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Modular synthesis of 1,2-azaborines via 
ring-opening BN-isostere benzannulation

Hairong Lyu1, Thomas H. Tugwell2, Zhijie Chen1, Garrett A. Kukier3, Aneta Turlik3, 
Yifei Wu1, K. N. Houk    3  , Peng Liu    2   & Guangbin Dong    1 

1,2-Azaborines represent a unique class of benzene isosteres that have 
attracted interest for developing pharmaceuticals with better potency and 
bioavailability. However, it remains a long-standing challenge to prepare 
monocyclic 1,2-azaborines, particularly multi-substituted ones, 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 6π-electrocyclization 
accelerated by the BN/CC isomerism. This method is anticipated to find 
applications for the synthesis of BN-isostere analogues in medicinal 
chemistry, and the mechanistic insights gained here may guide developing 
other boron-mediated electrocyclizations.

As a consequence of the prevalence of arenes in small-molecule drugs, 
incorporating arene isosteres or bioisosteres has become an emerg-
ing strategy in medicinal chemistry for identifying candidates with 
enhanced performance without substantially altering the structures 
of lead compounds1. 1,2-Azaborines, a class of boron–nitrogen (BN) 
heterocycles with substantial aromaticity, are viewed as unique BN 
isosteres of benzene (Fig. 1a)2–6. They are generally more polar than 
benzene, leading to more localized electron distributions and better 
aqueous solubility7. Compared to the original carbonaceous com-
pounds, improved biological activity and bioavailability have been 
observed in the 1,2-azaborine analogues8–13. For example, as shown in a 
2017 report by Liu and colleagues, replacement of a phenyl group with 
a simple 1,2-azaborine moiety in a cyclin-dependent kinase 2 (CDK2) 
inhibitor led to a two- to fourfold increase in efficacy7. Similarly, Janssen 
Pharmaceuticals has disclosed systematic in vitro and in vivo profiling 
of 1,2-azaborine analogues of several drug candidates, with comparable 

or even better biological activity and ADMET (absorption, distribu-
tion, metabolism, excretion and toxicity) properties being observed14. 
These studies further suggest that 1,2-azaborines are stable under 
physiological, mildly basic, or oxidative conditions, serving as viable 
pharmacophores15.

Despite the great promise of using 1,2-azaborines as arene bio-
isosteres in drug discovery, only a limited number of bioactive BN 
analogues have been reported so far, and it is still not a trivial task 
to access multi-substituted 1,2-azaborines2–6. In particular, unlike 
those in a fused a polyaromatic system2,4, preparation of monocy-
clic 1,2-azaborines remains a substantial challenge3. The state-of-art 
synthesis employs 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-catalysed 
dehydrogenative aromatization (Fig. 1b, left)16. Although this is a 
remarkable improvement over earlier approaches17–19, extension of this 

Received: 10 June 2022

Accepted: 8 September 2023

Published online: 2 October 2023

 Check for updates

1Department of Chemistry, University of Chicago, Chicago, IL, USA. 2Department of Chemistry, University of Pittsburgh, Pittsburgh, PA, USA. 3Department of 
Chemistry and Biochemistry, University of California, Los Angeles, CA, USA.  e-mail: houk@chem.ucla.edu; pengliu@pitt.edu; gbdong@uchicago.edu

http://www.nature.com/naturechemistry
https://doi.org/10.1038/s41557-023-01343-6
http://orcid.org/0000-0002-8387-5261
http://orcid.org/0000-0002-8188-632X
http://orcid.org/0000-0003-1331-6015
http://crossmark.crossref.org/dialog/?doi=10.1038/s41557-023-01343-6&domain=pdf
mailto:houk@chem.ucla.edu
mailto:pengliu@pitt.edu
mailto:gbdong@uchicago.edu


Nature Chemistry | Volume 16 | February 2024 | 269–276 270

Article https://doi.org/10.1038/s41557-023-01343-6

Results and discussion
Reaction discovery and optimization
From the outset, we questioned whether 1,2-azaborines could be syn-
thesized from readily available cyclopropyl imines and a boron elec-
trophile via a ‘ring-opening-then-rebound’ strategy24. It was initially 
hypothesized that a tandem boron-mediated C−C bond cleavage25/
reductive C−B bond formation should generate the six-membered 
BN-heterocycle, which then gives the 1,2-azaborines after oxidative 
aromatization (Fig. 2a). Although this proposal was indeed feasible 
(details are provided in Supplementary Fig. 1), 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)BBr2 2a in the presence of 10 mol% ZnBr2 at 60 °C for 4 h, 
followed by in situ addition of 1,8-diazabicyclo[5.4.0]undec-7-ene 
(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 so 

strategy to directly prepare C-substituted 1,2-azaborines has been elu-
sive. For example, synthesis of C6-substituted 1,2-azaborines required 
an overall six-step sequence20. Alternatively, Braunschweig et al. dis-
closed a distinct approach to access poly-substituted 1,2-azaborines 
through either insertion of a nitrene into boroles (generated from 
a divinyl lithium intermediate; Fig. 1b, right)21 or via a Rh-catalysed/
mediated cyclization between iminoboranes and alkynes22,23. These 
reactions show limited scopes with moderate yields. 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. In this Article we describe the development 
of a general 1,2-azaborine-synthesis method that meets all the above  
criteria (Fig. 1c).
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Fig. 1 | Synthetic methods to access 1,2-azaborines. a, Isosterism between 
benzene and 1,2-azaborine and their applications in medicinal chemistry. 
Improved biological activity and efficacies have been observed in the 
1,2-azaborine analogues. IC50, half-maximum inhibitory concentration;  
pIC50, −log(IC50). b, Representative syntheses of monocyclic 1,2-azaborines. 
Left, B-alkoxy-1,2-azaborines are prepared from the reaction of allyl Molander 
salt and allyl amine, followed by ring-closing metathesis and dehydrogenative 

aromatization. Extension of this strategy to access C-substituted 1,2-azaborines 
is challenging. Right, poly-substituted 1,2-azaborines can be prepared from 
boroles, in which a divinyl lithium intermediate is involved. TMS, trimethylsilyl. 
c, This work: a two-step or one-pot modular synthesis of multi-substituted 
1,2-azaborines from simple building blocks. DBU, 1,8-diazabicyclo[5.4.0] 
undec-7-ene.
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as to promote the cyclopropane ring-opening. Among the various 
Lewis acids examined, ZnBr2 proved to be optimal (Fig. 2b). Although 
Zn(OTf)2 and BF3 also offered good yields, other Lewis acids were less 
efficient. DBU was found to be the most suitable base. Weaker amines 
or inorganic bases were not effective for this transformation (details 
are provided in Supplementary Table 1).

Substrate scope and synthetic applications
Given that (1) cyclopropyl imines/ketones are readily accessible from 
the corresponding carboxylic-acid derivatives and (2) dibromobo-
ranes can be in situ-generated from BBr3 and silanes, the scope of 
the reaction appears to be quite broad (Table 1). First, diverse ani-
lines can efficiently condense with cyclopropyl ketones, and they 
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). Both aryl- and alkyl-substituted dibromoboranes, including 
the one derived from α-pinene (3aq), were suitable coupling partners. 
Notably, a B-silylmethyl 1,2-azaborine (3ao) 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 1,2-azaborine with alkyl 
substituents at both C6 and N1 positions (3am) can be obtained. Finally, 
complex substrates derived from drug molecules, such as benzocaine, 
dapsone, ibuprofen and naproxen, as well as natural products such as 
lithocholic 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 (3o), remained intact. Electro-
philic groups, such as esters (3l 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, β-phenyl-substituted 
cyclopropyl imines were also competent substrates (Fig. 3a), 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 substan-
tially affected by the cyclopropane stereochemistry. The relatively low 
yield was probably due to steric hindrance of the β-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 rare2–6,26. 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. 3b)26–29. To show the 
synthetic utility of this method, a BN isostere of a PD-1/PD-L1 inhibitor30 
was first synthesized (Fig. 3c). Starting from imine 1az (prepared from 
the corresponding commercially available ketone and methylamine), 
the benzannulation with PhBBr2 provided the 1,2-azaborine interme-
diate (3az), which then underwent a Pd-catalysed formylation31 and 
reductive amination to deliver the target BN isostere analogue 7. Com-
pound 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 the insecticide bifenthrin32 via a boryl diazo intermedi-
ate33 (3p-CN2) in a four-step sequence (Fig. 3d). 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 moieties34. 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. 3e). Finally, the 
synthesis of 1,2-azaborine 3n is readily scalable; good yield can be 
retained in a gram-scale reaction (Fig. 3f).

Mechanistic studies
To gain some insights into the reaction mechanism, efforts were first 
made to isolate the intermediates from different reaction stages. After 
imine 1a reacted with (o-tolyl)BBr2 2a in the presence of ZnBr2 (without 
adding DBU), the proposed dibromo intermediate 4a after the C−C 
cleavage was formed in high yield based on NMR analysis. Although 4a 
was not isolatable, the corresponding hydrolysis product 4a′ can be 
purified and fully characterized (Fig. 4a), which suggests intermediacy 
of such an alkyl bromide in the ring-opening stage. This observation 
is consistent with a Lewis acid-promoted ring-opening pathway for 
cyclopropyl imines35 and our previous understanding of the bromide 
anion abstraction/ring-opening process in the ArBBr2/ZnBr2 system 
(Fig. 4d)24. When imine 1l was used as the substrate, shortening the 
DBU treatment time to 1 h led to isolation of a diene intermediate (5l′) 
in 75% yield along with 8% 1,2-azaborine product 3l (Fig. 4b). In contrast, 
when the reaction was allowed to stir for 24 h after the addition of DBU, 
5l′ almost fully disappeared and was converted to 1,2-azaborine 3l. 
This observation indicates that a diene intermediate, generated via a 
base-mediated elimination of HBr, is probably involved in the cycliza-
tion stage36–38. 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. 4c).

To understand how 1,2-azaborine is generated from the puta-
tive diene intermediate, density functional theory (DFT) calculations 
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Table 1 | Substrate scope
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were conducted, which support an unusual 6π-electrocyclization 
mechanism (Fig. 4d). The diene intermediate is an isostere of 
1,3,5-trienes that are known to undergo 6π-electrocyclization. How-
ever, 6π-electrocyclization of unactivated trienes bearing two terminal 
substituents suffers from relatively low reactivity39,40. 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−1 
(Fig. 4e). By contrast, our calculations indicated that diene 9 under-
goes a much more facile 6π-electrocyclization via TS1 to form cyclic 

N-borylated iminium 10, which, upon DBU-mediated elimination of 
HBr, forms azaborine 3g′. The 6π-electrocyclization requires a low 
activation free energy of 20.8 kcal mol−1 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 bond41,42 as well as the 
smaller torsional strain to rotate the B–N bond, compared to rota-
tion of the C=C double bond in 1,3,5-trienes, for example, 11 (Fig. 4e). 
In TS1, the B–N bond is rotated to a more non-planar geometry, as 
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evidenced by the larger dihedral angle of θ(C1–N–B–Br) (−52.2°). For 
comparison, the corresponding dihedral angle of θ(C3–C2–C1–Br) 
(−31.5°) in the 6π-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, and also reduces the steric 
repulsions between these two termini in the boat-like transition state 

(Fig. 4e). 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 (ΔEtorsion = 8.8 and 11.4 kcal mol−1 for 9 and 11, respectively). 
As a result, the 6π-electrocyclization of diene 9 requires a much lower 
activation free energy than the corresponding reaction with triene 11 
(ΔΔG‡ = 14.1 kcal mol−1).
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intermediate in the base-mediated cyclization step is identified. c, A control 
experiment shows the importance of the diene structure in the cyclization 
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intermediates. e, Torsion-promoted electrocyclization of intermediate 9, in 
comparison with a triene substrate 11. d means the distance between the two 
atoms. f, Transition-state structures of TS1 and TS2. g, Unique nodal properties 
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It is also remarkable that the 6π-electrocyclization can occur 
through either dis- or conrotatory transition states (TS1 and TS2, 
respectively; Fig. 4f) that have comparable activation free ener-
gies. To the best of our knowledge, there has been no known 
6π-electrocyclization that allows both dis- and conrotatory path-
ways. This finding appears to contradict the Woodward–Hoffmann 
rules, which predict that for 6π-electrocyclizations, the disrota-
tory transition-state barrier should be substantially lower than the 
barrier for the conrotatory transition state43. However, alteration 
of the nodal properties of the highest occupied molecular orbital 
(HOMO) shown in Fig. 4g and Supplementary Fig. 6 indicate that the 
high polarization of this system eliminates the differences between 
allowed and forbidden processes, as discussed recently in detail 
for model systems44. The polarization of the B–N bond changes the 
nodal properties of the π system in 9. The diminished orbital coef-
ficient 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 hydro-
carbon triene, the orbital overlap between the termini is favourable 
for the allowed disrotatory process and unfavourable for the forbid-
den conrotatory process; when one terminal coefficient, that is, the 
one of 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 read-
ily adoptable in medicinal chemistry. The mechanistic insights 
gained here should have broad implications for boron-mediated 
electrocyclization in the preparation of other boron-containing  
heterocycles.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41557-023-01343-6.
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Methods
General procedure for monocyclic 1,2-azaborine synthesis 
from imine
An oven-dried 4-ml vial was charged with imine 1 (0.2 mmol, 1 equiv.) 
and ZnBr2 (4.5 mg, 0.02 mmol, 10 mol%) in a nitrogen-filled glovebox. 
Dry chlorobenzene (1 ml) was then added. After addition of dibro-
moborane 2 (0.22 mmol, 1.1 equiv.), the vial was tightly sealed and 
stirred on a pie-block preheated to 60 °C or 80 °C under nitrogen for 
4 h. DBU (90 μl, 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.

General procedure for monocyclic 1,2-azaborine synthesis 
from ketone
An oven-dried 10-ml Schlenk flask was charged with ketone (2 mmol, 
1 equiv.), amine (2.2 mmol, 1.1 equiv.), triethylamine (0.56 ml, 4 mmol, 
2 equiv.) and dry dichloromethane (8 ml). TiCl4 (1 ml, 1 M solution in 
dichloromethane, 1 mmol, 0.5 equiv.) was then added dropwise under 
nitrogen at 0 °C over a period of 15 min. After being stirred at 0 °C for 
0.5 h, the reaction mixture was warmed to room temperature and 
stirred for 12 h. Upon completion, the reaction mixture was filtered 
through a pad of Celite under nitrogen, washed with dry hexane, and 
concentrated to dryness under vacuum. The crude product was redis-
solved with dry hexane and filtered through a pad of Celite and con-
centrated to dryness again. The obtained imine 1 was directly used in 
the next step without further purification.

An oven-dried 4-ml vial was charged with imine 1 (0.2 mmol, 
1 equiv.) and ZnBr2 (4.5 mg, 0.02 mmol, 10 mol%) in a nitrogen-filled 
glovebox. Dry chlorobenzene (1 ml) was then added. After addition of 
dibromoborane 2 (0.22 mmol, 1.1 equiv.), the vial was tightly sealed and 
stirred on a pie-block preheated to 60 °C or 80 °C under nitrogen for 
4 h. DBU (90 μl, 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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