Modular synthesis of 1,2-azaborines via ring-opening BN-isostere benzannulation
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1,2-Azaborines represent a unique class of benzene isosteres that holds great potential for various
applications. However, it remains a long-standing challenge to prepare monocyclic 1,2-azaborines
in an efficient and modular manner. Here we report a straightforward method to directly access
diverse multi-substituted 1,2-azaborines from readily available cyclopropyl imines/ketones and
dibromoboranes under relatively mild conditions. The reaction is scalable, shows a broad substrate
scope, and tolerates a range of functional groups. The utility of this method is demonstrated in the
concise syntheses of BN isosteres of a PD-1/PD-L1 inhibitor and pyrethroid insecticide bifenthrin.
Combined experimental and computational mechanistic studies suggest that the reaction pathway
involves boron-mediated cyclopropane ring-opening and base-mediated elimination, followed by an
unusual low-barrier 6n-electrocyclization accelerated by the BN/CC isomerism.

Due to the prevalence of arenes in small-molecule drugs, incorporating arene isosteres or bioisosteres has
become an emerging strategy in medicinal chemistry for identifying candidates of enhanced performance
without substantially altering structures of lead compounds®. 1,2-Azaborines, a class of boron-nitrogen
heterocycles with substantial aromaticity, are viewed as unique BN-isosteres of benzene (Fig. 1A) 23458,
They are generally more polar than benzene, leading to more localized electron distributions and better
aqueous solubility’. Comparing to the original carbonaceous compounds, improved biological activity and
bioavailability have been observed with their 1,2-azaborine analogues 8910111213 For example, shown in
a 2017 report by Liu, the replacement of a phenyl group with a simple 1,2-azaborine moiety in a CDK2
inhibitor led to 2-4-fold increase of efficacy’. Similarly, Janssen Pharmaceuticals disclosed systematic in
vitro and in vivo profiling of 1,2-azaborine analogues of several drug candidates, in which comparable or
even better biological activity and ADMET (absorption, distribution, metabolism, excretion and toxicity)
properties have been observed*. These studies further suggest that 1,2-azaborines are stable under
physiological, mildly basic, or oxidative conditions, serving as viable pharmacophores™®.
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Fig. 1 | Synthetic methods to access 1,2-azaborines. a. [sosterism between benzene and 1,2-azaborine as well as their
applications in medicinal chemistry. b. Representative syntheses of monocyclic 1,2-azaborines. TMS, trimethylsilyl. ¢. This
work: a two-step or one-pot modular synthesis of multi-substituted 1,2-azaborines from simple building blocks. DBU, 1,8-

diazabicyclo[5.4.0Jundec-7-ene.

Despite the great promise of using 1,2-azaborines as arene bioisosteres in drug discovery, only a
limited number of bioactive BN-analogues have been reported to date, because it is still not a trivial task
to access multi-substituted 1,2-azaborines>®. In particular, unlike those in a fused polyaromatic system>*,
preparation of monocyclic 1,2-azaborines remains a substantial challenge®. The state-of-art synthesis
employed allyl Molander salt and allyl amine as substrates to access B-alkoxy-1,2-azaborines in 25% yield
over four steps, featured by a ring-closing metathesis with Schrock’s catalyst and a Pd-catalyzed
dehydrogenative aromatization (Fig. 1b)*®. While this represents a remarkable improvement from the prior
approaches'’-18:1% extension of this strategy to directly prepare C-substituted 1,2-azaborines has been
elusive. For instance, synthesis of C6-substituted 1,2-azaborines required an overall six-step sequence?.
Alternatively, Braunschweig et al. disclosed a distinct approach to access poly-substituted 1,2-azaborines
through either insertion of a nitrene into boroles (generated from a divinyl lithium intermediate)?* or via
a Rh-catalyzed/mediated cyclization between iminoboranes and alkynes??%3; these reactions show limited
scopes with moderate yield. To harness the full potential of the BN/CC isomerism for medicinal chemistry
research, we recognized that it would be necessary to conceive of a more direct BN-benzannulation

strategy to access monocyclic 1,2-azaborines. Ideally, this strategy can 1) use easily accessible substrates,



2) operate under mild conditions, 3) tolerate a broad range of functional groups, 4) give good overall yield,
5) avoid expensive noble metals, 6) be easily scalable, and 7) be modular to access multi-substituted 1,2-
azaborines with diverse structures in a straightforward manner. Here, we describe the development of a
general 1,2-azaborine-synthesis method that meets all the above criteria (Fig. 1c).

Results and discussion

Reaction discovery and optimization. From the outset, we questioned whether 1,2-azaborines could be
synthesized from readily available cyclopropyl imines and a boron electrophile via a “ring-opening-then-
rebound” strategy ?* . It was initially hypothesized that a tandem boron-mediated C—C bond
cleavage®/reductive C—B bond formation should generate the six-membered BN-heterocycle, which then
gives the 1,2-azaborines after oxidative aromatization (Fig. 2a). While this proposal was indeed feasible
(for details, see Supplementary Fig. S1), to our surprise, a more straightforward and redox-neutral method
to prepare 1,2-azaborines was realized simply by treating the ring-opened intermediate with a base in a
one-pot manner (Fig. 2b). For example, when cyclopropyl phenyl imine 1a was employed as the model
substrate, its reaction with (o-tolyl)BBr> 2a in the presence of 10 mol% ZnBr» at 60 °C for 4 h, followed
by in situ addition of DBU, gave the desired 1,2-azaborine 3a in 84% yield. This protocol avoids oxidation
and reduction and is easy to operate. The role of the Lewis acid was likely to activate the
imine/dibromoborane adduct in order to promote the cyclopropane ring-opening. Among various Lewis
acids examined, ZnBr; proved to be optimal (Fig. 2b). While Zn(OTf), and BF3 also offered good yield,
other Lewis acids were less efficient. On the other hand, DBU was found to be the most suitable base; in
contrast, weaker amines or inorganic bases were not effective for this transformation (for details, see
Supplementary Information).
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Substrate scope and synthetic applications. Given that (a) cyclopropyl imines/ketones are readily
accessible from the corresponding carboxylic acid derivatives and (b) dibromoboranes can be in situ
generated from BBr3; and silanes, the scope of the reaction appears to be quite broad (Fig. 3). First, diverse
anilines can efficiently condense with cyclopropyl ketones, which all generated the desired 1,2,6-
trisubstituted 1,2-azaborines in good yields. The reaction temperature was increased to 80 °C for some
challenging substrates to enhance the overall efficiency. In addition, alkylamine-derived products can also
be produced efficiently (3p-3y and 3aw). Moreover, both aryl and alkyl-substituted dibromoboranes,
including the one derived from a-pinene (3aq), were suitable coupling partners. Notably, a B-silylmethyl
1,2-azaborine (3a0) was effectively obtained and the silyl group could serve as a handle for further
functionalization. Furthermore, various C6-substitutents, including aryl, alkenyl, and alkyl groups, can be
installed. It is noteworthy that the 1,2-azaborine with alkyl substituents at both C6 and N1 positions (3am)
can be obtained. Finally, complex substrates derived from drug molecules, e.g., benzocaine, dapsone,
ibuprofen and naproxen, as well as natural products (/ithocholic acid and leelamine) smoothly underwent
the BN-isostere benzannulation reaction to deliver the desired products 3ar-3aw in moderate to good
yields. It is attractive that a range of functional groups were tolerated with this method. In particular,
moieties reactive under various transition-metal catalysis conditions, such as halogens (-F, -Cl, -Br and -
I, 3a-3f) and pinacol boronate (30), remained intact. Electrophilic groups, such as esters (31 and 3ar),
amide (3al), and sulfones (3as), as well as Lewis basic groups, such as ethers (3i, 3n, 3v and 3ab), tertiary
amines (3j and 3am) and silyl ethers (3au), were also compatible.

Interestingly, apart from simple cyclopropyl, B-phenyl-substituted cyclopropyl imines were also
competent substrates (Fig. 4a), delivering 1,2,3,6-tetrasubstituted azaborines 3ax or 3ay in moderate yield
with complete selectivity of cleaving the more substituted C—C bond. Both the trans and cis isomers of
the substrate (1ax) gave the same product (3ax) in comparable yield, suggesting that the reactivity is not
significantly affected by the cyclopropane stereochemistry. The relatively low yield was likely due to the
steric hindrance of the B-phenyl group during the annulation process. The structure of 3ay was further
confirmed by X-ray crystallography. Note that synthesis of 1,2,3,6-tetrasubstituted azaborines has been
very rare>® 2% Alternatively, such compounds can be prepared more efficiently via site-selective
bromination of trisubstituted azaborine 3b followed by cross couplings to introduce various functional
groups at the C3 position (Fig. 4b)>%27282° To show the synthetic utility of this method, first a BN isostere
of a PD-1/PD-L1 inhibitor® was synthesized (Fig. 4c). Starting from imine laz (prepared from the
corresponding commercially available ketone and methylamine), the benzannulation with PhBBr;
provided the 1,2-azaborine intermediate (3az), which then underwent a Pd-catalyzed formylation® and
reductive amination to deliver the target BN isostere analogue 7. Compound 7 is stable to air and moisture
and can be purified via silica gel chromatography. In addition, 1,2-azaborine 3p can be converted to a BN
isostere (8) of an insecticide bifenthrin? via a boryl diazo intermediate®® (3p-CN2) in a four-step sequence
(Fig. 4d). Note that the aryl group on the boron can be easily converted to a more reactive alkoxy group
that can be further transformed to other moieties®*. Bio-evaluation and pharmacological profiling of these
BN-isostere analogues will be carried out in the future. Moreover, a one-pot protocol of preparing 1,2-
azaborine 3a directly from commercially available cyclopropyl phenyl ketone was realized in good
efficiency (Fig. 4e). Finally, the synthesis of 1,2-azaborine 3n is readily scalable; good yield can be
retained in a gram-scale reaction (Fig. 4f).
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scale reaction gave good yield.

Mechanistic Studies. To gain some insights into the reaction mechanism, efforts were first put forth to
isolate the intermediates from different reaction stages. After imine 1a reacted with (o-tolyl)BBr; 2a in
the presence of ZnBr: (without adding DBU), the proposed dibromo intermediate 4a after the C—C
cleavage was formed in high yield based on NMR analysis. While 4a was not isolatable, the corresponding
hydrolysis product 4a’ can be purified and fully characterized (Fig. 5a), which suggests intermediacy of
such an alkyl bromide in the ring-opening stage. This observation is consistent to a Lewis acid-promoted
ring-opening pathway for cyclopropyl imines3® and our prior understanding of the bromide anion
abstraction/ring-opening process in the ArBBr2/ZnBr; system (Fig. 5d)**. When imine 11 was used as the
substrate, shortening the DBU treatment time to 1 h led to isolation of a diene intermediate (51’) in 75%
yield along with 8% 1,2-azaborine product 31 (Fig. 5b); in contrast, when the reaction was allowed to stir
for 24 h after the addition of DBU, 51’ almost fully disappeared and was converted to 1,2-azaborine 31.
This observation indicates that a diene intermediate, generated via a base-mediated elimination of HBr, is
likely involved in the cyclization stage®3"-3, As a control experiment, the use of homoallylamine 1ba



(mono alkene) as the substrate did not yield any cyclized product under the standard conditions, implying
the important role of such a conjugate diene structure in the C—B bond-forming stage (Fig. 5c¢).
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Fig. 5 | Preliminary mechanistic studies. a. The ring-opening intermediate before the addition of DBU is identified. b. The
reaction intermediate in the base-mediated cyclization step is identified. ¢. A control experiment shows the importance of the
diene structure in the cyclization stage. d. Proposed mechanism and the energy of the 6m-electrocyclization pathway to form
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To understand how 1,2-azaborine is generated from the putative diene intermediate, density functional
theory (DFT) calculations were conducted, which support an unusual 6zn-electrocyclization mechanism
(Fig. 5d). The diene intermediate is an isostere of 1,3,5-trienes that are known to undergo 6m-
electrocyclization; however, 6m-electrocyclization of unactivated trienes bearing two terminal substituents



suffers from relatively low reactivity®®°. For example, the reaction of triene 11, the CC isostere of the
BN-diene intermediate (9), requires a relatively high activation free energy of 34.9 kcal/mol (Fig. 5e). By
contrast, our calculations indicated that diene 9 undergoes a much more facile 6zm-electrocyclization via
TS1 to form cyclic N-borylated iminium 10, which upon DBU-mediated elimination of HBr forms
azaborine 3g’. The 6m-electrocyclization requires a low activation free energy of 20.8 kcal/mol with
respect to the s-trans conformer of 9, which is consistent with the mild reaction conditions observed for
the 1,2-azaborine formation. The reactivity of diene 9 is promoted by the polarization of the B-N bond*'4?
as well as the smaller torsional strain to rotate the B-N bond, compared to the rotation of C=C double
bond in 1,3,5-trienes, e.g., 11 (Fig. 5e). In TS1, the B-N bond is rotated to a more non-planar geometry,
evidenced by the larger dihedral angle of 8(C1-N-B—Br) (—=52.2°); for comparison, the corresponding
dihedral angle of O(C3—C2—C1-Br) (—31.5°) in the 6m-electrocyclization transition state of triene 11 is
much smaller. The non-planar geometry of the B-N terminus leads to attractive interactions of the
electron-rich dienamine moiety with the vacant B orbital on the borane terminus, as well as reduces the
steric repulsions between these two termini in the boat-like transition state (Fig. 5e). Notwithstanding the
greater rotation, a smaller torsional energy is required to distort the B-N bond in 9 to the corresponding
transition state geometry compared to the rotation of the terminal C=C bond in 11 (AEiorsion = 8.8 and 11.4
kcal/mol for 9 and 11, respectively). As a result, the 6n-electrocyclization of diene 9 requires a much lower
activation free energy than the corresponding reaction with triene 11 (AAG* = 14.1 kcal/mol).

It is also remarkable that the 6m-electrocyclization can occur through either dis- or conrotatory
transition states (TS1 and TS2, respectively, Fig. 5f) that have comparable activation free energies. To the
best of our knowledge, there has been no known 6m-electrocyclization that allows both dis- and
conrotatory pathways. This finding appears to contradict the Woodward—Hoftmann rules, which predict
that for 6m-electrocyclizations the disrotatory transition state barrier should be significantly lower than the
barrier for the conrotatory transition state*>. However, the alteration of the nodal properties of the HOMO
shown in Fig. 5g and S6 indicate that the high polarization of this system eliminates the differences
between allowed and forbidden processes, as discussed recently in detail for model systems**. The
polarization of B-N bond changes the nodal properties of the m-system in 9. The diminished orbital
coefficient on the terminal boron atom of the HOMO of s-cis-9 essentially reduces the preference for the
allowed disrotatory (TS1) versus the forbidden conrotatory (TS2) electrocyclization. In a normal
hydrocarbon triene, the orbital overlap between the termini is favorable for the allowed disrotatory process
and unfavorable for the forbidden conrotatory process; when one terminal coefficient, i.e., the one of the
boron, is nearly zero, as shown in the current system, there is no preference.

Conclusions

In summary, we have developed a general, modular, and straightforward method to access diverse
multi-substituted monocyclic 1,2-azaborines from readily available staring materials. Owing to the
relatively mild conditions, the reaction exhibits a broad substrate scope and good functional group
compatibility. This method is expected to greatly simplify syntheses of diverse BN-isostere analogues and
to be readily adoptable in medicinal chemistry. The mechanistic insights gained here should have broad
implications on boron-mediated electrocyclization for preparing other boron-containing heterocycles.
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Methods

General procedure for monocyclic 1,2-azaborine synthesis. An oven-dried 4 mL vial was charged with imine 1 (0.2
mmol, 1 equiv) and ZnBr; (4.5 mg, 0.02 mmol, 10 mol%) in a nitrogen-filled glovebox. Dry chlorobenzene (1 mL) was
then added. After dibromoborane 2 (0.22 mmol, 1.1 equiv) was added, the vial was tightly sealed and stirred on a pie-
block preheated to 60 °C or 80 °C under nitrogen for 4 h. 1,8-Diazabicyclo(5.4.0)undec-7-ene (DBU, 90 pL, 0.6 mmol, 3

equiv) was then added and the reaction mixture was stirred at the same temperature for 24 h. After cooling to room



temperature, the reaction mixture was filtered through a pad of Celite, washed with ethyl acetate and concentrated to
dryness in vacuo. The crude product was subjected to flash column chromatography to give 1,2-azaborine 3.
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