aem Fl Color

on 430nm 589 nm red
off 430 nm 476 nm  blue

absent on
present off

(a) In DMF-PBS buffer (4:6), pH 7.4. (b) LOD
for SO52~ = 12.9 nM. (c) 32.3-fold enhancement
of fluorescence observed within 3 min. (d) ICT =
intramolecular charge transfer. (e) FRET =
fluorescence resonance energy transfer.

(Ref. 32)

Figure 5. Rapid, Selective, and Sensitive Detection of Sulfur Dioxide
Derivatives.
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3.8. Hydrogen Peroxide Detection

The known reactivity of hydrogen peroxide toward boronates
has been taken advantage of in the design and testing of new
coumarin-based probes for the detection of hydrogen peroxide
in aqueous buffer and in mitochondria of living cells.3*3> In
one instance, Shen et al. have demonstrated that coumarin-
pyridinium hybrid 14 can be utilized as a highly sensitive and
selective colorimetric and ratiometric fluorescent sensor for
H,O, with an LOD of 10 nM (eq 1).3°> They also showed that this
probe is not responsive to other biologically relevant reactive
oxygen species (ROS), reactive nitrogen species (RNS), or metal
ions, as these did not cause any significant change in the Igss/
Ie40 €mission ratio under the same conditions. Additionally, the
authors reported the successful application of this probe to the
bioimaging of hydrogen peroxide in mitochondria of NRK cells
with a response time of 5 minutes. Investigation of the sensing
mechanism by H NMR and HRMS as well as by density functional
theory (DFT) calculations revealed that it takes place through
oxidation of the boronate with hydrogen peroxide followed by
hydrolysis and 1,6-elimination to form coumarin-pyridine 15.

3.9. Biothiol Detection and Imaging
Thiol-containing biomolecules, known collectively as biothiols,
include cysteine (Cys) and homocysteine (Hcy) amino acids
and the low-molecular-weight antioxidant peptide glutathione
(GSH). Biothiols play important roles in biological systems,
and their levels within cells or in human plasma are indicative
of underlying disorders and risk factors for a broad range of
conditions and diseases.?® It is thus not surprising that the
development of effective fluorescent probes for the selective
detection of specific biothiols has been an active area of research
aiming to provide tools and methods for the early diagnosis of
these conditions, risk factors, and disorders.3’-43

Among the effective biothiol sensors developed, coumarin
derivative 16 proved to be a highly sensitive colorimetric and
fluorescent probe not only for the imaging of cysteine and

Mito,
targ

Chong;,
: a-
eling Moiety

H20,

MeCN-PBS buffer
(1:9),pH 7.4

15
A =535 nm (hey = 500 nm)
(LOD =10 nM)

eq 1 (Ref. 35)
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homocysteine over GSH in living Hela cells and mouse liver
tissue, but also for their detection in five types of animal serum
from chicken, horse, sheep, cattle, and goat. This rapid and
biocompatible probe works by fluorescence turn-on following
suppression of a photoinduced electron transfer (PET) as a
result of a cyclization reaction between the thiol group and the
aldehyde functional group in the probe, and was not responsive
to 19 other amino acids tested (Scheme 12, Part (a)).°

Meng et al. reported another new and effective coumarin-
based chemosensor, 17, for cysteine in buffer solution, in the
endoplasmic reticulum of live U-343 MGa and MDA-MB-231
cells, and in real urine samples. Probe 17 achieves the highly
selective and sensitive detection of Cys (LOD for Cys = 0.72 uM)
through an “ON-OFF-ON” fluorescence process (Scheme 12, Part
(b)).® In the absence of copper(II), 17 is highly fluorescent;
this fluorescence is significantly reduced (98.4% quenching)
after addition of Cu?*, which forms a complex with 17. However,
upon incubation with Cys, complex 17«Cu?* is decomposed, and
highly fluorescent 17 is released with 43.4-fold enhancement in

H coumarin H COZH
11 | fluorophore Ho oy
0 [ suppressor N ( )
N n

|
@ m Cys or HCy (20 equiv) S
a
Et,N o0 X0 PBS buffer—-DMSO (trace) EtoN e}

pH 7.4, 20 °C, 10 min

16
PET "ON" n=1,2
fluorescence "OFF" PET "OFF"; fluorescence "ON"
5-fold enhancement of fluorescence
at A =480 nm (hex = 365 nm)
(LOD for Cys = 0.874 uM)
OH OH
Cu2*
HO ~ -~
e 0
Nx (i) ! N X
N X N~
(b) H - H
Et,N (o} () EtN 0”0
17 17:Cu?*
fluorescence "ON" fluorescence "OFF"

(43.4-fold enhancement)
A =489 nm (hgy = 430 Nnm)

(i) Cu?*, DMSO-HEPES buffer (1:1), pH 7.4. (ii) Cys, DMSO-HEPES buffer (1:1), pH 7.4
(LOD for Cys = 0.72 uM, LOD for Cu?* = 0.25 uM)

(i) Cys, DMSO-PBS buffer
(1:4), pH 7.4
(ii) NEM or H05 (30%)

NEM = N-ethylmaleimide

19
78-fold fluorescence enhancement
at A =500 nm (hey = 445 nm)
(LOD for Cys ~0.122 uM)

Scheme 12. Examples of Highly Selective and Sensitive Fluorescent
Probes for the Determination of Biothiols. (Ref. 36,38,42)

fluorescence that is not affected by the presence of competing
biomolecules and physiologically important anions.

Yin, Huo, and co-workers reported the first recyclable
coumarin-based sensor, 18, for the rapid turn-on fluorescence
detection of Cys in aqueous buffer and exogenous Cys in
living A549 and Hela cells (Scheme 12, Part (c)).*? Probe 18
showed a 78-fold fluorescence enhancement upon addition of
Cys—by forming the cysteine thiol 1,4-addition product, 19—
and could detect Cys even in the presence of biothiols Hcy and
GSH, common amino acids, metal ions, physiologically relevant
anions, N-acetylcysteine, and H,0O,. The specificity of the
response of 18 toward Cys was demonstrated in an “ON-OFF-
ON” fluorescence sequence, whereby the quenching effects of
N-ethylmaleimide (NEM) or H,O, on the fluorescence of 19 were
reversed by re-introducing Cys. The authors subjected probe
18 to five such “ON-OFF-ON” cycles and observed no noticeable
attenuation in the fluorescence of 19, providing evidence for the
recyclability of 18.

A number of other, novel, and coumarin-based probes have
been synthesized and successfully utilized for the highly selective
fluorescent sensing of biothiols such as cysteine, homocysteine,
and glutathione in aqueous buffer and in living cells without
interference by other physiologically relevant molecular species
or anions (Figure 6).16:37,39-4L.43 However, the limits of detection
of these probes for biothiols varied widely from 0.46 nM to 657
nM (Cys), 0.86 to 79 nM (HCy), and 0.73 nM to 1.07 uM (GSH).
In one case, the coumarin-based probe proved effective also for
detecting cyanide ion (LOD for CN- = 0.32 nM).%0
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LOD for Hey =79 nM LOD for GSH =1.07 uM
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O OH
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LOD for GSH = 0.1 uM LOD for Cys = 0.46 nM
(Ref. 39) LOD for Hey = 0.86 nM

LOD for GSH = 0.73 nM
LOD for CN™=0.32 nM
(Ref. 40)

Figure 6. Additional, Selective, and Sensitive Coumarin-Based Sensors
for the Detection and Imaging of Biothiols.



4. Conclusion

We have highlighted in this review the rapidly growing
applications of coumarin-small-molecule hybrids as fast and
highly selective and sensitive fluorescent probes for detecting,
quantifying, and bioimaging of a wide variety of physiologically
relevant metal ions, anions, molecules, reactive oxygen species,
and reactive nitrogen species. It is our sincere hope that the
review will prove of great benefit to a wide range of researchers
looking to capitalize on ever more sensitive and selective tools
for the assay of analytes of interest in biological systems.
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Abstract. An urgent challenge in chemistry and biotechnology
is to develop a routine, robust, and cost-effective method for the
identification of molecules that specifically bind to a large variety
of protein targets. In recent years, an elegant selection method
for small-molecule drug discovery, DNA-encoded chemical
library (DECL) technology, has been receiving much attention
from the pharmaceutical and biotechnology industries. Here, we
review the major recent developments in DECL technology, with
a focus on the self-assembling dual-display format, which aims
to combine the bio-inspired selection process with a fragment-
based approach to discover potent binders to protein targets.

Outline
1. Introduction
1.1. Challenges in Drug Discovery
1.2. A Brief History of DECL
2. Selection vs Screening
2.1. Main Challenges in DECL
2.2. Optimizing the Selection Conditions, from Surface to
Solution

3. Conventional Chemical Library vs Fragment-Based Approach
3.1. Developments in Fragment-Based DECL
Self-Assembled Dynamic DECL

Hit Validation

Application of Nanotechnology in DECL

Conclusion and Outlook
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1. Introduction

1.1. Challenges in Drug Discovery

Cancer is not one disease; rather, it is many different diseases
that develop in various organs and are associated with a myriad
of genes and their mutations, as well as numerous environmental
factors. The same is also true for many other diseases such
as autoimmune disease or dementia. Specific diagnoses and
treatments have been developed for specific diseases, and
those have become not only increasingly more efficient, but
also more sophisticated, with the ultimate goal of developing
truly personalized medicine. Target complexity combined with
an ageing population and the looming expiration of blockbuster
patents have driven an unprecedented development effort for
novel drug discovery technologies to complement existing high-
throughput screening (HTS) platforms.*2 One such technology is
DNA-Encoded Chemical Library (DECL) synthesis and selection
technology. Originally proposed by Brenner and Lerner in 1992,3
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the last 27 years have seen this idea grow from a “back-of-the-
envelope scribble” into an increasingly mature and robust tool
for hit discovery.4

A DECL is a pooled collection of up to billions of different
molecules, each of which is tagged with a unique DNA strand
that functions primarily as an identifying barcode. In a standard
DECL compound selection, a target protein is immobilized on a
solid support and treated with the library, followed by washing
to remove non-binding library members. This is followed by
elution of binding moieties, which are then amplified via a
Polymerase Chain Reaction (PCR) and sequenced by Next
Generation Sequencing (NGS) to reveal the identities of the
binding compounds by ranking the sequences according to their
frequency. The identified hits are then quantitatively validated
in follow-up experiments using an orthogonal technology—
e.g., enzyme inhibition assay, isothermal titration calorimetry,
fluorescence polarization, or surface plasmon resonance—to
determine binding affinity and/or biological potency (e.g., Kg,
1Csy, ECsp) and thus prioritize the further development of the
hits (Figure 1).40.¢

Over the past years, advances in DECL technologies have
rendered the field too broad for a thorough treatment in only
one review article. Therefore, we will focus our discussion in
this paper on fragment-based DECL approaches. Generally
speaking, fragment-based discovery has become increasingly
popular because of the belief that the small size and the
potential high ligand efficiency of the molecular fragments can
offer advantageous starting points for drugging traditionally
difficult pharmaceutical targets, such as protein-protein
interactions. Bringing a fragment-based approach to DECL
technology can help minimize the potential weaknesses of
fragment screening (e.g., solubility), while the use of dual-

DNA-display approaches allows the mimicking of evolutionary
principles, such as dynamics® and recombination principles.®

1.2. A Brief History of DECL

The original design of DECL was largely inspired by phage
display technology.® The first proof-of-principle library was
generated through parallel synthesis of peptide and DNA on
polystyrene resin in a one-bead one-compound format.” While
this experiment was crucial to DECL development, the beads
utilized were much larger than bacteriophages (up to 10°-10°-
fold; >1000-fold larger than M13 bacteriophage), setting a
practical limit on potential library size, as well as precluding
selection experiments with the bio-panning protocol employed
in phage display technology. With the bead library, the first
proof-of-concept affinity-based selection was performed using a
peptide-DNA conjugate library and a fluorescently labelled target
protein, and identification of the interaction between the peptide
and its antibody was accomplished by Fluorescence Activated
Cell Sorting (FACS).” Until the beginning of the new millennium,
the development and application of DECL technology proceeded
very slowly, limited mainly by the lack of sufficiently robust
auxiliary technologies. Then, supported by improvements in
DNA microarray, DNA conjugation chemistry,812 DNA-templated
chemical reactions,®'3-1> and especially by the introduction
of DNA NGS,'*®'7 DECL technology experienced a rapid and
impressive growth in both academic and industrial settings.*®
The introduction of split-and-pool synthesis and enzymatic
tag-encoding ushered in the use of a combinatorial assembly
approach to quickly prepare libraries of massive sizes, currently
on the order of billions or trillions of compounds.’®?° When
DECLs became comparable with phage display libraries in terms
of size and biopanning protocol compatibility, their advantages
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Figure 1. Common Protocol for DECL Compound Selection Experiments. (Ref. 4b,c)



became obvious: the run time for a DECL experiment is largely
independent of library size, making the process significantly
faster than a traditional HTS campaign. Indeed, DECL-based
drug discovery methodologies continue to mature and have,
in recent years, proven their worth by discovering new drug
candidates for a number of diverse targets.21-24

2. Selection vs Screening
Four major methods are employed in chemical genomics
and drug discovery to identify new pharmaceutically relevant
molecular entities (Figure 2): (i) High-throughput screening
(HTS): This is currently the dominant method for the discovery
of small-molecule drug compounds, whereby each chemical
compound is assayed one-by-one in well-plate formats.2>27 (ii)
Array-based method: In this complementary method to high-
throughput screening, chemical compounds are spotted on a
planar surface as an addressable library, while the binding of
the target protein can be directly detected by using labeled
proteins or antibodies.?®2° (iii) Selection: In nature, high-
affinity binders, such as antibodies, are generated through
selection processes, wherein a number of potential binders
are competing simultaneously. The same principle is also
used in bioengineering (e.g., protein/peptide display, aptamer
technology) to develop macromolecule-based therapeutics.30.3t
(iv) Structure-based design: This is a rational approach that
commonly focuses on developing potent binders by combining
information from fragment screening with protein structural
information and structure-activity relationships in multivalent
protein-ligand interactions.32-3

Each method has its advantages and disadvantages. For
example, drug screening can make use of a great variety of
chemical structures, but it is expensive and requires assay
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development for each protein target. Conversely, the array-
based method does not need any particular activity-based
assay development, but library size is a limitation. Selection
technologies allow for the use of larger libraries and can be
routinely applied to polypeptides and nucleic acids (e.g.,
antibodies and aptamers). Therefore, DECL has expanded the
scope of the selection approach to small-molecule chemical
libraries. However, although the affinity-based assay can lead
to high-affinity binders, the hit compounds may not have the
desired biological properties or functions. The fragment-based
approach is the most rational, but it is also the most time- and
labor-intensive method.

HTS, array-based screening, and fragment-based approaches
test chemical compounds one-by-one, causing campaign costs to
scale with library size. Selection approaches offer the advantage
of being relatively independent of library size. Moreover, all
compounds compete with each other under the selection
conditions, thus reflecting their thermodynamic differences in
binding to the target protein. While DECL can be thought of
as primarily a selection technology, it borrows concepts from
most of the other approaches.?3> Similar to screening, the
focus in the selection approach is traditionally on small organic
molecules or fragments, while recent new developments have
also incorporated elements of array technology or structure-
based design, as will be discussed in later parts of this review.

The use of selection-based methodologies in the discovery
of small-molecule binders was traditionally constrained by
the sensitivity of the analytical tools available to identify the
selected compounds. Prior to the widespread use of DECL,
the best known approach was Novartis's SpeedScreen,® which
selects binders for a protein target from a mixture of 100-
600 compounds using mass spectrometry for the screening
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Figure 2. DNA Sequences as Barcodes for Small-Molecule Compounds. DECLs Can Be Designed and Synthesized in Various Forms to Mimic
Different Drug Discovery Technologies (Middle). By Conjugating DNA Sequences as Barcodes to Small Organic Molecules, This Technology Allows
the Application of Selection Methods to Small-Molecule Ligand Discovery, Which Is Traditionally Done by HTS (Left). DECLs Can Also Be Generated
as an Array, and Displayed as Fragment Pairs, Mimicking Small-Molecule Array and Fragment-Based Drug Discovery, Respectively (Right). DECL
Selection and DECL-Derived Technology Represent Attractive Alternatives to HTS Technology. (Ref. 25-34)
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read-out. Libraries of up to 600,000 compounds (in 96-well
plate format, with 400 compounds in each well) have been
successfully investigated by SpeedScreen.

Since then, DECLs have been a revolutionary selection
technology for small-molecule compounds. Because DNA offers
a reasonably broad information space and can be PCR-amplified,
the detection limit issues of other analytical chemical methods
(e.g., the 600 compounds limit for SpeedScreen using mass
spectrometry) can be largely overcome. Today, DECLs of billions
of compounds are routinely screened in selection experiments.

2.1. Main Challenges in DECL

With the reports of ever-growing DECL sizes, drug discovery
researchers have realized that the major challenges are not
only about the number of library members.? For example,
in order to generate large libraries, increasing the number of
synthetic cycles (i.e., the number of combinatorial split-and-
pool steps) increases the mass and lipophilicity of the member
compound. Even three cycles of combinatorial synthesis with
fragment-like building blocks can result in library members
moving well outside the bounds of traditional drug-likeness
(e.g., Lipinski's rules).3®

A potentially greater problem, however, is that combinatorial
synthesis prevents meaningful quality control or assessment of
library contents. While chromatography can be used to clean
up the coupling of stage 1 building blocks to DNA, this is no
longer feasible once the initial reaction products are pooled.
Over additional synthetic cycles, this increases the possible
presence of side products or unreacted precursors, resulting
in a single DNA tag encoding a number of different compounds
and complicating the effort to identify and validate hits.3 This
issue can snowball in very large libraries and manifest itself as
false negative results, as the individual copy number of a given
molecule can dip below detectable levels.40 Another limitation of
DECL is that many common chemical reactions in the medicinal
chemist’s toolbox are not compatible with DNA. While progress
has recently been made in broadening the synthetic methodology
for preparing DECLs*-*#—especially with the DNA-templated
synthesis of small-molecule macrocycles pioneered in the lab of
David Liu®*—amide-bond formation nevertheless remains one
of the most reliable reactions for DECL construction. Through
repetition of coupling steps, relatively high yields with small
variations among the building blocks can be achieved.

In contrast to the high-fidelity DNA synthesis by DNA
polymerase in the replication process, both the chemical
synthesis and sequencing of DNA are error-prone. For the
construction of DECL, in addition to chemical library synthesis
errors caused by the previously discussed side reactions and
low reactivity of some of the building blocks, errors in the
coding sequence may also be introduced during the DNA-
tagging step. The affinity-based selection protocols with
immobilized target proteins on polymer matrices can likewise
cause artifacts such as promiscuous interactions and protein
misfolding. Eventually, the PCR and NGS decoding steps can
similarly introduce further biases.

Data analysis by ranking the detected sequence counts is
largely based on the assumption that the binding affinity to a
native protein—the amount of DNA-conjugate small molecule
captured, the PCR amplification, and the NGS reads—are
linearly correlated and mostly error-free. Unfortunately, errors
and biases accumulate over the whole DECL workflow, resulting
in reduced correlations between the measured binding affinities
of the selected compounds and the NGS-decoding counts.
While DECLs with more sophisticated structures have been
constructed in recent years, this has exacerbated the problem
by adding more synthetic and encoding steps. Moreover,
another undesired consequence of increasing library size is
the inability of NGS to provide sufficient sequencing depth for
comprehensive statistical analysis. Together with the challenges
associated with individual synthetic and biochemical reactions,
statistical requirements must also be taken into consideration in
the analysis of the NGS-decoding results in order to statistically
identify significantly enriched hit compounds.4®

Despite the significant progress made in DECL technology
in recent years, the main challenges have remained mostly
unchanged, and researchers are still working toward two common
goals: (i) adding new chemical reactions to the DECL synthesis
tool box, not only for increasing library purity and size, but
also for generating pools of compounds with higher structural
diversity and drug likeness; and (ii) improving library design
and selection protocol in order to achieve a superior correlation
between the sequence counts and the subsequently measured
affinities, thus reducing the occurrence of false positives, and,
more importantly, false negatives.

2.2. Optimizing the Selection Conditions, from Surface to
Solution

The standard DECL selection protocol uses immobilized target
proteins on polymer matrices;*’ this protocol can cause artifacts
such as promiscuous interaction and protein misfolding. Most
commonly, a protein of interest is either immobilized on cyanogen
bromide (CNBr)-activated Sepharose® beads or captured on
streptavidin-Sepharose® after protein biotinylation. The use of
magnetic beads has enabled automated selections, while non-
covalent immobilization allows researchers to evaluate the effect
of protein modification on protein activity prior to immobilization.??
Alternative strategies such as His-tag, FLAG-tag, STREP-TAG®,
and GST-fusion can also be employed for immobilization, but
biotinylation remains the most favorable method because of the
strong and reliable immobilization through streptavidin-biotin
interaction which prevents protein dissociation.

In order to minimize the artifacts caused by polymer
matrices, a two-step selection protocol has been developed.*® A
DECL is first incubated with the target protein in solution. After
the system reaches equilibrium, resin is added to capture the
protein and the DECL compounds bound to it. Eventually, the
resin is washed and the binding library is recovered either by
heat-induced denaturation of the protein or chemical elution.
To completely remove the effect associated with the protein
immobilization process, Li's group has reported a DECL design



which allows selection against unmodified protein targets in
solution.*® A library of single-strand DECL was hybridized to a
DNA carrying a photo-crosslinking group. After target-protein
binding and irradiation, the protein-ligand-DNA complex was
isolated and submitted to decoding by NGS sequencing.

A number of valuable drug targets are membrane-bound
proteins that don’t lend themselves to convenient solid-support
immobilization. To access this target space, GlaxoSmithKline
developed and reported a cell-based selection approach using
DECL.*® Tachykinin receptor neurokinin-3 (NK3), a G-protein
coupled receptor, was expressed on HEK293 cells. After optimizing
the expression condition, cells expressing approximately 5 x 10°
receptors per cell (the highest level that could be achieved with
this expression system for NK3) were utilized in the subsequent
selection experiments. Remarkably, several hits identified in this
study have potency, specificity, and ligand efficiency properties
comparable to talnetant and osanetant, two antagonists
developed for the same membrane protein through classical
screening and medicinal chemistry approaches.®®

3. Conventional Chemical Library vs Fragment-Based
Approach

Similarly to the one-well one-compound format in HTS, most
DECLs are in the form of one-DNA one-compound (14-1.),
constructed as combinatorial chemical libraries conjugated
to a single DNA strand. An alternative approach is to take
advantage of DNA hybridization in dual-display technology,
where annealed DNA strands are used to present two moieties
simultaneously. The two-DNA two-compound (24-2.) approach
resembles another drug discovery method: the fragment-
based one.23%> The (24-2.)-DECL approach was pioneered by
Neri’s group at ETH Zurich by using a straightforward setup
of two DNA strands containing a universally complementary
annealing region.'? After synthesis, the two sub-libraries
are mixed, resulting in the random and stable pairing of the
molecules. The 24-2. format has an obvious advantage for
the construction of large but high-purity libraries: Whereas it
is practically impossible to purify every compound in a 14-1.
library with 1 million members, it is possible to assemble a
106-member library by the pairing of two 103-member, DNA-
encoded sub-libraries that have been individually HPLC purified
and characterized by mass spectrometry.

The majority of existing DECL platforms, however, are still
based on a 14-1. architecture. This is at least partially due to
the relatively recent development of 2,-2. libraries, but one
cannot ignore the fact that the two DNA-conjugated moieties
must at some point in the process be taken off the DNA and
resynthesized as a single compound, which is not a trivial
undertaking. On the other hand, the 2,-2. format offers a
significant, "hidden” increase in library diversity: the fragments in
this format possess larger rotational and translational freedoms
to interact with a protein, as opposed to the rigidly assembled
compounds present in 14-1. DECL or HTS collections. The
chemical structures in 2,-2. libraries are linked to DNA strands
at either the 3’ or 5’ terminus through flexible linkers, typically
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composed of C5-C;, aliphatic chains or short PEGs (polyethylene
glycols). This puts fewer restrictions on structure-based drug
design and medicinal chemistry to explore different spatial
arrangements and conformational spaces. While a systematic
test of different linking systems can then be pursued in later
stages of hit development, this is also where fragment-based
DECLs can fit together nicely with a structure-based design
approach by taking advantage of crystallographic information
about the target. For the design of a fragment library—provided
that binding enthalpy can offset the loss of rigid-body entropy—
chemical building blocks are chosen, privileging structures that
can form thermodynamically favorable interactions with the
target protein.325 Future developments in fragment-based
DECLs could also provide additional context for fragment
interactions. For example, if different linkers could be employed
in generating 24-2. libraries with the structural information of
the linkers also encoded in the DNA sequences, it would be
possible to get simultaneously both more reliable selection
results (e.g., whether same pair of fragments are selected with
different linkers) and complementary information regarding the
preferred distance between the binding fragments.

The inhibition of protein-protein interactions (PPIs) represents
an increasingly prominent goal for drug developers, but also
one where traditional methods such as HTS have had only
limited success. Fragment-based drug discovery (FBDD) has in
the past two decades emerged as an alternative to HTS and,
after 20 years of gradual improvement, it is now accepted as
a part of mainstream drug discovery. As of 2016, more than
30 drug candidates derived from fragments have entered the
clinical phase, with two approved and several more in advanced
trials.>! Research from multiple groups is supporting the idea
that the combination of DECL and FBDD approaches is a logical
next step for both of these technologies. For example, while
weakly binding fragments can be missed in classical fragment
screening experiments due to assay sensitivity, their chances
of successful detection are improved in 2,-2. DECLs. This is
due to the bidentate interaction in which a pair of weak binders
assembled by a DNA duplex will exhibit a higher cooperative
affinity than when displayed as individual fragments.??
Furthermore, a common problem with FBDD—the often limited
solubility—is overcome by conjugation with highly soluble DNA.

3.1. Developments in Fragment-Based DECL

As discussed in the previous section, some challenges with
24-2. libraries arise because multiple moieties are presented
for target binding. Selection with a 2,-2. fragment library does
not directly lead to a list of fragment pairs revealed by their
corresponding DNA codes, because in a 24-2. library both
chemical fragments and their corresponding DNA codes are
separated on two different DNA strands. Therefore, in the early
days of fragment DEL development, the fragments identified
from sequencing had to then be combinatorially assembled
and tested to reveal ideal pairings.®? To circumvent such a
cumbersome workflow, most 2,-2. fragment libraries were
designed in an affinity-maturation format,??? in which one
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of the two displayed strands was exclusively conjugated to a
known but relatively weak binder to the target protein. In 2015,
Neri, Scheuermann, and co-workers disclosed an elegant inter-
strand code-transfer method that results in a 24-2. library in
which one of the two DNA strands is able to host the coding
information of both pairing fragments (Figure 3).>3

As shown in Figure 3, sub-library B was constructed in a way
that allowed hybridization with sub-library A and, at the same
time, the transfer of B coding sequences onto the corresponding
A strand by means of a fill-in reaction. With this strategy, the
A strand for each library member would contain sequence
information that would unambiguously identify the A-B fragment
pair, while the B strand would not be amplifiable by PCR. Using
this approach, the authors have reported the identification of a
low-micromolar binder to alpha-1-acid glycoprotein (AGP) and
the affinity maturation of a ligand to carbonic anhydrase IX, a
well-known marker of carcinoma of kidney cells.>

4. Self-Assembled Dynamic DECL

A particularly clever innovation in drug discovery screening is
Dynamic Combinatorial Chemistry (DCC). A library using the
DCC approach consists of a pool of small-molecule building
blocks that can interconnect via reversible reactions that
form transient adducts in a thermodynamic equilibrium (e.qg.,
disulfide bond and Schiff base). Each building block possesses
one or more functional groups that allow dynamic combinatorial
interactions with other members of the library. In this pool,
new chemical species are continuously formed and dissociated
following the reversible equilibrium of the DCC reaction. When a
target protein is introduced into the system, the equilibrium can
be shifted toward the formation of higher-affinity binders. The
protein thus acts as a template for the synthesis in situ of the
binders through thermodynamic stabilization of the otherwise
unstable adducts.
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Figure 3. Library Construction with Code-Transferring Mechanism.
The Syntheses of Sub-Libraries A (Light Blue) and B (Red) Were
Carried Out Separately. A DNA Polymerase Assisted Fill-in Reaction
Allowed the B Code to Be Transferred onto the Sub-Library A Strand.
The Final Library Was Used for Selection Experiments against Target
Proteins of Choice. Subsequent PCR Amplified Only the A Strand, and
High-Throughput DNA Sequencing Simultaneously Revealed Binding
Fragment Pairs. (Ref. 53)

The development of DCC technology was limited by the
available analytical tools, such as mass spectrometry and NMR,
which can analyze only mixtures of compounds with very low
complexity. In contrast, techniques capable of analyzing complex
mixtures of oligonucleotides, like microarray technologies and
the more recent NGS, are much more powerful. These novel
analytical technologies can in principle resolve a complex mix
of thousands or millions of different oligonucleotide sequences
in a single analysis in a few hours.'8>%° We thus saw an
opportunity to fuse the efficient and simple self-assembling and
“self-screening” features of DCC with the extremely sensitive
hit-identification methods of DECL, allowing the generation of
very large dynamic libraries.

As the utility of DCC in drug discovery also represents a
fragment-based approach, it was relatively straightforward to
design a DCC-based DECL in the 2,-2. format.>® The first “DNA-
Encoded Dynamic Combinatorial Chemical Library” (EDCCL) was
constructed in a dynamic 24-2. format including a hybridization
domain of 4 to 8 nucleotides. These short domains are naturally
unstable, driving only transient pairing of the chemical moieties
conjugated to the DNA construct, in analogy to the reverse
reactions in DCC. All the chemical moieties from one sub-library
are free to pair with all the other members of the other sub-
library. Fragment-pair binding to a target protein can overcome
the weak pairing of the hybridization domain, stabilizing higher
affinity pairs and shifting the binding equilibrium. One of the
advantages of a dynamic library over its static counterpart is that
different chemical species are continuously synthesized in the
selection mixture, while only high-affinity binders are “locked”
on the protein. If we think of a pair of high-affinity fragments as
the “right combination” of the “right fragments”, then most “right
fragments” in a static library are in the “wrong combinations”,
i.e., paired with nonbinding fragments. In a dynamic library, the
right fragments in wrong combinations can always be unpaired
and thus free to search for another fragment for pairing, and
so on until stabilized by the protein after forming the “right
combination”. In this way, a high signal-to-noise ratio can be
achieved by sorting out a number of nonbinding fragments.
EDCCL can also be deployed for ligand optimization (similarly to
the previously discussed “affinity maturation”). In this approach,
one of the sub-libraries is composed by a single member, a
known binder. When the known binder is in low amounts with
respect to the pairing (sub)-library, it is “forced” to form the
“right combination” with the “right partner”, thus enhancing the
signal-to-noise ratio of the “right” to “wrong” partner. While this
has obvious applications for improving binding strength, it can
just as effectively be employed for improving target specificity.

The 24-2. dynamic format pays an energy cost for de-stabilizing
the tertiary complex of two DNA strands and one protein, as
the weak interaction between the two strands can weaken the
chelation effect. Among the different hybridization domains
tested, the 4 and 5 base-pair (bp) domains are not sufficiently
stable to guarantee the enrichment of high-affinity binders, while
the 6 and 8 bp domains show a much higher enrichment of the
high-affinity pairs compared to a static counterpart (e.g., 18 bp



hybridization domain, with no compound reshuffling possible).
To reduce the energy barrier associated with short dynamic
hybridization domains, “Heat Induced-EDCCL" technology (hi-
EDCCL) has been developed.®® Here, the dynamic equilibrium
is established by exposing the unbound library fraction to a
temperature higher than the hybridization domain melting
point, while the protein-loaded matrix is kept at relatively low
temperature (achieved via physical separation) to prevent
unfolding of the protein. Heat denaturation followed by a DNA re-
annealing step cause pair reshuffling and the rearrangement of
the library into a collection of new pairs, some of which are high-
affinity binders. The reshuffled library is then reapplied onto the
immobilized protein to allow the newly generated pairs to bind to
the target. Shuffling and selection can be repeated several times
to increase the signal-to-noise ratio and stringency of selection.
In order to overcome reproducibility issues and the critical
loss of material during the manual handling of liquids at the
microliter scale, a dedicated hi-EDCCL automated microfluidic
device has been developed. This device is capable of controlling
the continuous liquid transfer and the temperature in different
sections of the pathway.>”

More recently, we have developed a second-generation
EDCCL, which utilizes a Y-shaped DNA construct for the creation
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of a third DNA strand—at the end of the selection process—
containing the codes of both binding fragments to reveal binder-
pairing information (Figure 4).°® A challenge in developing
this technology was that Y-shaped constructs exhibit different
melting behavior than linear duplexes. Linear constructs begin
to melt from the extremities, while Y-shaped constructs have
the tri-junction as the point of instability. For this reason, larger
hybridization domains, 11 and 13 bp, were optimal for building
a Y-shaped EDCCL. At the end of the selection process, the
two coding regions of the binding fragments captured on the
immobilized protein were linked by means of DNA ligation.
Second-generation Y-shaped EDCCL are also capable of
minimizing the signal noise caused by unpaired single-fragment
binding. Indeed, when a fragment binds to the target protein
without previously forming a pair, it can neither be ligated to
a partner fragment nor PCR-amplified later, thus becoming
“invisible” to the NGS decoding.

Li and co-workers have developed another format of EDCCL
that featues two hybridization domains of 6 and 7 base pairs, one
of which also carries a psoralen photo-crosslinker.>® Following
incubation of the dynamic library with a soluble target protein,
UV irradiation triggers the photo-crosslinking of the two DNA
strands, thus “freezing” the dynamic exchange at the binding
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Figure 4. (A) Principle of Dynamic DECL. For 2d-2c Fragment Libraries with n x n Combinations, When the Library Is in a Static Form, a Certain
“Right Combination” of Two “Right Fragments” Is of 1/n? of the Entire Library, Independently of the Presence or Absence of a Protein Target. When
the Library Is in a Dynamic Form, the Thermodynamic Equilibrium Will Shift the “Right Combination” from 1/n2 to 1/n of the Entire Library in the
Presence of the Target Protein, through Shuffling Between the Different Combinations. (B) Construction of Dynamic DECL with Code Ligation
Mechanism. Strands A and B Are Assembled to Form Sub-Library Y-5. Strands C and D Make Up Sub-Library Y-3. Upon Binding to the Target
Protein, Phosphorylated Strand D Can Be Ligated to Strand B. (C) Dynamic DECL with Photo-Crosslinking. Two Sets of DNA-Encoded Small
Molecules with a Short Complementary Dynamic Region Form the DNA-Encoded Dynamic Library. Target Addition Shifts the Equilibrium, Promoting
the Formation of High-Affinity Duplexes. UV Irradiation Locks the Shifted Equilibrium through p-Stilbazole (B-Base)-Mediated Photo-Crosslinking.
Crosslinked Duplexes Are Isolated, and the Sequences at the Encoding Sites Are Decoded for Hit Identification. (Ref. 58).
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equilibrium. Finally, the photo-crosslinked oligonucleotides
are purified via gel electrophoresis, and then sequenced. In
2018, the same laboratory reported further development of
this concept.®® To improve the photo-crosslinking efficacy,
the psoralen photo-crosslinker was substituted by two facing
p-stilbazoles photo-crosslinkers in the center of the dynamic
hybridization domain. p-Stilbazole does not disturb the DNA
base pairing when located in the middle of the oligonucleotide
sequence. Moreover, the ability to crosslink the oligonucleotide
in the center of the sequence permitted the joining of the two
codes of the binding fragments into one sequence. Since a DNA
polymerase cannot go through the unnatural linkage of the
oligonucleotides, a relay-primer bypass strategy was adopted.
This strategy features the use of a primer to mask the unnatural
linking region, while a DNA polymerase and ligase assemble
the final amplicon, which eventually can be PCR-amplified and
subjected to NGS.

5. Hit Validation

While a number of research groups have made significant
advances in areas related to library architecture and DNA-
compatible chemistry, relatively little progress has been achieved
in downstream hit validation. The most common hit-validation
approach has been to immediately resynthesize the compounds
off-DNA for follow-up testing. It is worth noting however, that
modern DECL's increasing library sizes and potentially large hit
lists would require a substantial synthetic effort and cause this
step to be a bottleneck in the discovery process.

Hit validation can be carried out with a conventional protein-
activity assay in solution. However, since DECL discovery
works well even for targets where only limited knowledge
is available, a functional assay (e.g., enzyme inhibition)
may not be available. In this case, a number of kinetic or
thermodynamic binding assays can be utilized. For example,
a fluorescently labelled off-DNA compound can be synthesized,
and the binding constant can be measured with such techniques
as fluorescence polarization or microscale thermophoresis.®
While microcalorimetry offers thermodynamic characterization
of protein-ligand interactions, avoiding artifacts associated
with labeling and surface immobilization, the consumption of
materials and the labor effort involved are high compared to
other methods.®?

One of the most appealing methods for characterizing protein-
ligand interactions is biosensor-based technology, which is able
to simultaneously provide thermodynamic information about
the dissociation constants (Ky) as well as the characteristic
kinetic parameter values K., and K. that are associated with
the binding process. Unfortunately, this approach is challenging
for high-throughput hit validation of small-molecule compounds,
since small-molecule covalent immobilization on solid support is
time-consuming and cost-inefficient. Moreover, utilizing small
molecules as binders in the mobile phase frequently leads to very
weak signals and poor data quality. Neri, Scheuermann, and co-
workers have reported the validation of on-DNA resynthesized
hits by fluorescence polarization, Alphascreen® technology, and

microscale thermophoresis.®! For dual-display approaches, hit
validation is doubly problematic. To prevent false negatives
from incorrect linker selection, off-DNA synthetic efforts need
to include a number of different linking groups, again presenting
an intimidating synthetic task for any hit list containing more
than a small number of molecular structures.22:52:58

To increase the throughput of hit validation, Lin et al.
have described the use of a regenerable biosensor chip for
characterizing on-DNA small-molecule compounds (Figure 5).53
The concept is simple: A DNA handle for binding library members
is covalently attached to the biosensor surface. On-DNA hit
compounds are then loaded by annealing onto this handle,
subjected to protein binding measurement, and then chemically
stripped to regenerate the DNA handle for characterizing the
next round of hit compounds. The loading and regeneration
procedure can be reiterated over 20 cycles without losing the
signal intensity. This permits the automated measurement of
kinetic profiles of protein-ligand interactions for DECL hits.
Moreover, this method can be adapted to characterize pairs of
compounds, greatly alleviating the concerns over the synthetic
effort required for dual-fragment hit validation. While the most
promising hit pairs must still be resynthesized and linked off-
DNA, this approach allows an initial triage in the same chemical
context in which the hits were originally registered, reducing the
risk of false negative results.®?

6. Application of Nanotechnology in DECL

As discussed previously, the synthesis of structurally diversified
high-purity, drug-like libraries and the development of new
selection procedures with superior signal-to-noise ratios
that minimize the rates of false positives or false negatives
represent the two major challenges for DECL. While library size
is currently not considered as the limiting factor for DECLs,
the development of new chemical and biochemical methods for
DECL will inevitably lead to the production of larger libraries.
Indeed, NGS has revolutionized the field of DECL. However, to
cope with libraries of growing sizes, sequencing depth (i.e., the
ratio between the number of reads and library size) must be
similarly improved. Therefore, sequencing power may become
soon a new bottleneck. Because of the resolution limitation
associated with the fluorescence-based detection mechanism,
as well as the need to prevent over-clustering,® NGS will soon
meet its limitation of 1 sequence/um? (or 108/cm?). Therefore,
the ultimate limitation of DECL in the current setup is neither
the chemical space nor the DNA sequences, but rather the
optical resolution.

As many modern imaging techniques (e.g., atomic force
microscopy (AFM), super-resolution fluorescence microscopy,
and scanning tunneling microscopy) are not limited by optical
resolution, Kielar et al. made use of the available DNA
nanotechnology tool box to construct nanoscale pharmacophore
arrays (Figure 6).9° Several different pharmacophores were
displayed with nanometer precision on DNA origami substrates
either as individual ligands or as fragment pairs, and their
binding to different model proteins was evaluated by AFM as a
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single-molecule detection method. This work demonstrated the  on the pairing of the weak trypsin inhibitor benzamidine with
successful detection of several different binding events including  different aromatic fragments.®> The combination of benzamidine
strong binding, weak binding, symmetric bidentate binding,  with the fluorescent dye carboxytetramethylrhodamine (TAMRA)
and asymmetric bidentate binding. This method was further  results in about a 10-fold enhancement of the trypsin binding
applied to the discovery of bidentate trypsin binders based  yield compared to that from benzamidine alone. Since AFM can
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Figure 5. Principle of Affinity Measurement on a Regenerable Biosensor Chip. The Carboxylic Acid Groups on the Chip Were Coupled with the
Amino Groups of 5'-Amino-DNA (1) (Middle Cycle). A Small-Molecule Ligand (A) Was Conjugated to the Amino Group of 5’-Amino-DNA (al’) That
Is Complementary to Sequence 1. After Annealing A-al’ to 1 on the Chip, the Target Protein Is Injected at Different Concentrations to Assess the
Binding Affinity. A-al’ Can Be Washed off the Chip under Dehybridization/Regeneration Conditions. Another DNA-Ligand Conjugate, B-b1’, Can
Then Be Immobilized on the Regenerated Chip, and Its Binding Affinity to the Same or a Different Protein Can Be Evaluated (Upper Cycle). This
Method Can Also Be Applied to a Double-Strand DNA, C-c1’, Displaying Two Ligands (Lower Cycle). (Ref. 63)
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Figure 6. DNA-Origami-Based Nanoarrays for Studying Protein-Ligand Interactions. (A) Representative AFM Image of Iminobiotin (Ibt)
Nanoarrays Taken after Incubation with Streptavidin (SAv). The Image Size and Height Scale Are 2 x 2 pm? and 4.2 nm, Respectively. The Upper
Right Inset Depicts the Positions of the Modified Staple Strands. A Single Biotin (Bt) Modification Is Used to Distinguish Between the Two Different
iBt Sites. The Insets on the Left Are Zoom-ins of Single DNA-Origami Substrates Exhibiting (i) No SAv Bound to iBt, (ii) Bidentate Binding of SAv
to iBt, and (iii) Monodentate and Bidentate Binding of SAv to iBt. (B) Bidentate SAv-iBt Binding Yields for Different Thymine Spacer Lengths. (C)
Binding Yields for Mono- and Bidentate Binding of AGP to Pharmacophore Ligands P1 (Propenamide Derivative) and P2 (Acetamide Derivative).
(D) Binding Yields for Bidentate SAv-iBt Binding, Monodentate AGP-P1 Binding, and Bidentate Trypsin Binding to Ligands P3 (3-Iodophenyl
Isothiocyanate) + P4 (4-Aminobenzamidine) in a Single Nanoarray as a Function of Trypsin Concentration. (E) Binding Yields for Mono- and
Bidentate Trypsin Binding to Fragments P4 to P7 (TAMRA). (Ref. 65)
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distinguish two DNA-origami-bound proteins with a distance of
about 10 nm, these pharmacophore nanoarrays could achieve
spatial resolutions 5-7 orders of magnitude higher than the
conventional microarray technologies on glass slides, which
have feature sizes of 10-100 pm. Given that no modifications
or immobilization of the target proteins is required, the
method can detect the binding of pharmacophores in their
native forms. Moreover, the DNA-origami substrates provide a
platform to display DNA-modified ligands with variable spatial
arrangements, and thus represent a versatile tool for fragment-
based lead discovery research.

The chemical library on DNA origami has only been
demonstrated in proof-of-principle experiments, while many
challenges still remain for its real application in drug discovery.
However, with the ever-increasing library sizes, single-molecule-
based detection methods will inevitably be needed in the future.
In addition to ultra-high-resolution imaging techniques such as
AFM, the emerging nanopore sequencing® is a very attractive
technology: Using nanopore sequencing, a single molecule of
DNA or RNA can be sequenced without PCR amplification in a
label-free fashion. Although nanopore sequencing has higher
error rates than NGS based on chromatin immunoprecipitation
sequencing (ChIP-seq) technology, DNA codes can be designed
to possess high error tolerance,® which would make nanopore
sequencing particularly suitable for large DECLs.

7. Conclusion and Outlook
The continued, rapid advances in library synthesis methodology
and library size beg the question: Is there a limit to how large
a library can be? Answering this question literally, one could
calculate that, in a 1 mL DECL solution with a total compound
concentration of 1 pM, there would be room for more than
10 individual molecules—a number that our current synthetic
methods won't get us anywhere close to. A more prudent
question might be: Is there a limit to how large a useful library
can be? To answer these questions, Samain and co-workers
have recently reported the quantitative evaluation of affinity
selection performance using both quantitative PCR (gPCR) and
NGS techniques.“0 Interestingly, for compounds with sub-pM
dissociation constants, selection performance drops if 10* copies
per library member are used as the input. This resultimplies a size
limit of DECL in the range of 10 to 100 billion different molecules,
to ensure that each potential hit has more than 10* copies.
Whether the limit of 10 copies can be circumvented remains
to be tested in the future, probably through implementation of
single-molecule technigues to assess the interactions at a single-
molecule level, or by employing new generations of sequencing
methods with higher sequencing depth, or by applying advanced
statistical tools in data analysis.3746.69-71

Dynamic DECL technology represents another possibility to
circumvent the size limit. In a 1 mL solution of dynamic DECL
with two sub-libraries, each with a total compound concentration
of 0.5 UM, there exist about 10?° different possible combinations.
When the 10*-copies rule is applied to both sub-libraries, the
theoretical size limit for a dynamic DECL is 10?-member

compound pairs. While in the absence of protein, each of these
pairs has a near-zero representation, the presence of a protein
will shift the thermal dynamic equilibrium, generating these
high-affinity pairs on demand. The triplex library with three
pharmacophores (34-3.) that was suggested by Neri and co-
workers during the early development of self-assembled DECL
has so far not been practically implemented.*? Although such
a library would present challenges in later hit linkage and re-
synthesis, if the 34-3. library could be realized in a dynamic
format, the number of possible structure combinations would
be astronomical.

As we've aimed to convey in this review, DECL research also
focuses on questions more complex than just library size. For
standard libraries in the 14,-1. format, improving the library
quality, as well as developing new DNA-compatible chemical
reactions for library synthesis, represent two major challenges
for chemistry. In combination with novel biochemical assays,
e.g., in-solution or on-cell selection, the goal has been to
achieve a good correlation between the seguencing outcome
and the measured binding affinity of different hit compounds.
For fragment libraries in the 24-2. format, DECL can become
a very powerful tool for fragment-based drug discovery, which
has a great potential to overcome the shortage of screening-
based methods for tackling difficult drug targets such as
protein-protein interactions. However, similarly to all fragment-
based approaches, the guestion of how to link the fragments
and generate high-affinity binders remains the most daunting
challenge. Because of the large size of the compound library,
DECL technology allows us to collect unprecedented amounts
of information. When the binding of fragments presented
on a DNA duplex to target a protein can be elucidated in
crystallographic analysis, valuable information can be provided
for structure-based drug design. Our ability to effectively use
this information, to obtain new insights into the structure-
activity relationship, and design potent drug compounds will
benefit from new technologies and concepts such as structural
biology and artificial intelligence.
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Abstract. The use of DNA for encoding and decoding in small-
molecule synthesis for lead identification continues to gain
widespread attention and application—more than a quarter
century after its first disclosure. Successful execution of a
diverse, drug-like library usually requires hundreds to thousands
of commonly functionalized building blocks of relatively similar
reactivity profiles. Aqueous and DNA-compatible organic
reactions that utilize a large number of functionalized building
blocks are perhaps among the most obvious and often discussed
aspects of the successful application of this chemistry. This review
highlights recent (since ~2015), relevant, new, and potentially
highly useful such chemical transformations. Thereafter follows
a discussion of the properties, requirements, costs, and diversity
of building blocks that are currently available and may be useful
for the construction of DNA-encoded libraries.
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1. What Is DELT and Why Does It Continue to Be
Important?

DNA-Encoded Library Technology (DELT) is a combination of
several technologies for the creation of large mixtures of small
molecules that are then used in affinity selection methods for
the identification of small molecules having high binding affinity
for a particular biological target, usually proteinaceous. In a
DEL, each small molecule is covalently attached to a strand
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of single- or double-strand DNA as a means of encoding its
synthetic history. Population enrichment of high affinity binders,
followed by amplification of the encoding DNA with a polymerase
chain reaction (PCR) and subsequent sequencing of the resulting
amplicons by next generation sequencing (NGS) make possible
the identification of such higher affinity hit molecules. The
chemistry for creating DELs has been useful for developing
mixtures of hundreds of millions to billions of small molecules
on a small scale. The concept for this innovation was first
proposed in 1992 by Brenner and Lerner,! and was promptly
followed by its exemplification.? During the intervening quarter
century, DELT has grown from an interesting concept for the
encoding of short peptides synthesized on a solid phase, to
a well-established method for small-molecule hit identification,
increasingly commonplace in pharma, biotech, and academic
drug discovery research. This approach has been thoroughly
reviewed.? It has also been described in multiple publications that
are focused on synthetic chemistry as applied to this technology
and hit identification* for biological targets of interest as well
as clinical drug candidates.> Innovation in DELT is appealing to
many scientists given its multidisciplinary nature that includes
small-molecule organic chemistry, oligonucleotide chemistry,
affinity chromatography, informatics, high-throughput (HT)
DNA sequencing, and process design.

This review highlights newly disclosed DNA-compatible
synthetic organic reactions that have been employed in the
preparation of DELs or have the potential of being used for this
purpose. Since a critical component for success in DELT is ready
access to hundreds to thousands of building blocks (BBs), their
availability, cost, chemical classification, and properties may
seem obvious and simplistic. However, upon further examination,
and given the number of BBs in question, it becomes clear that
rigorous attention to these BB aspects is critical for implementing
a successful DELT process. To this end, key BB aspects are
explored in this review, thereby providing readers with, not only
an update of the latest organic chemistry that might be applied
in a DELT, but also an understanding of the general availability of
BBs needed to demonstrate new molecular designs.

2. General DEL Design Principles: Balancing Diversity,
Size, and Drug-Like Properties against the Requirements
of DNA-Compatible Reactions

Whereas aspects of cost and feasibility of HTS decks limit
screening campaigns to 10°-107 compounds,®’ the advent
of DELT now allows libraries to comprise typically 107-10%°
compounds.®? While this remains a tiny sampling of the
theoretically accessible chemical space (10'%-10%° molecules,
depending on the method of calculation),’® DELT remains
an attractive choice for hit generation. This is because DEL
compound libraries result from split-and-pool synthesis, which
has been known for many years,!! even though the details of
encoding and decoding millions of small molecules have come
about only with the advent of NGS and the perfection of DELT.?
The power of DELT’s combinatorial synthesis to produce large
numbers of compounds is strikingly demonstrated in Table 1.

However, well known to drug discovery scientists is Lipinski’s
“rule of 5”12 that guides the design of small molecules with
respect to oral bioavailability according to upper limits on
molecular weight (MW), CLogP, and the count of hydrogen bond
donors and acceptors (i.e., 500 Da, 5, 5, and 10, respectively).
Without proper and rigorous attention to building block selection,
multicycle combinatorial libraries often create molecules that
surpass these limits. High affinity hits may be found, but
their transformations to useful, orally bioavailable, drug-like
substances may be challenging or impossible. Vividly illustrating
this obvious point, is a seminal DELT paper by Clark et al. which
describes the synthesis of 3- and 4-cycle DELs that are based
on the triazine scaffold.!® The DELs were then probed by affinity
selection against p38a, resulting in the identification of high-
affinity, off-DNA inhibitors of p38 MAP kinase (Figure 1).1 In
Table 2, entries 2 and 5 show the final molecular weights that
would result from fairly low-molecular-weight building blocks,
whereas entries 3 and 6 show the same from heavier building
blocks. The highest molecular weight building blocks in these
libraries are in excess of 275 Da for several of the inputs. It thus
becomes clear that for 3-cycle DEL-A, the building block and
core MWs cannot exceed 125 Da in order to produce molecules
of less than 500 Da; for DEL-B the limit is 105 Da. Based on
this simple analysis, it should be obvious that building block
selection for DELs is quite constrained by molecular weight.
As a rule of thumb, DEL building blocks and cores of molecular
weights of 125 Da or less are generally the most useful if one
expects all members of a DEL library to have less than 500
Da molecular weights. Often DELT chemists design libraries
with building blocks that are available to them at the time
and thus can end up with final compounds having MWs far in
excess of 500 Da. The thinking then is that the DEL library
will have some representation of molecular weights less than
500 Da, while larger MWs can be useful for structure-activity
relationship (SAR) studies. Indeed, while diversity exploration
of higher-molecular-weight products is useful for selection, their
potential utility as starting points for small-molecule hit-to-lead
drug discovery is invariably negatively assessed against these
stringent, hard-wrought design criteria.

Before optimizing the drug-like properties of a DEL for use
in hit generation, two key aspects need to be considered: (i) a
good understanding of new and established chemical reactions
that are compatible with a DNA encoding format, and (ii) the

Table 1. The Number of Compounds That May Result from 3- and
4-Cycle Combinatorial Libraries

Input Count for

No. of No. of Library
Cycles  cycle1 CycleII  CycleIII  Cycle IV Members
3 96 96 96 - 884,736
3 96 96 96 96 84,934,656
4 1,000 1,000 1,000 - 1x10°
4 1,000 1,000 1,000 1,000 1x 1012




availability of suitable building blocks for the modeling of such
reactions. Large pharmaceutical companies, having thousands
of small-molecule building blocks in their compound inventories,
have a significant advantage in terms of availability of small,
diverse, and novel molecular inputs at already sunk costs.
For DELT chemists who do not have access to such “hidden
treasure”, commercially available BBs are the next best option.
To this end, the analysis in Section 5 of commercially available
BB sets is presented as a means to understand the numbers of
commonly used building blocks that are readily commercially
available. Whereas an exhaustive analysis of relevant BBs may
be more meaningful to a particular design and the preforming
organization, it is still useful to the practicing DELT chemist to
have an overview of what is available.

3. Recently Developed Reactions That Have Been Applied
on DNA or Have the Potential to Be Applied on DNA

3.1. Photochemical and Radical Reactions

Liu and co-workers reported in 2011 the first visible-light-induced
photoredox reaction performed on DNA, which was run in pH
7.4 aqueous buffer without precautions against air or oxygen
(eq 1).'* The substrate scope expansion and functional group
compatibility of the azide reduction reaction were demonstrated
with small molecules in organic solvents. A variety of protic
functional groups; including free indoles, acids, and alcohols;
were compatible with the reaction. Functional groups that are
sensitive to hydrogenation; including alkenes, alkynes, and
aryl halides; were not affected. In addition, functional groups
that are sensitive to nucleophiles; including alkyl halides, alkyl
mesylates, and aldehydes; were stable under the reaction
conditions. An alkyl azide was also reduced in 24 hours under
modified conditions, giving rise to the corresponding amine in
72% vyield.

A “photoclick” cycloaddition between a diaryltetrazole
tethered to a single-strand or a double-strand DNA, 3, and the
electron-deficient maleimide double bond in sulfo-Cy3 dye 4
was induced by UV irradiation at 365 nm in a temperature-
controlled device (eq 2).'> It was observed that the vyield of
the purified product DNA, 5, was higher (34%) on the double-
strand DNA relative to the single-strand one (8%). Remarkably,
the measured rate constant was found to be high relative to
those of other copper-free bioorthogonal transformations and
was similar to those of the traditional copper-catalyzed “click”
reaction. Two other alkene dipolarophiles, N-methylmaleimide
and methylmethacrylate, were also reacted with 3 to evaluate
the scope of the reaction and they led to 42% and 23% vield,
respectively, of the corresponding product DNA.

The first visible-light-induced oxidative coupling reaction with
the potential for DNA modification and DNA-encoded library
synthesis was disclosed by Chen and co-workers (eq 3).1¢ The
reaction worked well with readily available primary, secondary,
and tertiary alkylboronic acids or trifluoroborates to generate
aryl-, silyl-, and alkyl-substituted alkynes. Various functional
groups including alkenes, alkynes, aldehydes, ketones, esters,
nitriles, azides, aryl halides, alkyl halides, alcohols, and

Aldrichimica ACTA
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indoles were tolerated in this deboronative alkynylation in
organic solvents. In addition, compatibility of the reaction with
amino acids, oligosaccharides, proteins, and cell lysates was
demonstrated. The reaction could be run in pH 7.4 aqueous
buffer without excluding air or oxygen.

The same laboratory has also reported the first visible-light-
induced reductive coupling reactions with DNA-compatibility,
and the reaction conditions did not affect the enzyme activity of
a protein enzyme (eq 4). This Cy3-Csp, bond coupling reaction
worked with primary, secondary, tertiary, and o-heteroatom-
substituted alkyl N-acyloxyphthalimides to construct aryl-, alkyl-,

+Bu

oo N cycle 3 cycle 2
M%C'efm Me” “NH r “OMe MW = 46 MW 162
N)QN ( EN Me%\;@\ O
|
o
o Ak =
A ocore 7 e Me N N
MW = 81 cycle 2 cycle 1 cycle 4
cycle 1 MW = 180 MW = 264 core MW =133

MW = 142 MW = 81
1 (MW = 499)

p38a. ICs0 < 2 NM

2 (MW = 663)
p38a IC50 < 8 NM

Figure 1. DEL-A and DEL-B, 3- and 4-Cycle DNA-Encoded Libraries
Were Employed to Identify High-Affinity Hits against p38a. (Ref. 13)

Table 2. Final Product Molecular Weight (MW) That
Building Block Inputs for 3- and 4-Cycle DELs?

Results from

Building Block MW Input for ) MW of
Final "

Entry Final
CycleI CycleIl CycleIII Cyclelv  Product Product

1 142 180 101 - DEL-A hit 1 499

2 75 75 75 = DEL-A low 301

3 200 200 200 - DEL-A high 676

4 264 162 46 133 DEL-B hit 2 663

5 75 75 75 75 DEL-B low 357

6 200 200 200 200 DEL-B high 875

2 Core MW = 81

Representative Reduction of DNA-Linked Azide
N3 NH;
Ru(bpy)sCls (2,000 equiv)
sodium ascorbate (10° equiv)

Tris—Cl (200 mM), pH 7.4
26 W CFL,10 min, 25 °C

FG FG

0.5 uM >95% (conv)
(FG =RS-S)

CFL = compact fluorescent lamp (visible-light source)
FG = functional group

eq 1 (Ref. 14)
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and silyl-substituted alkynes. The reaction was chemoselective
when substrates were used that contained sensitive functional
groups such as alkenes, alkynes, aldehydes, ketones, esters,
amides, azides, aryl/alkyl halides, alcohols, phenols, carboxylic
acids, and indoles. This rapid and mild reaction is compatible
with biomolecules and thus has the potential to be applied to
DNA modification and DNA-encoded library synthesis.

Flanagan and co-workers have reported a first proof of concept
that a photoredox-mediated, 1,4-radical-addition reaction can
take place under mild, agueous conditions that are suitable
for the preparation of DELs of around 75 million compounds
(eq 5).8 This Cyp3-Csps coupling reaction is compatible with a
range of structurally diverse radical precursors a well as Michael
acceptors and styrene derivatives. Moreover, to achieve high
coupling vyields, 1,000 equivalents of the protected a-amino
acids need to be used. Alcohol, carboxylic acid, carboxamide,

and guanidine functional groups are tolerated; however,
unprotected aliphatic a-amines, such as H-Pro-OH, afford the
coupling product in significantly diminished yield. Unlike the
other transformations presented thus far in this review, oxygen
has a detrimental effect on the reaction necessitating that the
glass reaction vial be degassed with nitrogen for 5 minutes
before irradiation with blue LED light.

A fast, chemoselective, and general anti-Markovnikov
hydrothiolation of alkenes and alkynes under mild conditions
has been disclosed by Glorius, Guldi, and co-workers (eq 6).*°
The transformation relies on a biocompatible disulfide-ene
reaction that proceeds by triplet-triplet energy transfer (TTENT)
sensitization of disulfides by the visible-light photocatalyst,
and tolerates a wide range of functional groups including
amides, sulfonamides, nitriles, alcohols, epoxides, aldehydes,
ketones, esters, and heterocycles. The electron-rich, sterically

Copper-Free "Photoclick" Postsynthetic Modification of Oligonucleotides

4 (5.0 equiv)

MeoN | |

3 (2.5 uM)

double-strand DNA
(link is at the 5-position
of 2’-deoxyuridine)

Visible-Light-Induced Oxidative Coupling Reaction

[ONge)
OO Yo-=Oo

15mM 10 mM

D=0

6; >95% (conv), 76% ("H NMR yield)

Ru(bpy)s(PFs)2 (2 mol %)
hydroxybenziodoxole (1.0 equiv)

PBS buffer, pH = 7.4, N,
A=468nm,25°C,5h

In the presence of L-tyrosine, L-cysteine, L-methionine, guanosine,
naringin, ssDNA, bovine serum albumin, and bacterial cell lysates:
>95% (conv) and 68-86% ('H NMR) yield of 6 in 5-12 h

eq 3 (Ref. 16)

l}l‘N (o] b}
NH NaPi (10 mM), NaCl (250 mM)

pH =7, high-power LEDs (A = 365 nm), 20 °C, 0.5 h

NaPi = sodium phosphate buffer

MeoN | |

5, 34%

DNA containing pyrazoline chromophore

eq 2 (Ref. 15)

Visible-Light-Induced Reductive Coupling

NN ﬁCOZPhth
{ (o] Me
N
HO o\/\/ OH  ppo,s—=—Ar
HO o o) (50 equiv) % Ar
0 O Ru(bpy)aCls (1 equiv) ¥~ Me
Me o) ascorbates (10 equiv) 7,73%
HO ) OH O Tris-MeCN (9:1)
OH pH 7.4, . = 468 nm
naringin-N-acyloxyphthalimide (0.1 mM) Nz, 25 °C, 5 min

0
X
Phth = (ﬁﬁ Ar= HO(CH2)2(00H20H2)30—©-§—
o}

The reaction was compatible with stoichiometric amounts of amines, amino acids, proteins,
oligosaccharides, nucleic acids, nucleosides, and cell lysates: Yield of 7: 73-84%

The enzymatic activity of Human Carbonic Anhydrase Il (HCA Il) was unaffected by the
reaction conditions

eq 4 (Ref. 17)



accessible alkene functionality reacts exclusively, while sterically
demanding disulfides such as tert-butyl disulfide are unreactive.
In agueous buffer (pH 7.4), the yield of the reaction of carvone
with dimethyl disulfide was not affected by the presence of 20
biomolecules such as saccharides, amino acids, nucleosides,
nucleic acids, and human cell lysates. A minor modification of
the reaction conditions permitted diaryl disulfides to be utilized
for the synthesis of arylthioethers.

A team of researchers from Scripps, Pfizer, and Asymchem led
by Baran and Blackmond have reported the first decarboxylative
one-electron alkylation of a DNA-bound molecule using zinc
nanopowder as the reductant (eq 7).2° The reaction works with
amino-containing alkyl carboxylic acids and even a dipeptide,
and tolerates functional groups, such as thioethers and aryl
iodides, that are potentially sensitive to reductive conditions or
nonphysiological pH. Highly hindered Cg,3—Cqp3 bond linkages,
such as those forming quaternary carbons, could also be
constructed on DNA through this cross-coupling reaction with
electron-deficient alkenes.

The direct, visible-light photoredox-catalyzed deoxygenative
ketone synthesis has also been achieved under mild conditions
in agueous medium.?! This formal hydroacylation of alkenes is
compatible with a broad range of alkenes and para-substituted
aromatic carboxylic acids and is achieved in moderate-to-
good vyields. It is proposed to occur via an acyl radical species
[RC(O)e] that adds to the alkene with PhsP acting as an oxygen-
transfer agent and water supplying a proton in the final step
of the reaction. Both pyridyl-substituted alkenes and styrene
derivatives were good alkene partners, and the reaction was not
affected by the presence of biomolecules such as amino acids,
oligosaccharides, nucleosides, nucleic acids, and proteins.

Very recently, two open-air, on-DNA synthetic protocols have
been developed by Molander and co-workers (Scheme 1).22 The
first involves a Ni/photoredox dual catalytic Cg;—Ceps Cross-
coupling between a halogenated arene and an alkane. The

First Proof of Concept of DEL Synthesis by Photoredox Reaction
(Photoredox-Mediated 1,4-Addition of Radicals Derived
from a-Amino Acids to Michael Acceptors)

MKG

0.11 mM
DNA-tagged Michael acceptor

o
ANMNR ”)KO Ph
N NHBoc
O

1,4-radical addition product, 89%
(45 other examples, 0-95%)

Boc-Phe-OH (1,000 equiv)
8 (1 equiv)
KoHPO4 (1,200 equiv)
DMSO-H,0 (2:3)

34 W blue LEDs, rt, 6 h

= Ir[dF(CF3)ppyla(bpy)PFs; bpy = 2,2"-bipyridine
dF(CF3)ppy = 2-(2,4-difluorophenyl)-5-(trifluoromethyl)pyridine

eq 5 (Ref. 18)
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Biocompatibility of the Visible-Light Induced Disulfide—Ene Reaction

9 (1 mol %)
biomolecule
Tris-HCI buffer, pH = 7.4
blue LEDs (Amax = 455 nm)
rt, 24 h

+ MeyS;

Me

100 mM
carvone

biomolecule (20 tested) =

200 mM

54-68%

saccharide, amino acid, nucleoside,
nucleic acid, human cell lysate

9 = [Ir(dF(CF3)ppy)2(dtbbpy)l(PFe)
dtbbpy = 4,4'-di-tert-butyl-2,2"-bipyridine

eq 6 (Ref. 19)

Decarboxylative One-Electron Alkylation of DNA-Bound Molecule
(o]

o PhthO

NBz
" NJ\/ (60 equiv)
NPUNDON_N Zn (nanopowder, 1,000 equiv)

phosphate buffer—-DMSO (3:2)
o pH6.5,1,2h
0.10 mM
Michael acceptor

MN)HQ \G

54% (21 other examples, 44-93%)

o
proposed one-electron ° :,,t
radical intermediates: NBz .
NBz

eq 7 (Ref. 20)

(a) Ni/Photoredox Dual Catalytic Cspo—Cspz Cross-Coupling

10a (250 equiv)
Nl(TMHD)g (2 equiv) o

4CzIPN (50 mol %
SR _, i _doaPNsomaly oy I
TDMSO-H,0 (@11t —H,O (4:1), rt H | P
Br 30 W blue LEDs, 45 min 0

><Me

63% (conv) o Me

(b) Photoredox-Mediated Crossover Defluorinative Alkylation

o 10b (12.5 equiv) o
SOV J 4CzIPN (50 mol %)
N 4N
H DMSO-H,0 (4:1), it H
30 W blue LEDs, 10 min F
1mM CFg 63% (conv)

The gem-difluoroalkenyl group is considered a metabolically stable isostere of the carbonyl group

4CzIPN = 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene
TMHD = bis(2,2,6,6-tetramethyl-3,5-heptanedionate)

R
EtO,C COEt 402, R = (2,2-dimethyl-[1,3]-dioxolan-4-yl)
|| 10b, R = cyclohexyl (Cy)
Me H Me

Scheme 1. Photoredox-Mediated, on-DNA Alkylations in Ambient Air
and Aqueous Media under Mild Conditions. (Ref. 22)
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second is the first example of a photoredox-mediated crossover
defluorinative alkylation of a trifluoromethylalkene to generate a
gem-difluoroalkene, which is proposed as a metabolically stable
isostere of the carbonyl group. In the dual catalytic process, the
water-compatible alkyl radical precursors included alkyl silicates,
alkyl dihydropyridines, and amino acids which reacted well with
variously substituted aryl iodides and with heteroaryl bromides
bearing electron-deficient substituents. Functional groups that
could be further elaborated in later cycles of DEL synthesis—e.g.,
epoxides, esters, alkenes, and N-Boc amines—were compatible
with the reaction conditions. In the second protocol, the
defluoroalkylation of trifluoromethyl alkenes, a DNA compatibility
test was done by DNA misreads frequency sequencing, which
was meaningful for the DEL synthesis, and such assessment of
DNA integrity had often been overlooked before.

3.2. Transition-Metal-Catalyzed Reactions

The first on-DNA ring-closing metathesis (RCM) and cross-
metathesis (CM) were achieved on a double-strand DNA in
water-tert-butyl alcohol solvent system by Lu et al. (eq 8).%
The unoptimized RCM was promoted by Grubbs third-generation
ruthenium complex 11 (150 equivalents), and required a large
excess of MgCl, (8,000 equivalents) to be utilized to protect
the DNA backbone from ruthenium-induced decomposition. The
substrate scope for the on-DNA RCM was investigated with the

(¢]
o Nm .
NHH N 11 (150 equiv)
0. MgCl, (8,000 equiv)
O&NHBOC
SO : H,O—+-BuOH (3:2)
NH m,1h
« i
(reaction conditions
0.09 mM not optimized)
Me Me, :
Me N__N Me h
Me TClMe : O:(\N N
/ NS : o NH
_ NC|/R”:\Ph : y OJ}NHBOC
BrQ | 1%, NIV NG
N ' 50% (conv)
S | (6 other examples, 50-85% (conv))

Br
Grubbs 3rd-Gen complex (11)

eq 8 (Ref. 23)

BnNH, (400 equiv)

] o Zr(DS)s (2 equiv) ] NHBn
—_—
SDVDH™_ [, MeCN-H,0 (1) §-NH C ,LOH
50°C, 16 h
0.25 mM 70% (conv)

on-DNA /

heterocycle

(DEL library of 136.6 million compounds prepared)

eq 9 (Ref. 24)

purpose of forming saturated small (5-, 6-, 7-, and 8-membered)
and large (14- and 16-membered) rings in synthetically useful
conversions. The on-DNA CM was tested with a representative
on-DNA alkene and allyl alcohol as the other olefin under similar
reaction conditions; here, too, MgCl, was required to achieve a
50% conversion.

Fan and Davie reported in 2017 the first water-compatible,
Zr(1V)-catalyzed aminolysis of epoxides on DNA to afford
B-amino alcohols (eq 9).2* Both aliphatic and aromatic primary
amines gave moderate-to-excellent yields of the amino alcohols,
while sterically hindered amines reacted more sluggishly to form
mostly diols. The researchers took advantage of this protocol
to build a library of 136.6 million on-DNA B-amino alcohols
and their cyclization products, which led to the identification of
multiple hits for a number of targets.

The acid- and gold-mediated on-DNA syntheses of
hexathymidine-DNA-heterocycle chimeras have been disclosed by
a team of researchers from Dortmund University (Scheme 2).2°
Diversely substituted B-carbolines—core scaffolds of drugs
and pharmacologically active natural products—were accessed
by a Brgnsted acid catalyzed Pictet-Spengler reaction, while
hexathymidine-DNA (hexT) conjugates of highly substituted
pyrazolines and pyrazoles were prepared by a Au(l)-mediated
cascade reaction. The hexT-heterocycle conjugates could then
be ligated to the coding DNA sequences by T4 DNA ligation
to produce encoded screening libraries that were informed by
drug structures.

The same laboratory has also reported a similar Au(l)-
mediated three-component reaction between alternately DNA-
tethered aldehydes, hydrazides, and alkynols.?® The reaction
was compatible with thymine-, cytosine-, and adenine-

(a) Bronsted Acid Mediated Pictet-Spengler Reaction

L

(i) 4-PhCgH4CHO (1,000 equiv)
CF4COH in CH,Cl, (2%) rt, 18 h

HN_ o NH
¥ (ii) NHg(aq)-MeNH, (3:4) H
NH, H O
CPG 0 o]
0.44mM Ph

hexathymidine oligonucleotide
(hexT) tryptophan conjugate

hexT-B-carboline conjugate, 100% (conv)

(b) Au(l)-Mediated Three-Component Reaction Forming DNA-Tagged Heterocycles

(i) -PrCHO (1,000 equiv)
BnNHNHBoc (1,000 equiv)

[Au(l)], AgSbFg (250 equiv)
MeCN, 50 °C, 18 h
O\MN (i) NHa(aq) MeNHg (3:4)
CPG

025mM

5'-amino-PEG(4) linker

CPG = controlled-pore glass

[Au(l)] = [tris(2,4-di-tert-butylphenyl)phosphite]gold chloride 75% (conv)

Scheme 2. TFA- and Au(I)-Mediated on-DNA Syntheses of Substituted
B-Carbolines, Pyrazolines, and Pyrazoles. (Ref. 25)



containing DNA, while guanine-containing DNA strands were
degraded under the reaction conditions. The DNA-coupled
aldehyde starting material resulted in the best yields of DNA-
tagged substituted spiroheterocycles, whereas the alkynol- and
hydrazide DNA-conjugates gave complex product mixtures,
which precludes their use for parallel synthesis.

The first Pd- or Cu-promoted C-N cross-coupling between
DNA-conjugated aryl iodides and primary amines has been
achieved (Scheme 3).2 The reaction works well for primary
aromatic amines, aliphatic amines, and amino acids, which
included over five hundred amino acids. The amino acids not
only serve as Cu(l) ligands to promote the C-N coupling, but
also prevent DNA decomposition as a result of DNA coordination
to Cu(I). Using this technology, the authors succeeded in
generating DNA-encoded libraries of 30.4 and 177 million
compounds, of which a number of small-molecule hits were
identified for biological targets of interest. An analogous
copper-promoted amination of DNA-conjugated aryl iodides
was reported by Ruff and Berst.?® In this variant, the novel
ligand 2-((2,6-dimethoxyphenyl)amino)-2-oxoacetic acid was
found to improve conversions, and both primary and secondary
amines—even some sterically congested secondary amines—
were competent coupling partners. It is worth noting that this
protocol could be carried out in air at low temperature, worked
well for a large number of amine building blocks, and was
compatible with DMSO as a water-miscible organic cosolvent.

More recently, a palladium-mediated C-N cross-coupling
between DNA-conjugated aryl bromides and aromatic amines
was disclosed by Torrado and collaborators.?® The reaction
worked for diverse heteroaromatic amines such as thiazoles,
pyrazoles, pyrazines, pyridines, benzoxazoles, benzimidazoles,
and oxadiazoles as well as anilines containing aliphatic alcohols,
sulfonamides, and ester functional groups. Not surprisingly, the

tBuXPhos Pd o] NN
NH, (G1, 2 equiv) _E_N) _
AN CsOH (1,000 equiv) H < NH
< [ DMA-H0 (1.1:1.0) N© N
N 100°C,3h 75% (conv)
1,000 equiv 11 other aromatic amines
o 65-81% (conv)
LDO™_
H
0.3-0.4 mM !
HO?C\(NH2 CuSO; (20 equiv)
Me sodium ascorbate
500 equiv (24 equiv)

DMA-H,0 (0.4:1.0)
KOH(aq) (0.0007 equiv)
100°C,2h

60% (conv)
11 other AA's, 49-75% (conv)

under slightly modified conditions of Cu-mediated coupling:
12 examples of aliphatic amines, 52—78% (conv)

Scheme 3. Pd- or Cu-Promoted C-N Cross-Coupling between DNA-
Conjugated Aryl Iodides and Primary Amines or Amino Acids. (Ref. 27)
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coupling of the aryl bromides required a higher temperature
(60 °C) to achieve useful conversions than the coupling of the
aryl iodides (30 °C).

Lu, Zhong, and co-workers have disclosed the first ruthenium-
promoted, on-DNA C,,,-Cqy, coupling between acrylamides and
aromatic carboxylic acids via a C—H activation reaction (eq 10).3°
Under the optimized conditions, good-to-excellent conversions
were obtained regardless of whether the acrylamide or the
carboxylic acid was conjugated to the DNA. Because aromatic
carboxylic acids are more readily commercially available, the
reaction scope was investigated with respect to the acid partner.
The reaction tolerated bromo, iodo, chloro, amino, hydroxyl,
and carboxyl substituents in the carboxylic acid partner, whereas
aldehydo, vinyl, and alkoxycarbony! substituents resulted in low
conversions. The value of this approach is that the aromatic
carboxylic acid partner serves as a bifunctional building block,
whereby the carboxylic acid group can, after the coupling step,
be further elaborated to introduce more diversity in a DEL that
could range in size from millions to billions after three cycles.

The palladium-promoted Heck coupling has been successfully
extended to the reaction of double-strand and single-strand
DNA-conjugated acrylamides, styrenes, and aryl iodides with
aryl iodides and bromides, aromatic borates, and styrenes
(Scheme 4).3' Moderate-to-excellent conversions were
observed, and the reaction was compatible with cyano, hydroxyl,
amino, and halide functional groups, which could conceivably be
elaborated further. The applicability of this method to library
diversification was demonstrated with the on-DNA Heck reaction
as the cycle 2 step in a three-cycle DEL synthesis.

o
PhCO,H (200 equiv)
H [RuCly(p-cymene)]» H HO'
HVHVUN A B _GRPUNN A
0 KOAc (200 equiv) o)
0.21 mM DMF- sodium borate 90% (conv)
. o
buffer (pH =9.4) (1:11) 11 other examples, 7-87% (conv)
60°C, 10 h
eq 10 (Ref. 30)
(a) Ph-I (500 equiv)
w PdClo(dppf)DCM (2 equiv) . Ph
H K>COj3 (500 equiv) H
SODHUN 3N
\<I:) DMA-H,0, (1.1:1.0) 5
80°C,6h
0.24 mM >95% (conv)
27 other examples,
26 to >97% (conv)
(b) PhCH=CH, (500 equiv)
| PdCly(cod) (2 equiv) . Ph
H K>COg3 (500 equiv H
HDHXN atahall ENWQN
\<I:) DMA-H,0, (1.1:1.0) :
80°C,6h
0.24 mM >95% (conv)

10 other examples,
41 to >95% (conv)

Scheme 4. Palladium-Promoted Heck Reaction on the DNA. (Ref. 31)
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3.3. Nucleophilic Reactions

One of very few examples of an on-DNA reaction sequence
that forms two carbon-carbon bonds was reported by Tian et
al. (eq 11).32 In this process, termed “T-reaction” for “tertiary
amino effect reaction”, ortho-dialkylaminoaryl aldehydes
undergo a reaction cascade consisting of a Knoevenagel
condensation, a 1,5-hydride shift, and a Mannich cyclization to
form diversely substituted spirocycles. Various benzylic amines
were applicable, less activated alkyl amines were tolerated, and
differentially substituted secondary amines were also tolerated.
Heterocyclic and structurally complex substrates performed
equally well as simple piperidines and pyrrolidines. The reaction
worked for activated cyclic ketones, amides and esters, which
gave higher vyields than their acyclic counterparts. Various
remote functional groups such as thiocarbonyls and esters did
not hinder the reaction.

Neri and co-workers employed an on-DNA Diels-Alder
cycloaddition protocol to generate a 4,000-compound DEL in
good purities and vyields. The DNA fragments functioned as
amplifiable bar codes for identification purposes, and the DEL
was compatible with decoding strategies that are based on
ultra-HTS techniques,® In a similar vein, Dai and co-workers
demonstrated the utility and versatility of the inverse-electron-
demand Diels-Alder reaction for the synthesis of DNA-tagged

"Tertiary Amino Effect" (T-) Reaction Cascade for DEL Synthesis Involving
a Knoevenagel Condensation, a 1,5-Hydride Shift, and a Mannich Cyclization

o
HNJ\NH
NT (¢) 0 N7
M/\N)Q Goeai) PPN~
ST ™ et (1) e o
80°C,1h HN. _NH

1mM

DIPEA = N,N-diisopropylethylamine 79% (conv) O

eq 11 (Ref. 32)

Inverse-Electron-Demand Diels—Alder Reaction for DEL Synthesis

1. DMSO-H,0 (1:1)

(o}
ﬂwbdwh 20°C,4h
N * @MOH ipyridi ?N
H 2. Cu(ClO4),—bipyridine— N
200 equiv TEMPO (1:1:1)
(20 equiv), 20 °C
NZ NZ
U U 1 |
NY Nx OH
Me Me

0.38 mM 88% (conv)

18 other examples, 10-98% (conv)

Employing proline as promoter and no oxidation step required, 12 additional
examples from reaction with alkene surrogates were reported: 26-87% (conv)

eq 12 (Ref. 34)

pyridazines (eq 12).3* The authors reported two complementary
protocols for reacting DNA-conjugated 1,2,4,5-tetrazines with
olefins and alkene surrogates such as cyclic ketones to vyield
the desired pyridazines with moderate-to-excellent conversions.
Select functionalized pyridazines were shown to undergo Suzuki-
Miyaura coupling, acylation, and SyAr substitution, respectively,
underscoring the potential utility of the pyridine scaffold for
future DEL syntheses.

In a series of papers,3>3 Kodadek and his research
teams have reported the development of DNA-compatible
variants of the asymmetric aldol reaction (Scheme 5, Part
(a)), the asymmetric Mannich reaction, and the Knoevenagel
condensation (Scheme 5, Part (b)) all on solid support. In the
aldol variant, proline promoted the asymmetric synthesis of
B-hydroxy ketones from immobilized aldehydes and soluble
ketones. Heteroaromatic aldehydes were compatible with the
reaction and the reaction conditions did not adversely affect
the polymerase chain amplification of DNA; however, the
enantioselectivities observed were generally modest (ee =
54%—79%). Similarly, the same laboratory disclosed a DNA-
compatible, solid-phase synthesis of B-amino ketones through a
proline-mediated asymmetric Mannich reaction, again between
immobilized aldehydes and soluble ketones.*¢ Anilines substituted
at the meta or para position worked well, in contrast to ortho-
substituted anilines which did not form the desired products.
Moreover, the syn product was favored, and the ee of the syn
product varied from 54% to 96%. Extending the applicability of
the DNA-compatible, combinatorial synthesis on solid support
approach, another of Kodadek’s teams reported the synthesis
of B-cyanoacrylamides by a Knoevenagel condensation between
immobilized a-cyano amides and soluble aldehydes.?” The
cyanoacrylamides underwent Michael additions with thiol and
phosphine nucleophiles, and thus could serve as a source of
reversibly covalent protein ligands that are cysteine-reactive.
The Knoevenagel reaction worked well for aliphatic and aromatic
aldehydes including those with branched alkyl groups; however
ketones were unreactive.

(a) DNA-Compatible, Proline-Promoted Asymmetric Aldol Reaction on Solid Support

[e] acetone (100 equiv) o
roline (1 equiv,
_N pDMSO(rt ?6 h) EH
H T Me
o OH O
37 mM 99% (conv), 73% ee

(b) Knoevenagel Condensation for One-Bead, One-Compound f3-Cyanoacrylamide DELs

Me
NG FPICHO (1 M) NG )—Me
HN‘{ piperidine-DMF (1:10) H‘N
OVOUG b ot _OUHUG
on resin 85% (purity by LCMS)

Scheme 5. DNA-Compatible Aldol Reaction and Knoevenagel
Condensation on Solid Support. (Ref. 35,37)



A method for synthesizing DELs that contain members
possessing the less well studied polycyclic isoxazolidine moiety
was developed by a team led by Schreiber.?® The method relies
on an intramolecular and DNA-compatible nitrone-alkene [3
+ 2] cycloaddition that forms the DNA-linked isoxazolidine, a
structural feature found in a number of alkaloids and bioactive
compounds (eq 13). The nitrone is formed in situ from reaction
of the corresponding N-alkylhydroxylamine with the carbonyl
group of the substrate, and the subsequent intramolecular
cycloaddition generates a minimum of two stereogenic centers.
The method allows for appendage diversification and does not
cause DNA damage or preclude subsequent amplification and
ligation steps.

Very recently, Sharpless and co-workers reported the first
iminosulfur oxydifluoride (R-N=SOF,) reaction with primary
amines and phenols on single-strand DNA with the aim of
demonstrating the usefulness of the SuFEx click chemistry for
bioconjugation applications (Scheme 6).%° The off-DNA model
reactions took place under mild conditions in agueous buffer
to give sulfamides (from primary amines), sulfuramidimidoyl
fluorides (from secondary amines), and sulfurofluoridoimidates
(from phenols) in up to 99% isolated vyields (29 examples).

3.4. Enzymatic Reactions

The first on-DNA chemo-enzymatic synthesis of a small,
carbohydrate-based library was reported by Thomas et al.
(Scheme 7).%0 This approach relied on either an enzymatic
galactosylation or an enzymatic and site-specific oxidation
to generate the DNA-glycoconjugate library members. In the
galactosylation protocol, bovine (1,4-galactosyltransferase
(B1,4-GalT) catalyzed the selective transfer of Gal-B1,4 from
uridine diphosphate galactose (UDP-Gal) to an acceptor GIcNAc
in the presence of MnCl, under mild conditions and leading to
excellent conversions. In the site-specific oxidation protocol,
galactose oxidase (GOase) variants M; and F, generated
aldehydes from hexoses by a highly selective oxidation of the
C6 hydroxyl group in the galactose moiety. The aldehydes
were then elaborated further by hydrazone/oxime ligation or
reductive amination.

MeNHOH (35 equiv)

NaOAc aq buffer (pH 5.0)
40°C,2hthen90°C,6h

o ]
MNk@ka
H
O/\/

0.083 mM

Me o
o H,(N—
N X
e
(0)
>98% (conv)

38 other examples, 16 to >98% (conv)

eq 13 (Ref. 38)
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4. Commonly Employed Reactions in DELT
DEL chemistry is at its core combinatorial chemistry.
Accordingly, it should not be a surprise that its practice has
evolved to date using chemical transformations that are robust,
high vyielding, and for which the necessary building blocks are
readily available. DELT-compatible chemistries must not only
satisfy the three criteria just listed, but must also operate
under DNA-compatible conditions: dilute (0.1—1 mM) aqueous
media at pH between 4 and 14 and at temperatures between
25 and 90 °C, and the reactions must not alter or degrade the
DNA encoding tags. In Section 3, we have presented “recently
developed reactions”, which we arbitrarily define as those

(a) SuFEx Click Reaction with Primary Amines

; 0]
M 12 (125 equiv) H H
NH, -;-N-§-N©——_
borate buffer—-H,O-MeCN (2:7:5) "

0
DNA-conj pHE, tt, 6 h
ssDNA-conjugated 70% (HPLC yield)

ssDNA-tagged sulfamide

1° amine
(4 mM in water, 5 ul)
(b) SuFEXx Click Reaction with Phenols
N\ OH 12 (125 equiv)
NH
borate buffer-H,O-MeCN (2:7:5)
[¢] pH8,37°C, 24 h

ssDNA-conjugated phenol
(4 mM in water, 10 ulL)

82% (HPLC yield)
ssDNA-tagged sulfurofluoridoimidate

Scheme 6. First Iminosulfur Oxydifluoride on-DNA Reaction with
Primary Amines and Phenols. (Ref. 39)

(a) Enzymatic Galactosylation

OH HO OH OH

o mﬁm 1,4-GalT, UDP-Gal Ho§ e %E)&&”OR
H
NHAG pH 7.5 MES buffer OH NHAc

MnCly, 37 °C, 16 h

DNA-BGIcNAc DNA-LacNAc glycoconjugate

(excellent conversion)

(b) Enzymatic, Site-Specific Alcohol Oxidation

HO oH GOase (variant My) (0.94 ug/uL) HO o
HRP (0.1 /ul. ¢
o O oR (0.15 ug/ul) o O oR
OH catalase (0.1 ug/uL) OH
0.5 mM pH 7.4 NaPi buffer
.5m o
DNA-BGal 25°C,16h
o

Re e N N DDOW™
H H

B1,4-GalT = bovine p1,4-galactosyltransferase; GOase = galactose oxidase
UDP-Gal = uridine diphosphate galactose; HRP = horseradish peroxidase
MES = 2-(N-morpholino)ethanesulfonic acid; NaPi = sodium phosphate

Scheme 7. Carbohydrate DEL Synthesis via Enzymatic Catalysis.
(Ref. 40)
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having been reported since 2015, and which have included
many interesting and potentially very useful transformations.
For the purposes of this review, we term “commonly employed
reactions” in DELT as those already reported and tabulated in
various reviews and communications.#42 Such reactions include
amide formation, reductive aminations, amine capping reactions,
Suzuki and Sonogashira couplings, some condensations and
some heterocycle-forming cyclizations.

5. Analysis of Commonly Used, Commercially Available
Building Block Sets

Presently, published reports of methods developed specifically
for assembling DEL libraries are growing rapidly. However,
many newly described DELT-applied reactions are often
exotic and lacking sufficient validation with a wide variety of
reagents. For some of these reactions, reagents are simply
not available in any practical numbers (hundreds) to create
a DEL. At the same time, large and diverse DELs reported
to date have been synthesized using what one would mostly
call classical combinatorial chemistry transformations and
producing libraries that have been used in affinity selection
campaigns to identify useful hits for drug discovery. While
such classical and well-known reactions are modest in number
compared to standard organic chemistry in solution, an
abundance of building blocks for these reactions (e.g., amines,
carboxylic acids, and aryl halides) has enabled the creation

60,000

50,000 I ]

40,000

30,000

20,000

Number of compounds

10,000 B

0 L‘ ‘h‘ ,1 h, e s B B
1 3 4 5 6 7 8 9 10 11 12
Vendors

2

W Amine Modifiers ® Carbo Modifiers Couplers

Figure 2. Distribution of Modifiers from the Ten Vendors Selected.
(Ref. 43)

of DELs of sufficient size, quantity, and diversity. Therefore,
while more advanced approaches will continue to be reported
and building blocks for them will become available, the use of
commonly applied reactions will likely remain the mainstay of
DEL production for the time being. Thus, an understanding of
the availability and diversity of building blocks commercially
available and applicable to DELT becomes critical to creating
the most economical, diverse, drug-like, and ultimately the
most useful DELs for drug discovery.

The number of modifiable functional groups in the DELT cores
is also limited because of the necessity of orthogonal reactivity.
For this analysis, we selected several functional groups that have
many readily available reaction partners in well-established and
DELT-compatible protocols. The list includes classical functional
groups such as amines, aldehydes, and carboxylic acids, as well
as more recently introduced ones such as terminal alkynes,
azides, aryl halides, and boronic acids/esters.

We have grouped the modifiers in three categories: (1)
Amine Modifiers (aldehydes, aryl halides, carboxylic acids,
and sulfonyl halides but not alkyl halides due to concerns
about reaction selectivity); (2) Carbo Modifiers (primary and
secondary amines), and (3) Couplers (alkynes, aryl halides,
azides, and boronic acids or esters). Indeed, depending on
the library chemistry in question, one might require a different
classification of functional groups. Furthermore, the exclusion
of various chemical substituents will likely reduce these
numbers. Nevertheless, the intent of this analysis is to give an
understanding of building blocks that exist physically and fall
into acceptable categories of cost and molecular weight.

To analyze the availability of the modifiers, we selected 12
vendors with more than 8,000 “off-the-shelf” compounds.®?
This cut-off identifies vendors that could immediately ship large
numbers of building blocks as a single source. As such, this
helps to reduce costs, logistical complexity, and lead time, as
special formatting is typically required. The distribution of the
modifiers from each supplier is shown in Figure 2, and the
percentages among them of so-called small compounds and
inexpensive compounds are shown in Table 3. The criteria used
for selecting small and inexpensive are: (i) A small modifier for
two-cycle libraries should have a molecular weight (MW) <150
Da, while a small core building block’'s MW should not exceed
200 Da. (ii) An inexpensive compound is one costing not more

Table 3. Commercially Available Modifier Compounds: Count and % Small / % Inexpensive. (Ref. 43)

Vendor No 1 2 3 4 5 6 7 8 9 10 11 12
Amine 5,665 54,083 6,328 37,892 4,169 8,200 51,163 2,476 3,409 2,897 4,300 26,571
Modifiers? 65/42 24/24 60/40 22/29 46/25 60/42 15/22 64/53 32/42 0/22 21/14 34/30
Carbo 2,400 40,342 2,338 23,575 5,891 3,528 45,602 1,047 2,856 1,241 2,202 12,124
Modifiers® 55/26 15/14 59/25 14/16 48/14 51/22 10/13 57/34 20/25 0/14 20/11 27/19
i 3,608 29,323 4,590 23,497 1,396 5,757 20,516 1,752 2,354 1,161 1,282 15,408
Couplers 67/57 25/37 58/52 22/42 50/46 60/55 18/37 66/67 32/51 0/37 25/25 33/46

2 Aldehydes, aryl halides, carboxylic acids, and sulfonyl halides. ® Primary and secondary amines. < Alkynes, aryl halides, azides, and boronics.



than US $100 per gram. To add flavor to these numbers, we
estimate the size of a possible 2-cycle DEL assembled from
each vendor’s collection. For this simulation, we selected an
alkyne-containing N-protected amino acid as the core molecule
(Scheme 8). The chemistry for decorating these cores appears
classical from one side while challenging from the other: amine
modifiers being the largest group of decorators, while azides
being the smallest.

The sizes of the resultant libraries are obtained by multiplying
the number of decorators by the number of cores (Table 4).
As the number of cores, we took all available from selected
12 vendors core compounds. Column “All” shows the libraries
assembled with all decorators and cores; columns “Small”
and “Inexpensive” show the libraries assembled with small
or inexpensive modifiers, respectively. For the “Inexpensive”
libraries, we took all available numbers of cores, while for
“Small" libraries, the cores had MW < 200 Da. The number of
cores is indicated in the header.

In some cases, modifiers that meet the small or inexpensive
criteria do not exist and, thus, the library size is zero. Clearly,
it is generally possible to enumerate many compounds. This
is a good start from which to exclude compounds according
to various design criteria (e.g., size, molecular diversity,
undesired functional groups, predicted target affinity, etc.). This
simulation also illustrates the numbers of building blocks that
will have to be available in order for recently reported DNA-
compatible reactions to have the impact for hit identification as
the more classical reactions have already had.

6. Conclusion and Outlook

The past decades have witnessed excellent and widely used
applications of transition-metal catalysis and nucleophilic
addition reactions in the synthesis of DNA-encoded libraries.
In the years to come, it is expected that the recently disclosed
photochemical, radical, and enzymatic reactions—with their
excellent chemoselectivity, functional group compatibility,
and mild reaction conditions—will have a profound impact on

Ney
X o Nl o
cycle 1
N,DNA Y N,DNA
H [3 + 2] azide H
N cycloaddition N
H

cycle 2 .
amine

N modification

Q ' =N
N

= (0]

N,DNA
H

—2Z

Scheme 8. Decoration of Alkyne-Containing N-Protected Amino Acid
for a Simulated DEL.
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DNA-encoded library chemistry by enabling greater chemical
reaction diversity amplification and more extensive chemical
space exploration. At the same time, business drivers will make
available ever larger numbers of building blocks to create large
DEL sets based on these reactions.
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