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Nitrogen cuts in during C-C cross-coupling

Transition metal-catalyzed cross-coupling, which creates a bond between two target molecules, is a workhorse
method for synthesizing pharmaceuticals, agricultural chemicals, electronic materials, and other fine chemicals.
The generation of biaryl compounds by the Suzuki-Miyaura coupling and of aryl amines by the
Buchwald—Hartwig coupling reactions are two of the most used transformations in the pharmaceutical
industry. Their prevalence has resulted in biaryl and arylamine structures as common motifs in drug
candidates. New methods to prepare these structures will expand the chemical space that can be accessed in
cross-coupling reactions. Onnuch ef al. recently reported a palladium-catalyzed aminative Suzuki-Miyaura
coupling reaction in which the traditional Suzuki-Miyaura coupling of an aryl (pseudo)halide and an
arylboron compound is interrupted by the insertion of nitrogen. This results in the formation of two new C-N
bonds in one reaction.

Transition metal-catalyzed coupling reactions are the most widely used methods for C-C and
C-heteroatom bond formation. In these reactions, the metal promotes nucleophilic substitution at an
electrophilic carbon bearing a leaving group. The nucleophiles are typically organometallic reagents, such as
organomagnesium (Grignard compounds), organozinc, or organoboron reagents, and the leaving group is
typically a halide or sulfonate. These reactions are highly useful synthetic methods because they can typically
be carried out under mild conditions and are tolerant of a wide range of functional groups.

The mechanism for these bond-forming reactions involves three basic catalytic steps: oxidative addition of
the carbon electrophile, typically a haloaromatic compound, to the metal center; substitution of the
nucleophilic coupling partner for the leaving group on the metal; and reductive elimination to form the product.
In Suzuki-Miyaura coupling, the nucleophile is an organoboron reagent, which results in the formation of a
new C—C bond. In the case of the Buchwald—Hartwig coupling, a C-N bond is formed from a nitrogen
nucleophile.

One method to expand the scope of these reactions is to introduce additional catalytic steps before the
bond-forming reductive elimination step, creating multicomponent reactions. For example, addition of carbon
monoxide (CO) to cross-coupling reactions leads to CO incorporation between the electrophilic and
nucleophilic coupling partners. In Suzuki-Miyaura coupling, the result is a ketone product, whereas amides
are prepared through the palladium-catalyzed coupling of aromatic halides, CO, and amines. These reactions
are highly selective for the carbonylative product because CO insertion into the metal-carbon bond occurs
much faster than the subsequent steps of the catalytic cycle.

Onnuch et al. extended this atom insertion concept by achieving an aminative Suzuki-Miyaura coupling
through the three-component coupling of a nitrene precursor, an aryl halide or triflate (CF3SOs-), and an
arylboronic acid. In this reaction, the nitrene unit is introduced during the Suzuki-Miyaura catalytic cycle,
resulting in the formation of two new C-N bonds. Successful development of this reaction required
overcoming several potential challenges. Modern Suzuki-Miyaura catalysts afford high rates for C-C bond

formation. Selective formation of the diarylamine product requires efficient nitrogen insertion before the C—C
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reductive elimination step. In addition, the nitrene reagent must efficiently react with the arylpalladium(II)
intermediate but not with the palladium(0) species responsible for insertion into the carbon-leaving group
bond.

These challenges were overcome by Onnuch ef /. through the appropriate choice of the nitrene precursor
and palladium catalyst. O-Diphenylphosphinyl hydroxylamine (DPPH) was the optimal nitrene precursor,
whereas less electrophilic nitrogen sources were less selective for nitrogen insertion. Sterically demanding,
electron-rich phosphine ligands were also critical to achieving selective formation of the desired unsymmetric
diarylamine product.

This methodology opens new avenues for the synthesis of pharmaceuticals and other fine chemicals
through late-stage functionalization of halogen-containing drug molecules to incorporate arylamine moieties.
The nitrogen insertion approach can be used to create new potential drugs from existing drug compounds
containing a biaryl structure. No other changes are required to the other steps in the synthesis to introduce
nitrogen in this way.

Onnuch ef al. further demonstrated the potential utility of this approach with a four-component coupling of
an aromatic bromide, CO, DPPH, and an arylboronic acid to give an N-aryl benzamide derivative. The
nitrogen insertion approach was also applied to the coupling of allyl acetates and arylboronic acids to give
N-allylaniline derivatives in modest yield.

The nitrogen insertion approach developed by Onnuch ef al. represents a groundbreaking new avenue in
metal-catalyzed cross-coupling in which heteroatoms can be introduced in traditional C-C bond—forming
reactions. There is the potential to apply this approach to other classes of coupling reactions beyond the
Suzuki-Miyaura coupling. Although an exciting development, the method must overcome some challenges to
become widely applicable. Yields range from modest to high, which likely stems from undesired side
reactions. In some cases, the arylboron electrophile and the nitrogen reagent react, leading to undesirable
aniline side products. In addition, further optimization is needed to afford consistently high selectivity for the
diarylamine product over the biaryl product of Suzuki-Miyaura coupling. Additional development of the
catalyst system will open the door for wider application of this method for late-stage introduction of nitrogen

and other heteroatoms into target molecules.

(Mgt
Author: Kevin H. Shaughnessy
Source: Science, Vol. 383,954 (2024) (—HhckZ)
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Aminative Suzuki-Miyaura coupling

Transition metal—catalyzed cross-coupling reactions have become indispensable tools for the synthesis of
important organic compounds, such as therapeutics, agrichemicals, energy-storage materials, and functional
polymers. Over the past half century in medicinal chemistry, three of the 20 most frequently practiced
transformations are palladium (Pd)}catalyzed -cross-couplings (Suzuki-Miyaura, Sonogashira, and
Buchwald-Hartwig). Over time, the popularization of cross-coupling has considerably influenced which
sectors of chemical space are heavily emphasized during drug discovery and, therefore, the structures of
recently approved small-molecule pharmaceuticals. For example, there has been a proliferation of
(hetero)biaryl and aryl amine motifs because of the reliability and generality of Suzuki-Miyaura and
Buchwald-Hartwig catalysis (Fig. 1A). These examples suggest that new, general strategies to expand the
product space of essential cross-coupling schemes can enhance structural diversity during candidate
generation and improve the speed and success rate of pharmaceutical development.

Traditionally, research aimed at broadening the synthetic utility of cross-coupling methodology has
focused on the development of catalysts and reaction conditions that engage distinct reactive partners
(electrophiles or nucleophiles), a campaign punctuated by major recent achievements such as the fluorination
and trifluoromethylation of aryl electrophiles, carbon-carbon (C—C) coupling from alkyl electrophiles,
reductive cross-electrophile couplings, and activation of carbon-hydrogen (C—H) bonds for cross-coupling. An
attractive but rarely explored research strategy involves the repurposing of classical, widely available coupling
partners by means of diverted pathways that generate alternative, high-value products. In the past decade,
late-stage insertion and deletion reactions have attracted tremendous attention as a strategy to generate
structural diversity. By analogy, we asked whether the insertion of a bridging atom between the nucleophilic
and electrophilic components could be a universal modification to cross-coupling reactions that generates new
products from existing partners. The well-established carbonylative Stille cross-coupling represents an
example of this approach, but the generalization of the concept to insertions of other ambiphilic components,
especially heteroatomic ones, appears to have escaped systematic consideration.

To demonstrate the proposed concept, we pursued the introduction of a formal nitrene insertion into the
Pd-catalyzed Suzuki-Miyaura cross-coupling pathway, rerouting its endpoint from biaryl products (C-C
linkage) toward diaryl amines (C-N—C linkage), a privileged substructure class among bioactive compounds
(Fig. 1B). Many industrial research operations maintain extensive libraries of custom aryl halides (or
pseudohalides) and boronic acids (or esters), and we envisioned that through the addition of a simple reagent,
these building blocks could be conveniently repurposed to furnish amines. This type of scaffold change from
biaryl to diaryl amine, previously inaccessible in a single operation, could be useful for fine tuning the
geometry, polarity, and H-bonding ability of many candidates. Achieving this goal would effectively unite the
two most prominent metal-catalyzed coupling manifolds (Suzuki-Miyaura and Buchwald-Hartwig) by
connecting their products to common precursor pools. Without requiring the separate synthesis and

purification of new reagents, the chemical space accessible from existing functionalized intermediates could
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Fig. 1. Background and concept.

(A) Suzuki-Miyaura coupling (SMC) and Buchwald-Hartwig coupling (BHC) in drug development. (B) This
work: SMC with NH insertion to access BHC products. (C) Selected results from reaction optimization.
Asterisk (*) indicates 2a (1.1 equiv), 3a (1.5 equiv).

We anticipated that realization of the intended three-component coupling might be met with several
distinct challenges. First, modern Pd-based catalysts perform Suzuki-Miyaura coupling so efficiently that for
an amine insertion to intercede, the original process would likely need to be decelerated, either through
deactivation of the catalyst toward reductive elimination or inhibition of transmetallation with the aryl boron
nucleophile. However, any attenuation of reactivity must be carefully balanced; after N-insertion, the metal
center must still be capable of achieving the second C—N bond formation. Likewise, the reactivity of the
nitrene reagent must be precisely adjusted: It must be electrophilic enough to efficiently insert, yet it should
avoid reacting prematurely with Pd(0) before oxidative addition of the aryl halide. Last, there remains the task
of avoiding homocoupling processes that install two of the same aryl group on the product rather than one
derived from each coupling partner.

We report that the combination of a bulky catalyst and commercially available amination reagent affords a
convenient and highly general solution. OQur protocol is effective for all common classes of electrophiles (aryl

chlorides, bromides, triflates, and tosylates) and compatible with an exceptionally broad scope of polar



functional groups, substitution patterns, and heterocyclic partners relevant to medicinal chemistry. The
strategy is easily used on late-stage intermediates to prepare amine-inserted variants of drug candidates, and
preliminary results suggest that the insertion concept can be extended to other reaction classes (allylic
substitution) and even four-component variants (ArX + CO + NH + Ar’M). The cross-selectivity of this
reaction is notable because mechanistic experiments indicate that multiple competing mechanisms likely

operate simultaneously.

Reaction development

At the outset of our investigations, we examined the reaction between 4-methoxyphenyl triflate (1a) and
4-(trifluoromethyl)phenylboronic acid (3a) in the presence of a variety of electrophilic amination reagents as
formal precursors of parent nitrene (“NH”). Using catalysts supported by typical phosphine ligands (such as
RuPhos) (Fig. 1C, entry 2), complete conversion to Suzuki-Miyaura coupling products was observed after 12
hours, with no apparent participation of the amine reagent O-diphenylphosphinyl hydroxylamine (DPPH, 2a).
By contrast, when a -BuBrettPhos-modified Pd catalyst was used under optimized conditions (Fig. 1C, entry
1), the desired aminative coupling product (4a) was obtained in 96% after 12 hours with only trace
Suzuki-Miyaura product (5a). The use of /BuXPhos, a ligand with similar steric properties and scaffold to
-BuBrettPhos, was found to be nearly equally effective (Fig. 1C, entry 3). However, BrettPhos, a ligand
typically used in Buchwald—Hartwig cross-coupling between (het)aryl (pseudo)halides and anilines, could
only catalyze the reaction with diminished yield (70%) (Fig. 1C, entry 4) and selectivity (36% 5a was formed).
Relative to the optimized conditions, decreasing equivalents of 2a and 3a were associated with incomplete
conversion and lower yield of 4a (Fig. 1C, entry 5). A stronger base, such as potassium hydroxide (KOH),
could be used to restore high yield and full conversion, but in polar solvents—such as
N,N'-dimethylformamide (DMF), acetonitrile (MeCN), and 2-methyltetrahydrofuran (2-MeTHF) (Fig. 1C,
entry 6)—triflate decomposition to phenol was a competing side reaction. Other ambiphilic aminating agents
such as 2d (Fig. 1C, entry 7), which have been previously reported to effect amination of aryl boronic acids,
were effective in this context. Instead of boronic acid 3a, its pinacol ester displayed equally efficient

reactivity provided that KOH was used as the base (Fig. 1C, entry 8).

<HIE>

Applications and extensions

<HAE >

Late-stage modification of Loratidine and Fenofibrate provided 4al and 4am, respectively, in good yields
(Fig. 2A). These examples illustrate the power of this reaction in providing direct access to new drug
candidates without introducing additional operations or intermediates on all stages of drug synthesis.

Formal nitrogen insertion into cross-coupling reactions is a concept readily generalizable beyond the



Suzuki-Miyaura couplings shown above. For example, by tandem insertion of NH and a carbonyl (C=0)
group, Suzuki-Miyaura coupling partners can be used to make amides as an alternative to traditional
amide-bond formation, which is one of the most frequently used reactions in medicinal chemistry. As an
example, 1w and 3b were coupled in the presence of 2a and iron pentacarbonyl [Fe(CO)s] as the carbonyl

source to produce 6ao in good yield (55%) (Fig. 2B).
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B B o 4-Component 0
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3 F F.C
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Fig. 2. Applications of aminative Suzuki-Miyaura coupling.

(A) Late-stage modification of ArCl-containing drugs. (B) Four-component coupling involving sequential NH
and CO insertion. “}” indicates [Pd] (2 mol %), ~-BuBrettPhos (1 mol %), 2a (1.1 equiv), ArB(OH): (1.2
equiv), KOH (3.0 equiv), MeCN (0.2 M), 80°C. “§” indicates [Pd] (2 mol %), DPPF (0.6 equiv), DBU (3.0
equiv), MeCN (0.2 M), 80°C.

<HIRES

Mechanistic insights

A plausible pathway for initiall C-N bond formation to take place from the aryl electrophile (Fig. 3,
mechanism I, “electrophile-first™) could involve a 1,2-shift of the aryl ligand from Pd(1I) to a coordinated and
deprotonated 2a, which generates the amido complex LPd(NHAr)OPOPh,. This process resembles that
proposed by Knochel and coworkers for the electrophilic amination of organozinc reagents with organic
azides. The resulting Pd(IT) phosphinate can undergo transmetallation with a boronic acid and reductive
elimination to afford the desired product. The idea that amination of the aryl electrophile might precede C-N
bond formation with the aryl nucleophile is consistent with observation of aniline derived from the former in

some cases.

>

During the course of our studies, it became clear that initial C—N bond formation from the aryl nucleophile
side could also be viable (Fig. 3, mechanism 11, “nucleophile-first”). Electrophilic amination of boronic acids
by reagents such as 2d has been reported, although such transformations are typically limited to electron-rich

substrates, and many reagents competent for this process are not effective in our three-component coupling.
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Fig. 3. Proposed mechanisms.

Under our optimized conditions, for some substrate combinations, Pd-independent formation of aniline from

arylboron can occur.

CHIRES

Work continues in our laboratory to achieve a more detailed characterization of available pathways and to
elucidate the effect of substrate structure on which of the nucleophile-first or electrophile-first mechanisms is
preferred. However, at this point, our studies have definitively established the possibility of forming insertive
cross-coupling products through either order of events. Looking forward, we argue that this mechanistic
flexibility portends favorably for the extension of the aminative cross-coupling concept to diverse classes of

both nucleophiles and electrophiles.

(HHER)
Authors: Polpum Onnuch ef al.
Source: Science, Vol. 383, 1019-1024 (2024)  (—#&hkZr)
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A daunting problem

The body’s proteins execute a plethora of vital roles inside cells. Their diverse capabilities are intimately
linked to the forms that they take after they fold from linear amino-acid chains into three dimensions. Insights
into structure can illuminate function and unlock biological mysteries.

More than 60 years ago, the late Christian Anfinsen (National Institutes of Health) showed that an unfurled
protein could regain its shape unaided and concluded that its amino-acid sequence encodes its final
organization. As a nascent chain configures itself, it cannot try every possibility: Sampling all arrangements
would take longer than the age of the universe, even for a modest-sized protein. Yet inside cells, folding can
occur within milliseconds, so nature somehow deciphers the problem. In theory, at least, scientists could
discern the guidelines that steer amino-acid chains into correct conformations.

Using multiple approaches, hordes of investigators forged tactics that they hoped would capture this
information well enough to mold a protein’s architecture from its sequence. They attempted to express
physical interactions in energy equations and looked toward X-ray crystallography and, eventually, other
methods to produce templates that could serve as blueprints for related proteins. They also combined
knowledge about the chemical proclivities of specific amino acids—whether they carry a charge, for

instance—with their location along a chain to gain hints about a protein’s structural features.

<HIE>

Bringing Al into the fold

By 2018 and the 13" CASP competition, scientists had introduced machine learning into their prediction
schemes. In contrast to traditional Al approaches that rely on pre-conceived logic, machine-leaming systems
discover patterns for themselves from data. By making machine learning the central component of their
protein-structure prediction network, Hassabis and Jumper’s team won CASP13 with a hefty lead in accuracy
over the runner-up and almost a 50% improvement since the best of CASP12. Despite this success, the
DeepMind researchers were unsatisfied: They wanted a tool that experimentalists would find useful, with
errors of less than one angstrom, the size of an atom.

Hassabis, Jumper, and the AlphaFold team started over and brainstormed intensively. They added
geometric and genetic concepts, and they integrated established wisdom about proteins. Atoms have
characteristic radii, for instance, and bonds have characteristic angles. The group aimed to include these
factors in such a way that they didn’t interfere with the system’s power to learn for itself.

The researchers devised ways to extract maximal information from limited experimental data, and they
deployed strategies that force AlphaFold2 to learn efficiently. They allowed the network to adjust calculations
anywhere in its process—all the way back to the beginning—as it toils. This innovation avoided a previous
pitfall of locking in early errors. Throughout, the system iteratively hones its developing structural model by
re-feeding itself tentative solutions.

Hassabis, Jumper, and colleagues also discarded principles that had guided traditional algorithms. For



example, they ignored linear proximity in favor of three-dimensional relationships, as amino acids that li

hundreds of subunits away can reside together in a folded protein. Moreover, the team boosted the importance

of physical closeness by inventing a mechanism that pays special attention to amino acids that are in contact.
No single element was decisive on its own; rather, many ingenious new ideas combined to achieve a

breakthrough performance.
CHIRES

Rigorous training
To train the system, Hassabis and Jumper’s team used the PDB’s experimentally established structures.
AlphaFold2 repeatedly compared its proposals to the real answer and gradually nudged its solutions closer to
reality. By repeating this process on every member of the training set, the algorithm absorbed principles of
protein structure.

The researchers exploited tricks that pushed the network to leamn better. For instance, they hid amino acids

in the MSA and asked it to fill in the gaps. ,In this way, they demanded that the system master rules of

evolutionary relationships. They also recursively supplied outputs from any given step, which provided many
opportunities for AlphaFold2 to reconsider and refine.

AlphaFold2 also computed how much to trust its predictions, and these confidence ratings allowed the
researchers to squeeze more information from the available data and thus, to enhance its performance. After
they fed it the roughly 140,000 PDB sequences, they ran another set whose structures had not been solved.
From the predictions, they plucked the most reliable 350,000 sequence/structure pairs and trained the system

on those data as if they had been experimentally verified.

Retooling protein science

In 2020, AlphaFold2 soared past the competition in CASP14. Its predictions were accurate to atomic precision
and it generated excellent results in minutes even for proteins that lacked a template. This was the first
approach that could construct high-resolution predictions in cases where no similar structure is known.

In July 2021, Hassabis and Jumper published their method as well as structure predictions of almost every
human protein. In only two years, their manuscript’s impact has vaulted over almost all of the 100,000
research articles that have been published in Narure since 1900. It ranks 50", having been cited in more than
7000 papers from top journals.

In collaboration with the European Molecular Biology Laboratory’s European Bioinformatics Institute,
Hassabis and Jumper have shared the program and the database with the scientific community, and more than
a million investigators have used these resources. The DeepMind team has since expanded its catalog to
almost every known protein in organisms whose genomes have been sequenced. Listings include proteomes of,
for instance, viruses that pose epidemic threats and the World Health Organization’s high-priority pathogens.

The technology has already made a dramatic impact in myriad biomedical spheres and beyond. It helped

researchers fill holes in their visualization of the nuclear pore complex, an enormous and complicated



molecular machine that controls transport into and out of the nucleus. Scientists used the tool to analyze a
bacterial syringe that shoots molecules into insect cells. By applying understandings that AlphaFold2 revealed,
the investigators reengineered the protein to target human cells, opening a new avenue toward medication
delivery and gene therapy. Academic laboratories and companies are hamessing AlphaFold2 to develop
vaccines, design drugs, craft enzymes that chew up pollutants, and much more. The prospects are endless.

(Z}Bv letting their imaginations and talents fly, Hassabis, Jumper, and their team completed a quest that had

flummoxed scientists for half a century. This triumph has launched a new era in studying and manipulating

proteins. It has already catalyzed substantial advances, and its impact and reach promise to explode as workers
in a vast range of fields dream up new ways to mine its potential.
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Fig. 1. Predicting success.

Beginning in 1957, when John Kendrew first determined the three-dimensional shape of a protein, scientists
have made slow and steady progress on solving protein structures by experimental means. In the last several
years, machine learning has catapulted the protein-structure field into a new realm. By 2022, a year after the
DeepMind team introduced AlphaFold2, the group had generated predicted structures for almost all known
proteins—approximately 200 million of them—an increase of three orders of magnitude over the total number
of experimentally solved structures.

(Hid)
Author: Evelyn Strauss
Source: AlphaFold—for predicting protein structures, 2023 Albert Lasker Basic Medical Research Award,

https://laskerfoundation.org/winners/alphafold-a-technology-for-predicting-protein-structures/ (—#fitZ)



EH 2
203 D AT B
(i g0)

Authors: Janet M. Thomton, Roman A. Laskowski and Neera Borkakoti
Source: Nature Medicine Vol. 27, 1666-1671 (2021) (—#B2Z%)





