Article

Aradical approachfortheselective C-H

borylation of azines

https://doi.org/10.1038/s41586-021-03637-6

! 153
Received: 2 January 2021 Daniele Leonori

Accepted: 12 May 2021

Ji Hye Kim', Timothée Constantin', Marco Simonetti', Josep Llaveria?, Nadeem S. Sheikh® &

Published online: 20 May 2021

M Check for updates

Boron functional groups are often introduced in place of aromatic carbon-hydrogen
bonds to expedite small-molecule diversification through coupling of molecular
fragments'>. Current approaches based on transition-metal-catalysed activation of

carbon-hydrogen bonds are effective for the borylation of many (hetero)aromatic
derivatives** but show narrow applicability to azines (nitrogen-containing aromatic
heterocycles), which are key components of many pharmaceutical and agrochemical
products®. Here we report an azine borylation strategy using stable and inexpensive
amine-borane’ reagents. Photocatalysis converts these low-molecular-weight
materials into highly reactive boryl radicals® that undergo efficient addition to azine
building blocks. This reactivity provides amechanistically alternative tactic for sp*
carbon-boronbond assembly, where the elementary steps of transition-metal-mediated
carbon-hydrogen bond activation and reductive elimination from azine-
organometallicintermediates are replaced by a direct, Minisci’-style, radical addition.
The strongly nucleophilic character of the amine-boryl radicals enables predictable
and site-selective carbon-boron bond formation by targeting the azine’s most
activated position, including the challenging sites adjacent to the basic nitrogen
atom. This approach enables access to aromatic sites that elude current strategies
based on carbon-hydrogen bond activation, and has led to borylated materials that
would otherwise be difficult to prepare. We have applied this process to the
introduction of amine-borane functionalities to complex and industrially relevant
products. The diversification of the borylated azine products by mainstream
cross-coupling technologies establishes aromatic amino-boranes as a powerful class
of building blocks for chemical synthesis.

Borylated aromatics are fundamental building blocks in synthetic
chemistry’. They are the coupling partners in Suzuki-Miyaura
cross-coupling® and also serve as substrates in a variety of other
processes like oxidation, Chan-Lam coupling®, fluorination? and
homologation®.

Historically, these materials have been prepared by aromatic halo-
genation followed by Grignard formation or Pd-catalysed Miyaura
borylation™. A substantial advance in the field has come with the devel-
opment of methods for direct arene borylation through C-Hactivation
using Ir/Rh-catalysts and B,(pin),/HB(pin) reagents (pin is pinacol)*>.
These methods are now widely adopted in both academiaand industry
because they obviate the need for aromatic pre-functionalization. How-
ever, while C-Hborylation of many aromatic derivativesis ageneralized
strategy, applicationto azines (N-heteroaromatics constituting the core
of many drugs and agrochemicals®?) is less established, often unselec-
tive and limited to a small subset of systems'®. These methodologies
functionalize C-H bonds distal from the Lewis-basic azine nitrogen
atoms because targeting of the proximal sites requires higher-energy
pathways and, crucially, leads to products that are unstable under the

reaction conditions®. This effectively hampers application for chemical
space exploration, especially considering that a-N-functionalization is
the most frequent substitution patterninbio-active azines”. Asaresult,
multi-step strategies are often the only viable synthetic option to access
these high-value materials. However, many of these borylated azines,
including C2-substituted pyridines and quinolines, are chemically
unstable and undergo fast protodeboronation, whichimpedes their
application in fragment coupling®. Among the C2-borylated azines,
MIDA-boronates (MIDA is methyliminodiacetic acid) are chemically
stable but their preparation is less general®?.

Here we describe an orthogonal strategy for C-Hborylation of azines,
wherethesp? C-Bbonds are assembled by exploiting the reactivity of boryl
radicals. This process uses acommercial and inexpensive amine-borane
reagent and an organic photocatalyst, and enables the preparation of
stable borylated materials that cannot be accessed using mainstream
C-H activation technology and that can be further functionalized.

In approaching the development of an alternative strategy
for azine borylation, we recognized the potential benefits that
would come if boron functionalities could be introduced just like
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Fig.1|Strategiesforazine C-Hborylation. a, C-Hborylation of azinesis
achieved using C-H activation with transition metals. This strategy uses boryl
radicals mirroring the reactivity pattern observed in Minisci alkylations and

alkyl groups via the Minisci reaction®®. Whereas current sp*> C-B

bond-forming strategies utilize boron reagents as either electro-
philes (Grignard and C-H borylation) or nucleophiles (Miyaura
borylation), a ‘Minisci-style’ approach would necessitate the inter-
mediacy of boron-centred radicals?**. These reactive intermediates
areunderrepresented insynthetic chemistry but their engagement
in azine borylation has the potential to target aromatic positions
out of reach of C-H activation. This can be exemplified by looking
at the functionalization of pyridine: while Ir-catalysed protocols
cannot access C2-borylated products and usually lead to mixtures
favouring C3 functionalization>%?*?°, a Minisci-type approach
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should preferentially target the more activated but currently elu-
sive a-N-site (Fig. 1a).

Theidentification of anappropriate borylradical precursoris crucialto
the successful realization of this proposal as three main factors need tobe
simultaneously addressed. (i) The borylating reagent should be astable,
inexpensive and readily available chemical from which radical generation
can occur under mild conditions. (ii) As Minisci reactions benefit from
the use of nucleophilic alkyl radicals®, the boron substitution pattern is
important toensure the generation of an open-shell species withrelated
philicity. (iii) Finally, the borylated azine products need to be chemically
stable while stillamenable to further divergent functionalization.



On considering the above-mentioned aspects, we preferred not to
use the versatile NHC-boranes (NHC is N-heterocyclic carbene)*>*
mostly because the radical delocalization into the NHC ring lowers
their nucleophilic character and this could thwart broad applicability
in Minisci-type chemistry. Instead, we reasoned that the Lewis base
adducts between tertiary amines and BH,, the amine-boranes, would
be ideal reagents for our borylation blueprint. These species are sta-
ble and cost-effective feedstocks of low molecular weight, and are
routinely used as polymer precursors and hydrogen storage mate-
rials”****, Despite the fact that they have found limited applications
in organic synthesis, our attention was drawn by pioneering studies
from Roberts that demonstrated how amine coordination facilitates
borylradical generation by H-atomabstraction (HAT) and renders the
corresponding open-shell species highly nucleophilic®*5-38,

A detailed description of our proposed strategy for the selective
borylation of lepidine 1is outlined in Fig. 1b, and would start with the
visible-light irradiation of a photoredox catalyst (PC) to populate its
long-lived excited state (*PC). As *PC are competent reductants, SET
(single-electron transfer) with a persulfate A should be facile and gener-
ate the corresponding sulfate radical anion B. Roberts demonstrated
that amine-boranes undergo efficient HAT from O-radicals (for exam-
ple, the rate of HAT, k1, for the reaction of Me;N-BH, (2) with t-BuO*
is about 10® at 40 °C)3**8, so we speculated that B would generate
the boryl radical C through a polarity matched HAT process (D) on
2. Boryl Cis a metalloid o-radical of a highly nucleophilic character
(see Supplementary Information for details), hence we postulated
it would undergo site-selective addition to protonated 1?*. This step
would determine the selectivity of the borylation and, in line with the
outcome of standard Minisci alkylations, deliver the C2-functionalized
aminium radical intermediate E. In this way, we would have replaced
reductive elimination from azine-organometallic intermediates
with a simple radical addition as the C-B bond assembling step. The
aminium species E can then lead to the formation of the borylated
N-heteroaromatic 3-H* by deprotonation followed by SET with the
oxidized photocatalyst (PC™) or, alternatively, by direct SET with the
persulfate A (radical chain reactivity)®. In this mechanistic picture, a
stoichiometric Brgnsted acid is required to synergistically: (i) facili-
tate the SET reduction of A; (ii) amplify the electrophilic character of
B, which will translate into a more efficient HAT on 2*; (iii) increase
the electrophilicity of the azine towards Minisci borylation by C; and
(iv) insulate the resulting amine-borane product 3 from unwanted
HAT from B. Indeed, according to our calculation the B-Hbond in 3
is weaker than in 2 but N-protonation provides kinetic stability to the
product, preventing any further HAT event that could lead to decom-
position (see Supplementary Information for details). Regarding the
key C-Bformingstep, itisinteresting to note thatalthoughborylradi-
cal Cisisoelectronic with the neopentyl radical F, its addition to 1-H*
is considerably more facile both thermodynamically and kinetically
(comparethe energy parametersin G and H). We believe that the higher
nucleophilic character of Ccompared to F (calculated using the local
radical electrophilicity index*, w*,.) leads to strong and stabilizing
polar effectsin the transition state for the borylation, whichis further
facilitated by the boryl radical’sreduced steric hindrance (the B-Nbond
in Cis substantially longer thanthe C-CbondinF); see Supplementary
Information for details.

Therealization of this radical C-H borylation strategy was made pos-
sible by using the organic dye 4CzIPN as the photocatalyst, (NH,),S,0gas
the oxidantand TFA as the Brgnsted acid in CH;CN-H,O solventunder
blue lightirradiation at room temperature (Fig. 1c); the details of the
reaction optimizationincluding the control experiments are discussed
inSupplementary Information. Under these conditions,1and 2 gave 3
inhighyield and ona multigram scale. Useful amounts of 3 could also
be obtained in the absence of 4CzIPN, but these conditions could not
be translated to the following substrate scope (see Supplementary
Information for details). The ‘boronate’ nature and high polarity of the

amine-borane functionality rendered 3 a crystalline solid that is stable
under ambient conditions for more than 6 months.

The Lewis-base borane complexes Ph,P-BH, and NHC-BH, have
also beenused in the literature for the formation of boryl radicals®*.
However, their utilization was not successful under our reaction condi-
tions and led to quantitative recovery of 1 (see Supplementary Informa-
tion). We believe this underscores the importance of the Me;N group
in delivering a highly nucleophilic o-boryl radical, which is a crucial
feature that ensures efficient Minisci reactivity.

With an optimized set of conditions in hand, we sought to examine
the range of azines compatible with this borylation strategy (Fig.2).In
tailoring the substrate scope, we collaborated with Janssen Research
and Development to demonstrate applicability onindustrially relevant
building blocks (Fig. 2a).

We began our investigation by testing C4-substituted quinolines
that underwent C2-borylation and demonstrated compatibility with
useful functionalities like chloride (4) and hydroxyl group (5). When
the C2was alkylated (that is, quinaldine), borylation took place at C4,
albeit in lower yield (6). In analogy to Minisci alkylations, borylation
of quinolineresulted in amixture of C2 and C4 products withamarked
preference for the more activated C2 site (7). Phenanthridine, the key
aromatic unit of many DNA stains, underwent C6 functionalizationin
highyieldand complete selectivity (8). Direct C1 borylation of isoqui-
noline and phthalazine is unprecedented but was feasible under our
conditions, as demonstrated by the formation of 9-11, which containa
HAT-activated benzylic position and afree amino group. The reaction
was also effective for the C2 functionalization of quinazolinol (12-14),
anazinefoundinthe core structure of many chemotherapeutic agents
like cediranib.

We next assessed pyridine, which is the most frequent N-
heteroaromatic motifin drugs®and its selective borylation is desir-
able for modular diversification. As C-Hborylation is controlled by
sterics and preferentially target C3'“%¢2%** we were pleased that our
approachenabledaccesstoC2borylated materials15-17.Importantly,
these products are stable during their preparation and displayed
prolonged stability under ambient conditions (several months),
implying that they are much less sensitive towards protodeboryla-
tion than the corresponding boronic acids**. When both C2 and
C6 were alkylated (that is, lutidine), borylation occurred at C4
(18), while a 2:1 mixture of C2/C4 functionalized products was
obtained in the case of a C5 nitrile-containing substrate (19) owing
toenhanced C4 reactivity caused by both inductive and resonance
effects.

Substituted pyridazines were targeted next because they are com-
mon motifs in bioactive molecules but their direct borylation is still
underdeveloped and only one example has been reported by C-H
activation’®. Our Minisci strategy addressed this synthetic gap, as
demonstrated by the selective C4 borylation of several industrially
relevant substrates (20-27). These examples contain a C3 chlorine
that inductively activates its a-position for radical addition and then
enables additional diversification by nucleophilic aromatic substitu-
tion. Compatibility with pyrazole (21), free amino (23), methoxy (24)
and ester (27) functionalities was demonstrated and we successfully
accessed the congested tetra-substituted derivatives 25-27 in good
yields, which would be very challenging by other methods.

The complementarity that this Minisci strategy can offer to main-
stream C-H activation approaches was further shown by evaluating
the borylation of pyrimidines. When a C2 substituent is present, C-H
activation functionalizes C5° while this radical reactivity targeted the
C4 site (28 and 29). In the case of a C4 alkylated substrate, borylation
was diverted to C2 (30), which is also unprecedented.

Next, we questioned whether we could apply the process to complex
annulated azines of industrial interest that have not been borylated
before. We were able to functionalize building blocks based on the
azaindazole (31and 32),imidazo[1,2-b]pyridazine (33) and thieno[3,2-d]
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pyrimidine (34) cores, which are found in the structure of drugs like
riociguat (treatment of pulmonary hypertension), ponatinib (treat-
ment of leukaemia) and olmutinib (anticancer). In all cases, selective
borylation of the electron-poor annulated six-membered ring was
observed.Sofar, benzothiazoleis the only system where functionaliza-
tion of the annulated five-membered ring was possible (35).

Exploring the chemical space around lead structures is desirable
in drug discovery programs so application in late-stage functionali-
zation of complex pharmaceuticals and agrochemicals was pursued
(Fig. 2b). Pleasingly, borylation of (iso)quinoline-based quinoxyfen
(agrochemical), cinchonidine (alkaloid, also gram-scale) and fasudil
(vasodilator) delivered 36-39 in moderate-to-good yields, proving
additional compatibility with benzylic alcohol, tertiary amine, olefin
andsulphonamide functionalities. Voriconazole, astructurally complex
broad-spectrum antifungal agent, underwent selective borylation of its
5-fluoropyrimidine nucleus at C6 (40, also gramscale). Finally, we were
ableto engage the antiviral famciclovir that resulted in Cé6 functionaliza-
tion of its purine core in the presence of labile O-acetate groups (41).

Torealize the full potential of this strategy itis crucial to engage these
borylated azinesin mainstream organoboron chemistry and enable fur-
ther functionalization. Since the reactivity of aromaticamine-boranes
islargely unexplored, achieving this goal would render this borylation
approachan effective gateway to access a variety of high-value materi-
als, while establishing a novel class of stable borylated materials.

Aromatic borylation followed by oxidation is one of the most com-
mon approaches to prepare complex phenols, as direct sp> C-H hydrox-
ylationis mostly limited to enzymatic processes. Asthe amine-borane
products obtained by this methodology are stable ‘boronate’ com-
plexes, they do not display the required Lewis acidity for standard
Brown oxidation by H,0,/NaOH. We found that simple treatment of 6
with oxone* under acidic and aerobic conditions provided the desired
oxidized product42in highyield (Fig.3). This reactivity was extended to
otherborylated azines, as demonstrated by the formation of 43-47. The
synthetic advantages offered by this borylation-oxidation approach
canberealized by considering that there are no methods available for
C2 oxidation of phenanthroline (44) and quinazolinol (46) while C4
oxidation of quinaldine (42)** has been previously done infour chemical
steps. Furthermore, the selectivity displayed by this borylation-oxida-
tion sequence matches the one displayed by the activity of aldehyde
oxidase, an enzyme involved in the metabolism of azine xenobiotics*.
As such, this approach might also have the potential in streamlining
the preparation of azine-based drug metabolites.

Themost prominent use of aromatic organoboronsinsyntheticchem-
istryis their palladium-catalysed Suzuki-Miyaura cross-coupling with
aryl halides**%. However, to the best of our knowledge, amine-borane
derivatives have not been demonstrated to participate inthis reactivity.
Indeed, the strong N-B coordination bond that makes these products
very stable also prevents their hydrolysis to the corresponding boronic
acids, which are generally the reactive intermediates in the coupling
process. Moreover, Lewis base-borane complexes are known hydride
donors able to reduce aryl halides under palladium catalysis*, which
might represent asubstantial competing pathway. Nonetheless, asur-
vey of reaction conditions identified a mild protocol for the coupling
between 6 and p-iodoanisole using Pd(dppf),Cl, as the catalyst at 40 °C
(48); dppfis1,1-bis(diphenylphosphino)ferrocene. The scope of the
process was investigated, showing tolerance of electron-neutral (49)
and electron-poor aryl iodides (50 and 51) as well as a bromide (52).

In order to engage valuable but challenging C2-borylated azines, a
more thorough survey of the reaction conditions was needed to over-
comethe otherwise prevalent protodeborylation (see Supplementary
Information). Pleasingly, translation of Suzuki-Miyaura reactivity on
quinoline 3 proved to be general, and the scope was demonstrated
acrossarange of para- (54-57), meta- (58-60) and ortho- (61, 62) sub-
stituted aryl iodides and bromides of different electronic and steric
properties as well as the Lewis-basic 3-Br-pyridine (63). Other borylated
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azines can be engaged in this Suzuki manifold, asdemonstrated by the
arylation of C4-borylated pyridazine 20 and 2-amino-pyrimidine 29,
which gave 64 and 65 in useful to goodyields. In aventure to establish
the applicability of this Suzuki approach, we sought to explore the
reactivity of complexaryl bromides as well as substrates resulting from
the borylation of complex azines. We were able to apply the standard
arylation conditions to 3-bromo-strychnine (66) and also engage the
borylated quinoxyfen 36 and cinchonidine 37 in moderate to good
yields (67 and 68).

Taken together, these results demonstrate that these amine-borane
reagents are a useful class of heteroaryl boron donors for the modular
assembly of heterobiaryls'® and that, through this novel borylation
technology, they can enable ready access and exploration of chemical
space in the core framework of bio-active materials.

Tofurther demonstrate the utility of these borylated building blocks,
we sought toidentify conditions for applicationin Chan-Lam chemistry
and downstream sp> C-Nand C-0 bond formation'. We started by evalu-
ating thereactivity of 6 with p-toluidine and allylamine using stoichio-
metric Cu(OAc) and obtained proof-of-concept results demonstrating
thataminations atboth C4 (69) and C2 (70) are feasible. Moreover, the
use of these azines in Cham-Lam etherification with allyl alcohol was
very effective, as demonstrated by the high-yielding formation of 71-73
and the successful translation to give the complex azine 74.

The results presented here demonstrate that Minisci reactivity can
bebroadly applied to engage metalloid boryl radicals in sp? C-Bbond
formation. This provides aunique tool for the borylation of high-value
azines withsite selectivity orthogonal to that of current C-H activation
strategies. The chemical stability of the resulting azine amine-borane
products, combined with their ability to undergo oxidation, Suzuki-
Miyaura arylation and Chan-Lam amination and etherification, sug-
gests they can be considered as viable alternative to boronic acids,
esters and trifluoroborates. We expect this chemistry to be relevant
to medicinal chemistry, and that its borylated products will find
broader synthetic application through the development of additional
metal-catalysed processes.
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