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Late-Stage Functionalization of BN-Heterocycles
Cameron R. McConnell? and Shih-Yuan Liu?*

BN/CC isosterism has emerged as a viable strategy to expand the chemical space of organic molecules. In particular, the
application of BN/CC isosterism to arenes has received significant attention due to the vast available chemical space
provided by aromatic hydrocarbons. The synthetic efforts directed at assembling novel aromatic BN heterocycles have
resulted in the discovery of new properties and functions in a variety of fields including biomedical research, medicinal
chemistry, materials science, catalysis, and organic synthesis. This tutorial review specifically covers recent advances in
synthetic technologies that functionalize assembled boron-nitrogen (BN) heterocycles and highlights their distinct

reactivity and selectivity in comparison to their carbonaceous counterparts. It is intended to serve as a state-of-the-art

compendium  for

Introduction

Arenes are a ubiquitous motif found across many fields of
chemistry, and accordingly the last two decades have seen
significant research efforts devoted to BN/CC isosterism in arenes.!
Replacing a CC bond with a BN bond in an arene has been
demonstrated to be a viable strategy for expanding chemical space.
Introduction of a polarized BN bond fundamentally alters the
properties of a given molecule; in this way, BN isosteres of arenes,
or azaborines, have advanced research in the fields of biomedical
research, materials science, and catalysis.%3* The burgeoning of
applications of azaborines is a direct result of advances in the
synthetic access to these heterocycles.

The aim of this tutorial review is to provide all of the available
methods for the late-stage functionalization of 1,2-azaborines,
including monocyclic 1,2-azaborines as well as BN-naphthalenes
(with connected BN units) and higher-order BN-polyaromatic
hydrocarbons (PAHs). In this context, late-stage functionalization
means any method used to install a functional group after the
azaborine heterocycle itself has been synthesized. This review
serves as a practical guide for engaging in azaborine research and
covers the synthetic toolbox available for functionalizing each
azaborine.

While much progress is yet to be
functionalization of azaborines has seen
development in the past few years. Some of this progress has
come from harnessing the unique reactivity of 1,2-azaborines
but the majority of developments in late-stage
functionalization are a result of adapting established arene
chemistry to BN-containing substrates. Regardless of the type
of reactivity, developing methods to elaborate the azaborine
core is essential to increasing the number of potential

made, the
substantial
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readers who are

interested in the reaction chemistry of BN heterocycles.

applications. Azaborine chemistry as an emerging area
provides both challenges and opportunities to the practicing
synthetic chemist. The susceptibility of certain BN-compounds
to degradation by water or oxidation represents a significant
hurdle in developing new synthetic methods. On the other
hand, the presence of the BN bond provides access to inherent
selectivity not available to all-carbon compounds, as the
reduction in the symmetry of the molecule renders each
position of the 1,2-azaborine electronically distinct. This
tutorial review is organized by the BN heterocyclic structural
motif followed by reaction types.

1,2-Azaborines

Electrophilic Aromatic Substitution (EAS)

One of the hallmark reactions of aromatic compounds is
electrophilic aromatic substitution (EAS). In 2007, Ashe first
demonstrated that monocyclic 1,2-azaborines could undergo
EAS. Compound 1 undergoes rapid reaction with molecular
bromine, installing a bromine with complete regioselectivity at
the C3 position (Scheme 1a).> According to calculations,® the
C3 and C5 positions of the 1,2-azaborine are the most
electron-rich, and are thus expected to undergo electrophilic
attack. Halogenation opens a suite of well-developed reactions
for converting aryl halides into a host of functionalized arenes
(vide infra). The building block 1,2-azaborine 3" also reacts
with bromine to afford C3-Br 4 in high yield (Scheme 1b).” This
triply orthogonal 1,2-azaborine synthon can be further
functionalized at the N, B, and C3 positions. Fang developed an
alternative method for bromination with CuBr, as the bromine
source and acetyl chloride as an activating agent (Scheme 1c).8
In another publication by the Fang group, the C3 position of 5
underwent electrophilic attack with NIS activated by AICl; in
high yield (Scheme 1d).°

*Compound 3 is now commercially available from www.strem.com, catalog
number 05-0150. Accessed on 3/23/2019.
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Scheme 1 Halogenation of various 1,2-azaborines through EAS.

While the C3 position of the 1,2-azaborine attacks halogen
electrophiles, the C5 position tends to engage in Friedel-Crafts
reactivity. Ashe also reported the first example of C5 substitution;
Friedel-Crafts acetylation of compound 1 proceeds in poor yield in
the presence of acetic anhydride and SnCl, (Scheme 2a).> The 10%
yield of acetylated 8 and messy product mixture suggest significant
side-reactivity. Fang built on the work of Ashe to develop an
improved Friedel-Crafts acylation method for N-methyl, B-mesityl-
substituted azaborine 5 (Scheme 2b).° The mesityl (Mes = 2,4,6-
trimethylphenyl) group is known to provide robustness to the
azaborine heterocycle against unwanted side reactions such as
oxidative degradation. AgBF, activates various acylchlorides at 50 °C
in CH,Cl, toward Friedel-Crafts reaction with 1,2-azaborines 5 or 7.
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o
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Scheme 2 Acylation of 1,2-azaborines at C5 position.
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Preference for substitution at the C5 instead of the C3 position may
be explained by the presence of the bulky mesityl group.
Intriguingly, when the reaction was performed with AICl;, no
regioselectivity was observed. The substrate scope for the AgBF,
mediated reaction includes alkanoyl, alkenoyl, and aroyl chlorides
as well as one example of a carbamic chloride to furnish compounds
9a-i. Electron-deficient substrates are a limitation of this method, as
they could not be activated with AgBF,.

Other types of C5 substitution reactions are illustrated in
Scheme 3. As part of their acylation work, the Fang group
investigated the reaction between 5 and methacryloyl chloride,
which produced BN-indanone analogue 10 (Scheme 3a).? According
to the proposed mechanism, 5 first undergoes C5 Friedel-Crafts
acylation followed by a Nazarov cyclization at the C6 position. In
another report, Fang and co-workers developed a procedure for the
regioselective nitration of 5 and 6 (Scheme 3b).2 In the presence of
a metal-nitrate hydrate and acetyl chloride a nitro group is installed
at the C5 position in good yield, likely via a radical mechanism. In
the presence of radical scavengers compound 5 produced the C5-
acetylated compound 9a. Ashe demonstrated that N,N-
dimethylmethyleneiminium chloride reacts with 1 in refluxing
acetonitrile to afford 13 in moderate yield (Scheme 3c),> adding
another example of a C5 selective substitution reaction.

C-H Borylation

In addition to halogens, boronate esters are a versatile platform for
forming bonds to arenes. C-H borylation proceeds at room
temperature with complete regioselectivity for the most acidic C6-H
position of parent azaborine 14a (Scheme 4).1° The preference for
borylating the 1,2-azaborine ring is maintained in the presence of a
phenyl ring within the same molecule as in 14d, as well as in direct
competition experiments with benzene itself. Various groups are
tolerated in the reaction, including alkyl, aryl, and the alkoxide
group at the boron position as well as the Br group at the C3
position (e.g., 14h).1

Cross-coupling

Optimization of a Suzuki cross-coupling for 1,2-azaborines followed
the development of C-H borylation. Many substituted
CH,Cly, 50 °C
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Scheme 3 Other C5 functionalization methods by Ashe and Fang.
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cod = 1,5-cyclooctadiene; dtbpy = 4,4"-di-tert-butyl-2,2"-bipyridine
Scheme 4 Substrate table for the C-H borylation of 1,2-azaborines.

phenyl bromides, heteroaryl bromides, and one example of an
alkenyl bromide undergo cross-coupling with C6 borylated
azaborines 15 (Scheme 5a).1° The cross-coupled products 16 with B-
alkyl or B-aryl substituents were prepared with Pd(dppf)Cl, as the
catalyst and KOH as the base at 80 °C. 1,2-Azaborine can also be
coupled to itself by reacting borylated 15f with brominated 14h to
form dimer 14i (Scheme 5a).}! Another iteration of borylation and
subsequent coupling between dimer 15i and brominated 14h
produces trimer 17. With some adjustment to the reaction
conditions, C6 borylated, C3 brominated 15h functions as a
monomer in a polymerization process (via Suzuki coupling) to afford
polymer 18 (Scheme 5b).1!

1,2-Azaborines bearing B-H or B-OR substitution generally
required milder conditions, as these compounds are more
susceptible to hydrolysis (Scheme 6). Thus, the borylated parent
1,2-azaborine 15a undergoes the cross-coupling reaction at room
temperature promoted by the more mild base Na,CO; solubilized
with minimal water.1® Under the room temperature conditions,
compound 15e maintains its n-butoxide substituent at the boron
position in an n-BuOH/H,0 solvent system. While the acidic N-H
bond could theoretically participate in a competitive Buchwald-
Hartwig C-N coupling, only the Suzuki coupling products were
observed.

Just as C-H borylation opened up the possibility for Suzuki
coupling of 1,2-azaborines at the C6 position, so too did
bromination provide access to cross-coupling methods at the C3
position. For synthon 4 (Scheme 7), Negishi cross-coupling was
selected due to the ready availability and low toxicity of zinc
reagents as well as their functional group compatibility.” In addition,
Negishi couplings do not require borophilic additivies. The catalyst

This journal is © The Royal Society of Chemistry 20xx
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Scheme 5 a) Suzuki cross-coupling of borylated 1,2-azaborines. b)
Polymerization of C6-borylated, C3-brominated monomer via Suzuki
cross-coupling.

B-Cl bond remains intact, and thus the boron position can be
subsequently functionalized (vide infra). No background reactivity
with zincates was observed in the absence of catalyst.

Suzuki Coupling

Bpin (Het)Ar
H it H
AN conditions a or b AN
Cg (HepArBr — " g
x-B-p x-B-p
16

15a: R = H, conditions a
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Conditions a: 2 mol% Pd,dbag 8 mol% P(o-tolyl)s, 4 equiv. Na,COg,
18:1 THF/H,0, RT. Conditions b: 1 mol% Pd(OAc), 2 mol% SPhos,
1.3 equiv. K3POy, 30:1 n-BuOH/H,0, 60 °C. dba =
dibenzylidenediacetone.

Scheme 6 Suzuki cross-coupling of B-H and B-O-nBu substituted
1,2-azaborines.
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aYield determined by 'H NMR.
Scheme 7 Negishi cross-coupling of C3-Br 1,2-azaborine 4.

Nucleophilic Substitution

For hydrocarbon-based arenes and other heterocycles, nucleophilic
substitutions typically require highly activated substrates (e.g. 2-
fluoropyridine) and/or harsh conditions involving strong
nucleophiles and high temperatures.'? The vacant p-type orbital on
the boron atom of the 1,2-azaborine renders the boron position
susceptible to nucleophilic attack. Thus, more mild conditions and a
greater variety of nucleophiles can typically be employed with BN
heterocycles. This section details numerous examples of
nucleophilic substitution at the boron atom as well as selected
examples of substitution-type reactions at the C3 position.

In 2011 Liu and coworkers investigated the reactivity of the
parental 1,2-azaborine 14a with strong nucleophiles and developed
a one-pot method for disubstitution at the N and B positions of the
1,2-azaborine.’3> Adding two equivalents of a strong nucleophile
such as n-Buli to parent 1,2-azaborine 14a induces the boron-
hydride to act as a leaving-group, leading to a substitution reaction
(Scheme 8a, entries 1-10). One equivalent of the n-Buli
deprotonates the acidic N-H, and the resulting amide can then be
quenched with an electrophile, yielding monosubstituted 14 (E = H)
or disubstituted 20 (E # H). The disubstitution reaction with respect
to 1,2-azaborines was later expanded to include an alkoxide
leaving-group on boron (Scheme 8a, entries 11-14).1* Suitable
nucleophiles include alkyl, alkenyl, aryl, and alkynyl organometallic
reagents and electrophiles susceptible to attack by the nitrogen
atom of the 1,2-azaborine in this one-pot procedure include proton,
chlorotrimethylsilane, iodomethane, and benzylchloride. While
alkoxides are suitable nucleophiles for the parent 14a they are
unable to displace the n-butoxide group in 14e. Instead, ligand
exchange between the 1,2-azaborine-alkoxide 14e and
borontrichloride in-situ generates the more reactive B-Cl 14n, which
then can undergo substitution with potassium phenoxide,
potassium phenylacetate, or the hindered diphenylmethyllithium
(Scheme 8b).14

Many examples now exist for the simple nucleophilic
displacement at the boron position of a 1,2-azaborine, in particular
when the leaving-group is a halide. In 2007, the Liu group
introduced N-ethyl-B-Cl substituted 1,2-azaborine synthon 21 to
allow general access to B-substituted 1,2-azaborines.’® The scope
with respect to the nucleophiles is quite broad, including various N-,

4| J. Name., 2012, 00, 1-3
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3 Li-tBu H-CI 141 81

4 Li-nBu H-CI 14c 80

5 Li-Ph H-CI 14d 98

6 BrMg-vinyl H-CI 14m 59

7 BrMg Ph H-CI 14n 71

8 Li-nBu TMS-CI 20a 89

9 Li-nBu Me-I 20b 67

10 Li-nBu Bn-Cl 20c 60

" BrMg-vinyl H-CI 14m 62
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Scheme 8 a) Nucleophilic substitution reaction of 1,2-azaborine. b)
In-situ generation of N-H-B-Cl-1,2-azaborine 14n followed by
nucleophilic substitution at boron.

O-based nucleophiles and alkyl, alkenyl, and aryl organometallic
reagents (Scheme 9a). In addition to the N-Et derivatives 115,
examples of N-Me- (compounds 5),%1¢ and N-Bn-substituted 1,2-
azaborine (compounds 24)Y have been reported. Substitution at
boron is also possible with nucleophiles generated in-situ with non-
nucleophilic bases such as KH and Et;N (Scheme 9b).1> Phosphides
can also displace the chloride leaving-group, forming azaborine-
containing triarylphosphine ligands 5b and 5c (Scheme 9c).!®

Neutral nucleophiles are in general not capable of displacing the
chloride from the boron atom. However, when the chloride is
replaced with the triflate (OTf ~) leaving-group, pyridines become
suitable nucleophiles to form cationic adducts 26 from the B-OTf-
substituted 1,2-azaborine 25 (Scheme 10).1°

The commercially available N-TBS-B-ClI 1,2-azaborine 3 has
emerged as a foundational building block for the chemistry of
monocyclic 1,2-azaborines and thus deserves special mention. In
addition to the chloride leaving-group on boron, the TBS protecting
group on nitrogen serves as a handle for late-stage
functionalization. Compound 3 can be difunctionalized in a simple
process: nucleophilic addition at the boron position followed by
removal of the N-TBS group and subsequent functionalization at the
nitrogen position. The scope of nucleophiles includes alkyl, aryl,
alkynyl and benzylic organometallic species; non-anionic
nucleophiles such as isopropanol can also be added in the presence
of exogenous base (Scheme 11). For N-TBS, B-alkyl- or aryl-

This journal is © The Royal Society of Chemistry 20xx
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Scheme 9 a) Nucleophilic substitution of N-alkyl-B-Cl 1,2-
azaborines. b) Substitution with in-situ generated nucleophiles. c)
Synthesis of azaborine-containing triarylphosphine ligands.

substituted 1,2-azaborines, the N-TBS group can subsequently be
removed with TBAF (vide infra, Scheme 16).

Nucleophilic addition at the boron position is also possible with
sterically more hindered C3-substituted N-TBS-B-Cl-1,2-azaborines
(Scheme 12). C3-vinyl substituted 1,2-azaborines 28g and 28h were
converted to BN-analogues of indenyl anion and naphthalene,
respectively.” In the case of C3-brominated substrate 4,20 it appears
that addition to boron with organolithium reagents occurs more
rapidly than lithium-halogen exchange at the C3-Br position.

Ashe has reported additional transformations of C3-halide
substituted 1,2-azaborine beyond cross-coupling chemistry.> For
example, C3-brominated 1,2-azaborine 2 is converted to cyano-
substituted 29a with CuCN at elevated temperature (Scheme 13a).°
Reportedly the synthesis of a 1,2-azaborine-phenol 29b has been
accomplished presumably via a C3-iodinated 1,2-azaborine

intermediate (Scheme 13b)."
N )

C'}I,Et CN Et
A B\CI B ~OTf CH,Cl,, RT

21 25, 59%

AgOTF

Cosea] o

26d (R = CF3, 90%)
26e (R = NMe,, 98%)

CeHg, RT

26a (R = Me, 95%)

26b (R = Ph, 97%)

26¢ (R = H, 95%)
Scheme 10 Preparation of azaborine cations from B-OTf-

substituted 1,2-azaborine 25.

This journal is © The Royal Society of Chemistry 20xx
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Scheme 11 Nucleophilic  substitution of N-TBS-B-CI 1,2-
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TBS _TBS
= N nucleophile = N
N-B THF, RT NBong
R R
entry substrate nucleophile product yield (%)
1-67  19a-f (from Scheme 7) BrMg—-Me, LiBr 28a-f 51-97
77 19¢ R =vinyl BrMg-allyl 28g 94
87 19¢ R = vinyl BrMg—homoallyl 28h 60
920 19a R=n-Pr BrMg-Bn 28i 85
10%° 4 R=Br BrMg—Bn 28j 82
1" 4 R=Br Li-Mes 28k 69

Numbers in superscript correspond to the citations listed in the Reference section.
Scheme 12 Nucleophilic addition to sterically hindered C3-
substituted N-TBS-B-Cl-1,2-azaborines.

@ N-E CuCN Bt
a, I _— I
X B~ DMF, 130 °C X B~
Ph 30% Ph
Br CN
2 29a
1) ICI
© CNaE' 2) NayS;05, H,0 B
| _— ]
N-Bepp  CHxCl, 0°CtoRT  Xx~Bsp,
46% OH
1 29b
Scheme 13 Nucleophilic substitutions at C3 position of
azaborine.

Electrophilic Substitution at Nitrogen

The pK, of the azaborine N-H bond is approximately 24, much more
acidic than the other C-H positions on the ring, which have pK,'s
between 43 and 47.1° Ashe demonstrated that strong amide bases
such as LDA?! or KHMDS?? can generate amide 30a from N-H
substituted 14d in high yield (Scheme 14a). Compound 30a can be
isolated as a solid and then reacted with various electrophiles such
as Mel?! or TMSCI?? to afford 20f and 20g, respectively. Complexes
of 1,2-azaborine with transition metals (e.g., Ru(l1)?! or Zr(IV)??) can
also be synthesized from 30a. Liu demonstrated that deprotonation
of 1,2-azaborine 14b followed by quenching with di-tert-
butyldicarbonate furnishes the N-Boc protected 1,2-azaborine 20h
(Scheme 14b).Y Liu also demonstrated that epoxides can serve as

tintriguingly, the 1'B NMR shift of compound 29b (28 ppm) typically indicates the
presence of a B-O bond.

J. Name., 2013, 00, 1-3 | 5
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N Neg (Cp"RuCl, C'ﬂ
Ph 2 Ph ~x-B-ppy
Cpz 20922
32, 56%22 @N
1
B.
Ph
*CpRu
31, 51%21

KHMDS then Boc,O

= N,H = N,Boc
®) 8 5
X Me X Me

14b 20h, 17%
(2 steps from N-TBS 27a)

toluene, RT

Scheme 14 a) Generation of amide 30a and N-substitution with
electrophiles. b) Boc protection of the N-position of the 1,2-
azaborine.

suitable electrophiles for 1,2-azaborine anions such as 30b to
produce B-amino alcohols 33 (Scheme 15).20

An alternative method for generating amides such as 30a or 30b
is to treat an N-silyl protected 1,2-azaborine with TBAF; the
intermediate amide can then be quenched for example with a
proton to afford the corresponding N-H-1,2-azaborine. Examples
include N-TMS?! and N-TBS-substituted 1,2-azaborines (Scheme
16).10’16'20’23'24
B-X Activation
In addition to the direct displacement of a suitable leaving-group
(e.g., H, Cl, OR) at the boron position with a nucleophile via an
addition/elimination process, a boron substituent can be installed
by transition-metal catalyzed B-X activation chemistry. This section
summarizes methods for functional group interconversions at the
boron position mediated by rhodium and copper complexes.

In 2013, the Liu group described a Rh-catalyzed arylation

CN/H n-BuLi CN/U CN
1 —_— | |
NBeg, THR-78°C |\ B.g, | THRERT By
14r 30b 33
entry epoxide product yield (%)
1 ?) 33a 97
2 ?>/_ 33b 71
o Me
3 X 33c 81
Me
Ph
4 cf)’ 33d 80
OPh
5 ?>/\ 33e 95
6 OE) 33f 40
Scheme 15 Reaction between 1,2-azaborine amide 30b and
epoxides.
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CN/TBS TBAF CN,H
1 |
B. B.
x-B-g THF, RT x-B-g
27 14
entry substrate product yield (%)
118 27a (R = Me) 14b 62
29 27i (R = Mes) 14f 74
310 27e (R =Bn) 14r 63
410 27f (R = Bn-p-OMe) 14s 72
521 27j (R = p-styrene) 14t 72
p N/TBS A~
6" . : 73
B. B.
N Mes N Mes
Br Br
28k 14g

O%\)ZTMS OH

27k 14u

Scheme 16 Removal
azaborine.

of the N-TBS protecting group of 1,2-

of B-Cl substituted 1,2-azaborines 21 and 3 with arylstannanes
(Scheme 17).2* Mechanistic studies reveal that the reaction
proceeds by a series of transmetalations, first between the Rh
catalyst and the arylstannane followed by the transfer of the aryl
group from Rh to the 1,2-azaborine. A wide variety of arylstannanes
are tolerated including those containing esters, aldehydes, ketones,
and arylstannanes bearing electron-withdrawing, and electron-
donating groups. The BN-analogue of felbinac, a non-steroidal anti-
inflammatory drug, was prepared with the key bond-forming step
being the arylation of 3 to afford 27k followed by global
deprotection with TBAF to yield BN felbinac 14u (see Scheme 16 for
its structure). In addition to Rh-catalyzed B-Cl arylation, the Liu
group also demonstrated B-H activation with a Rh-catalyst.2> While
the relatively non-hydridic B-H bond does not participate in
hydroboration in the absence of promoters, a Rh-catalyst can effect
the dehydrogenative borylation of styrenes (Scheme 18). A variety

R-SnMej; (1.1 equiv.)
[Rh(C2Hy)2Clls (2.5 mol%)
BIPHEP (5mol %)

4
|
B

THF, 100 °C
21,R' = Et
3,R'=TBS
CN/TBS CN/TBS CN/TBS
) ) )
B B B
oL T T
= O/\/TMS

27j, 44%10

= N,EtF = N,Et
B F X B\©\
F F R
F

1i, 40%

27b, 75% 27k, 77%

1 (R2=H, 77%)
1j (R? = OMe, 78%)
1k (R? = Me, 74%)
11 (R2=CN, 81%)
1m (R2 = F, 80%)
1n (R? = CF3, 56%)
10 (R? = COOEt, 75%)
1p (R? = CHO, 41%)
1q (R2 = C(O)CH; 66%)

BIPHEP = 2,2"-bis(diphenylphosphino)-1,1'-biphenyl

Scheme 17 Rh-catalyzed arylation of B-Cl 1,2-azaborines.
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= N‘R‘
[Rh(nbd)Cl]; (2.5 mol%) |

B~
CH,Cly, 90 °C, sealed w@“ﬂ
14aR=H
35¢ (R = p-Br, 43%)

= N,Bn = N,H
1 I
B~z X BA
R 35d (R = p-F, 83%)
35e (R = p-CF3, 76%)
OMe

35 35f (R = p-CN, 73%) 36
359 (R = p-OMe, 86%)
35h (R = p-NMe,, 56%)
35i (R = 0-Me, 74%)

1
SNae
1
B.
NPy

34R=Bn (2 equiv.)

35a (R = p-H, 77%)
35b (R = p-Me, 87%)

nbd = norbornadiene

Scheme 18 Rh-catalyzed B-H activation of 1,2-azaborines.

of BN-stilbenes have been prepared with this method, including the
BN-analogue 36 of the biologically active 4-methoxy-trans-stilbene.
Only the trans-BN stilbenes were isolated under the reaction
conditions among possible products (e.g.,
hydroboration products). A potential mechanism may involve an
oxidative addition of the B-H bond to Rh followed by B-migratory
insertion of the Rh-B bond into the styrene substrate. Subsequent
B-hydride elimination would produce the desired trans BN stilbene
product and a Rh dihydride complex which hydrogenates a second
styrene substrate to restart the catalytic cycle.?

As previously shown, B-alkoxide groups of 1,2-azaborines are
readily modifiable by nucleophilic substitution chemistry, however,
they often are incompatible with other late-stage transformations.
On the other hand, carbon-based boron groups, particularly arenes,

cis-stilbene or

provide chemical robustness to the 1,2-azaborines and prevent
side-reactions. In 2017, the Liu group reported a reaction that
exchanges B-alkyl or B-aryl moieties for a B-alkoxide fragment
(Scheme 19).2° This formal oxidation process allows carbon-based
groups to function as a protecting group for the boron position that
can be later transformed to the easily modifiable alkoxide moiety.
Thus, under the optimized conditions, a Cu(l) compound mediates

n-dodecanol (1.4 equiv.)

6 6
R . CuBr (10 mol%) R ,
-R" pyridine (2.0 equiv.) R
= =
'g DTBP (1.2 equiv.) g
B~ - N
2 - -
R toluene, 90 °C, 45 min 0-n-CizHzs
R® sealed, N, R3
37
entry starting material product yield (%)

1 27e (R' =TBS, R2=Bn) 37a 90

2 14r (R? = Bn) 37b 66

3 14s (R2 = p-OMeBn) 37¢c 61

4 271 (R = TBS, R? = n-Bu) 37d 69

5 14¢ (R? = n-Bu) 37e 59

6 27a (R' = TBS, R? = Me) 37f 54

7 27b (R' = TBS, R? = Ph) 379 49

8 14d (R? = Ph) 37h 35

9 27g (R' = TBS, R? = p-OMePh) 37i 37

10 27h (R' = TBS, R2 = p-CF4Ph) 37j 54

11 28j (R' =TBS, R2=Bn 37k 40

R®=Br)
12 28i (R'=TBS, R?=Bn 371 53
R® = n-Pr)

13 16n (R2 = Bn, R® = Et) 37m 63
DTBP = di-tert-butylperoxide; if not specified, the corresponding R
group is H.

Scheme 19 Cu-catalyzed B-R oxidation of 1,2-azaborines.
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the homolytic cleavage of the B-C bond in the presence of a
stoichiometric oxidant. Functional groups at the C6-, N-, and C3-
positions are tolerated, including the N-TBS and the free N-H group.
B-Alkyl, in particular B-benzyl substituted 1,2-azaborines are good
substrates. B-Phenyl groups, as in 27b, 14d, 27g, and 27h are
removed in modest yield, possibly due to decreased stability of the
putative sp?-based phenyl radical. Notably, a C3-Br substituted 1,2-
azaborine is a suitable substrate for the reaction, albeit with
modest yield (Scheme 19, entry 11).

An intramolecular version of the B-alkyl to B-alkoxide exchange
reaction was also demonstrated. B-Benzyl-substituted 1,2-
azaborines 33, accessed via ring-opening reaction of 1,2-azaborine
anions with epoxides (Scheme 15), engage in the intramolecular
displacement of B-alkyl groups to afford BN-dihydrobenzofurans 38
(Scheme 20).20

BN-Styrene Reactivity

Like their all-carbon counterparts, BN-styrenes polymerize in the
presence of free-radical initiators and also undergo controlled RAFT
polymerization. Jakle and Liu established that high molecular
weight, atactic polymers can be obtained from the polymerization
of monomer 14m; the lower reactivity and yield compared to
styrene was attributed to the decreased stability of the benzylic
radical that is formed adjacent to boron during the polymerization
process (Scheme 21).23 The polymerization of the BN-analogue of
para-vinylbiphenyl 14t was also reported; yields comparable to the
all-carbon analogue were observed. Staubitz reported the
polymerization of N-Me monomer 5a but obtained higher
molecular weights and slightly improved reactivity compared to N-H
monomer 14m.¢ The Staubitz group was also able to copolymerize
5a with 2-vinyltoluene. The resulting copolymer had a composition
of approx. 3:2 (BN:CC) and its NMR characterization suggests a
relatively random monomer distribution. The random nature of the
copolymer as well as reaction progress monitoring by NMR suggest
the rates of polymerization of the two monomers amongst
themselves and with one another must be in the same order of
magnitude. In example of BN-styrene late-stage
functionalization, the Liu group performed hydrogenation of the
vinyl group in compound 16g (Scheme 22).20

another

R o

R1j/
s oI
! |
x-B-g, toluene, 90 °C, 30 min xB~0" R
sealed, N,

33 38

2

38a, 81% yield
from 33a

Cg\}Ph

38d, 79% yield
from 33d

CuBr (10 mol%)
pyridine (2.0 equiv.)
DTBP (1.2 equiv.)

Z / Z Me
QNB\/(}—/ QE}M&)

38b, 77% yield
from 33b

OPh
SN SN
iy Y

38e, 84% yield
from 33e

38c, 88% yield
from 33¢c

38f, 26% yield
from 33f

Scheme 20 Intramolecular Cu-catalyzed B-R activation and
oxidation of 1,2-azaborines to form BN-dihydrobezofuran isosteres.
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Jiikle, Liu (2016)

=
¢ ok ;
B. B.
| NH AIBN | NH AIBN
> DMF, THF,
14m 90 °C, 48 h 39’ 40% 70 C,24h i
= 1,2-azaborine
40, 91%
Staubitz (2017)
- m
B. .M
| N e AIBN
>z neat, 85 °C 72h /
5a 41,51% 42, 86%

with 2-vinyltoluene
Scheme 21 Free-radical polymerization of B-vinyl-1,2-azaborines.

Z Pd/C (30 mol%)
o~ H B o
1 I
~B.g, EOACRT ~-Bg,
16g 16n, 89%
Scheme 22 Hydrogenation of C6-vinyl azaborine.
Diels-Alder

While benzene does not typically engage in Diels-Alder reactions, it
was found that 1,2-azaborine undergoes [4+2] cycloaddition with
activated dienophiles.’” With a resonance stabilization energy (RSE)
of about 32 kcal mol?, benzene lacks sufficient thermodynamic
driving force to break its aromaticity and engage in a thermal
cycloaddition. On the other hand, parent azaborine 14a has an RSE
of about 19 kcal mol! which situates it between two heterocylces
known to engage in cycloaddtion reactions, pyrrole (21 kcal mol?)
and furan (15 kcal mol). 1,2-azaborines react smoothly with maleic
anhydride in the presence of a catalytic amount of AICl; to afford
the corresponding endo-cycloadducts; however, the reaction is
highly sensitive to the nature of the boron and nitrogen substituents
of the 1,2-azaborine (Scheme 23). High yields were obtained with
the TBS group on nitrogen and Me or O-iPr on boron. Yields fell
precipitously when R! was changed to Boc or when R? was changed
to H or alkyne. B-H and B-alkynyl 1,2-azaborines display increased
measures of aromaticity (e.g., by NICS and RSE calculations) relative
to B-alkyl or B-alkoxy 1,2-azaborines. Increased aromaticity
corresponds to reduced Diels-Alder reaction free energy of the
former compounds relative to the latter.?”

(0]
AICl3 (20 mol%) Q
N~
toluene, RT 4 B R

‘R

entry 1,2-azaborine R! R2 yield (%)?2
1 27a TBS Me 43a, 96
2 24 Bn Me 43b, 20
3 20h Boc Me 43c, <5
4 27b TBS Ph 43d, 62
5 27¢c TBS =H 43e, <5
6 27d TBS O-iPr 43f, 94
7 27m TBS H 43g, <5

aYield determined by 'H NMR.
Scheme 23 Diels-Alder
azaborines.

reaction of 1,2-disbustituted-1,2-

8| J. Name., 2012, 00, 1-3

The scope of dienophiles was limited to highly activated
substrates (Scheme 24). Reactions between 1,2-azaborine and less-
activated dienophiles (Scheme 24, entries 3,4) never went to
completion, regardless of the conditions. High diasteroselectivites
were observed with cis-alkenes but selectivity was eroded with
trans-alkenes. Reaction with the unsymmetrical alkene in entry 5
led to a single regioisomer, consistent with the more nucleophilic
nature of the C3 and more electrophilic nature of the C6 positions,
respectively.

BN-Naphthalenes

EAS

Some of the reactions described for 1,2-azaborines have also been
optimized for BN-naphthalenes: primarily the 1,2 and 9,10 isomers
and to a lesser extent the 2,1 isomer. For the purpose of this
review, the prefix numbers refer to the positions of the nitrogen
(first number), and boron (second number) with respect to the
labelling convention of the corresponding hydrocarbon motif.
Dewar pioneered the synthesis of 1,2- and 9,10-BN-naphthalenes
and their “late-stage” functionalization. Molander and Fang later
improved these methods for the 1,2-BN-naphthalene and 9,10-BN-
naphthalene, respectively. Similar to their monocyclic counterparts,
BN-naphthalenes are attacked by electrophiles at the most
electron-rich position which is typically the carbon adjacent to
boron atom.

In the case of 1,2-naphthalene, Molander investigated its EAS
chemistry, improving reaction yields and greatly increasing the
substrate scope beyond the initial work by Dewar (Scheme 25a).26
Alkyl and H substituents are tolerated at nitrogen and alkyl, aryl,
heteroaryl, and alkenyl substituents are tolerated at boron.
Doubling the equivalents of bromine led to secondary bromination
at the C6 position (Scheme 25b). Bromination at C6 also occurs
when the C3 position is already substituted (Scheme 25c).

= N/TBS AICl3 (20 mol%)
| dienophile ————————  cylcoadduct
A B‘Me solvent
27a 43
entry dienophile cycloadduct yield (%)
]
o]
| o) 43a, 962
N-T1BS >955 d.r.
o B,
o Me
2 Me—-N_ | 43h, 952
'N-TBs >95:5d.r.
B,
Me
MeOOC MeOOC
3 ] MeOOC 43i, 9°
MeOOC 7 BN TBS >95:5d.r.

MeOOC

. ‘ MeOOC COOMe Me0OG COOMe
J\N N
COOMe 7 ~TBS ,N=TBS
B B
MeOOC COOMe
5 \ CFsy FSC
J\N N~
CF;3 7 ~TBS N =TBS
B B

Yield determined by 'H NMR. 2toluene, RT, 12 h. °CH,Cl,, 50 °C, 12h

43j, 43°
1.1:1dr

43k, 902
1.1:1dr

single regioisomer
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Scheme 24 Diels-Alder reaction of azaborine 27a with activated
dienophiles.
(a) C3 Bromination
R! R!
7 @ @ N ge Br,, (1.1 equiv.) N‘B’ R2
(2)
CH,Cly, 0.1 M _
®>Fi0~ @ 0°C1o RT Br
®)14) ©
44R'=H, 46 R' =
45R' = H 47R'zH
R2 = alkyl, aryl (EDG and EWG), heteroaryl, alkynyl
22 examples, 25-99% yield
||3n ||3n
Me\©/\NiMe MeomMe
Z Br MeO Z gy
48a, 77% 48b, 64%
(b) C6/C3 Dibromination
i i
N._ M Br,, (2.2 equiv.) N._ M
B” e 2: B” e
P CH,Cly, 0.1 M _
0°Cto RT Br Br
44a 49, 92%

(c) C6 Bromination

Bry, (1.1 equiv.)

R CHyCl, 0.1 M
0°Cto RT Br

50a, R=H
50b, R = OMe

Scheme 25 a)
Dibromination of 1,2-BN-naphthalene.
substituted 1,2-BN-naphthalene.

51a, R=H, 81%
51b, R =OMe, 51%

1,2-BN-naphthalene. b)
c) Bromination of C3-

Bromination  of

The most nucleophilic positions of the 9,10-BN-naphthalene are the
C4 and C5 carbon positions adjacent to boron. Fang developed a
halogenation procedure for 9,10-BN-naphthalene using N-
halosuccinimides promoted by AICl; (Scheme 26).27 Repeating the
process with the same or a different halogenating reagent installs a
second halide at the C5 position. Acylation of 9,10-BN-naphthalene
has also been demonstrated by Fang. Acylation of the C4 position
with acyl chlorides proceeds in good to excellent yield with either
AICl; or AgBF, as the Lewis-acid promoter (Scheme 27).° Aroyl and
alkanoyl chlorides were effective substrates in the acylation
furnished C4 BN-naphthyl ketones.
Dimethylcarbamoyl chloride was the exception, which yielded the

reaction and all
C2 isomer 54p. Repeating the acylation procedure with acetylated
54a produced bisacetylated compound 54aa (Scheme 28a). A BN-
phenaleonone adduct was accessible via a tandem acylation,
cyclization of 52 with methacryloyl chloride (Scheme 28b). Fang and
coworkers also extended their nitration to 9,10-BN-naphthalene,
which installs a nitro group at C2 position (Scheme 28c¢).8

In 2018, Vaquero reported a complementary approach to the
acylation reaction described by Fang and demonstrated the
installation of an acyl group at the Cl1 position of 9,10-BN-
naphthalene (Scheme 29).28 Treating 52 with a strong base such as
t-Buli leads to

This journal is © The Royal Society of Chemistry 20xx
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X =Br; Y = Br, 53bb, 80%
X=1;Y =Cl, 53ic, 65%

conditions: NXS (1.0 equiv.), AICl3 (1.0 equiv.) CH,Cl,, —35 °C to RT
Scheme 26 Mono and dihalogenation of 9,10-BN-naphthalene.
o)

ANy RCOC AN AN R
| _— | or |
xBs B~ xBus

R™ "0

(e}
ZONTS ZONTS ZINTS NMe,
B~ o Bus o Bos
R™ S0 (¢}
R

54p, 82%°

54a-h (R = alkyl, aryl, 54i-o (R = EDG,
heteroaryl, EWG 80-92%)2°"°
78-94%)20r®

3AICI5, CH,Cl, 40 °C, 10 h. PAICI;, CH,Cly, 50 °C, 24 h.
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Scheme 27 Acylation of 9,10-BN-naphthalene.

(a) Diacylation

= N:j CH3COCI, AICl5 SN
| |
X-Bs CHyCly, 40 °C X-Bs
COCHg CHZ0C  COCH;
54a 54aa, 75%
(b) Acy ov Cy
o}
cl
i Yo o
1 1
X BF CH,Cly, 50 °C B s
52
o
Me
55, 89%
(c) C2 Nitration
SNy, CUNOg) 3H0,AcCl o~ o NO2
| |
o Bus CH,Cl,, 50 °C o Bus
56, 82%
Scheme 28 a). Acylation of BN-aryl ketone 54a. b) BN-

phenalenone 55 prepared via-acylation-cyclization procedure. c)
Nitration of BN-naphthalene 52.

Vaquero (2018)
1) £Buli (3 equiv.)
THF,-78°C, 2h N A 7 ONTS
2) \@lIB Z

mu

R (5 quv) 57 R=Et, 65%
-78°CtoRT 12n  57b,R=Ph 89% Uvia

(b)
1) n-Buli (3 equiv.)

C:j THF,-78 °C, 2h N\ Et /N\

2)

g oy eauiv) 57a, 26%
-78°CtoRT,12h
Scheme 29 a) C1 acylation of 9,10-BN-naphthalene. b) C2, C7
difunctionalization of 9,10-BN-naphthalene via activation with n-

BulLi.

58, 41%
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deprotonation of the most acidic Cl-proton (Scheme 29a).
Subsequent treatment of the Cl-lithiated BN heterocycle with
aldehydes furnishes alcohols 57 in good yield. The Vaquero group
then discovered that the use of the more nucleophilic n-Buli (vs. t-
Buli) can activate the C2 and C7 positions of 9,10-BN-naphthalene
for EAS reactions with aldehydes (Scheme 29b). While C1-
deprotonation still occurs with n-Buli to form 57a, the authors also
observed the formation of C2- and C7-difunctionalized EAS product
58 in modest yield. n-Buli activates compound 52 to EAS via initial
addition to the boron atom to form a borate. Then the nitrogen
lone pair participates in enamine-like reactivity, leading to EAS 8 to
the nitrogen. It is worth noting that one of the benzylic hydroxy
groups has been replaced with an n-butyl group.

Borylation

The previous section covered methods for preparing halogenated
1,2-BN-naphthalenes as electrophilic building blocks. This section
will describe the synthesis of nucleophilic BN naphthalene building
blocks. Molander that 1,2-BN-
naphthalenes 46 can undergo Miyaura borylation at the C3 position

demonstrated brominated
(Scheme 30a).2° C3-borylated 59 can subsequently be converted to
BF3K salts 60 in good yields (Scheme 30b). Both boron reagents 59
and 60 are suitable substrates for Suzuki cross-coupling reactions
(vide infra). Along with Miyaura borylation, Molander also
described the selective C-H borylation of 1,2-BN-naphthalenes at
the C8 position (Scheme 31a).3° Alkyl and aryl substituents at B (R2),
aryl and bromo substituents at C3 (R3), and alkyl, CF3, CN, and ether
substituents at C6 (R®) are all tolerated. Anything larger than a
proton on N or a proton or fluorine on C7 (R7) would sterically
preclude borylation at the C8 position. The first C-H borylation is
generally selective for the C8 position. A second Bpin can also be
selectively installed at the C6 position to yield 62 in the presence of
excess B,pin, with elevated temperatures (Scheme 31b). When the
C8 position is sterically blocked, as in N-Me substituted 45a,
standard C-H borylation conditions lead to a mixture of C7 and C6
borylated isomers in a 70:30 ratio favoring the C7 isomer (Scheme
31c).

Cross-Coupling

Molander, Fang, and Pei have all contributed to the cross-coupling
chemistry of BN-naphthalenes. Molander has published extensively
on the cross-coupling of 1,2-BN-naphthalenes, detailing a number
of methods for functionalizing the C3, C6, and C8 positions totalling
in the hundreds of substrates. Pei has demonstrated cross coupling
at the C4 position of 1,2-BN-naphthalene, while Fang reported
cross-coupling methods for the 9,10 isomer of BN naphthalene.

10 | J. Name., 2012, 00, 1-3
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(a) C3 Miyaura Borylation Bopin, (1.1 equiv.)
Pd(dppf)Cl, (5 mol%)

H K5COj3 (4 equiv.) H
PhOH (2 equiv.)

N._.R N._.R
B B
_ B toluene, RT, 4-8 h _

R 598, R = H, 63% H
59b, R = Me, 80% N

59¢, R = OMe, 73% F\@/\/‘ri
Z Bpin

59d, R =F, 75%
59f, 68%

Bpin 59, R = CF3, 70%

(b) BF3K Salt Formation

R
o T i
N ag. KHF, (4.5 equiv. N
@L;i o cnm s m
MeOH, 0 °C to RT, 18 h
ZBpin ZNBFK

60a, R = H, 89%
60c, R = OMe, 89%
60d, R =F, 96%
60e, R = CF3, 82%

Scheme 30 a) Miyaura borylation of 3-bromo-1,2-BN-
naphthalenes. b) Conversion of 3-Bpin-1,2-BN-naphthalenes to

corresponding BFsK salts.
(a) C8 C-H Borylation

B,pin, (1.05 equiv.)

H [Ir(OMe)(cod)], (2 mol%) Bpin H
R7. N.g-R? dtbpy (5 mol%) m
- Ao MeCy [0.2 M], 40-80 °C
61

R? = alkyl, heteroaryl, aryl (EDG and EWG) 21 91% yield

R3=H, Br, aryl

RS = H, alkyl, CF5, CN, OCF;

R7=H,F

(b) C8/C6 C-H Borylation

Bopin, (3 equiv.)

B [Ir(OMe)(cod)], (2 mol%)
R

B~ dtbpy (5 mol%)
¢

44, R = aryl, alkyl

Bpin H

63, 76-79% yield

MeCy [0.2 M], 80 °C

(c) C7/C6 C-H Borylation
CF3

Bopin, (1.05 equiv.)
[Ir(OMe)(cod)], (2 mol%)
dtbpy (5 mol%)

MeCy [0.2 M], 80 °C /@/ CFs
C7:C6, 70:30

Scheme 31. a) C-H borylation at C8 position of N-H-1,2-BN-

naphthalene. b) Bisborylation at C8 and C6 positions of 1,2-BN-

naphthalene. c) Monoborylation at C7 and C6 positions of N-
substituted 1,2-BN-naphthalene.

C3 brominated 1,2-BN-naphthalenes 46 and 47 engage in Suzuki
cross-coupling with aryl BFsK salts in modest to excellent yields
(Scheme 32a).25 Changing the catalyst and solvent broadened the
scope of BF3K coupling partners to include alkenyl substrates
(Scheme 32b).3! N-Alkyl, B-aryl substituted 47 serves as the
electrophilic partner in the Kumada coupling of aryl Grignard
reagents (Scheme 32c).32

In order to extend the scope of cross-coupling reactions of 1,2-
BN-naphthalenes to include alkyl reagents, Molander et al.
developed the reductive cross-coupling of BN heteroaryl bromides
and alkyl iodides.3® Optimal conditions for the reductive cross-
coupling include a Ni-catalyst supported by a bipyridine ligand, 4-
ethylpyridine and NaBF, as additives, and Mn as the reductant
(Scheme 33a). Cross-coupling of various alkyl iodides proceeds in

This journal is © The Royal Society of Chemistry 20xx
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modest to excellent yield. Molander et al. subsequently expanded
the scope of alkyl coupling partners to include more sensitive
functional groups, especially those susceptible to reduction, by
developing a photoredox/nickel dual catalytic functionalization.3*
The base-free method for derivatizing BN-naphthalene with
ammonium bis(catecholato)silicates occurs at room temperature
and is promoted by a Ni-catalyst and a Ru-derived photocatalyst
(Scheme 33b). Functional groups such as esters, amides, lactams
and even free amines are tolerated for the reaction.

Borylated BN-naphthalenes serve as the nucleophilic partner in
a cross-coupling reaction. C3-boron pinacol ester 59a (Scheme 34a)
and C3-BF;K salt 60d (Scheme 34b) readily undergo Suzuki cross-
coupling reactions.?®

Molander et al. also developed a method for C3
functionalization via Suzuki cross-coupling where the BN-
naphthalene contains both the nucleophile and the electrophile.3?
This self-arylation occurs when a B-aryl, C3-bromo 1,2-BN-
naphthalene is treated with a palladium catalyst and strong base;
the B-aryl group undergoes a net migration to the C3 position
(Scheme 35).

(a) C3 Suzuki Coupling with Aryl Nucleophiles

R R!
! t-BugP-Pd-G2 (1 mol%) !
N‘B’ R? Cs,CO3 (3 equiv.) ’\LB’R2
(Het)Ar-BFgK ————————
ay 1:1 CPME/,0, 2 (Het)Ar
46R' = H, 60°C, 18h 50R' = H,
47R'zH R' = H, alkyl, allyl, Bn 65R" 2 H

R2 = alkyl, aryl, heteroaryl
39 examples, 24-98% yield

(b) C3 Suzuki Coupling with Alkenyl Nucleophiles
R1

N..R2 Re
B KkrB__~
— R*
Br

Pd(dppf)Cl, (6 mol%)
Cs,CO3 (3 equiv.)

1:1 toluene/H,0,

R 60°C, 18 h
1 3 _ R
46R!=H, R2 =H, allyl, Bn R4 =H, alkyl 66 R' = H,
47R'2H R< =alkyl, aryl R*=H, alkyl 67R'=H
RS = H, alkyl

25 examples, 69-98% yield

(c) €3 Kumada Coupling

e e

N.g #BugP-Pd-G2 (1 mol%) N.g
ArMgBr

Z > pr THF, 0°Cto RT, 18 h Zar

47 65
R' = allyl, Bn

5 examples, 73-89% yield

t-BugP-Pd-G2 = chloro[bis(tri-tert-butylphosphine)]-[2-(2'-amino-1,1'-biphenyl)]-palladium(ll).
Scheme 32 Suzuki cross-coupling of 3-bromo-1,2-BN-
naphthalenes and a) aryl BF;K reagents; b) alkenyl BF3;K reagents. c)
Kumada cross-coupling of 3-bromo-1,2-naphthalenes and aryl
Grignard reagents.

A crossover experiment revealed that the self-arylation is an
intermolecular process. The boron atom of the 1,2-BN-naphthalene
is hydrolyzed during the self-arylation, and the reaction affords a
mixture of anhydride 71 and alcohol 72. Treating the anhydride
with KOH in THF/H,0 converts it to the hydroxy compound.

Suzuki cross-coupling has been deployed as a functionalization
method for other positions on the 1,2-naphthalene ring, including
the C4, C6, and C8 positions. Using a bottom-up synthesis, Pei
incorporated a bromine atom at the C4 position that serves as a
handle for cross-coupling to afford a triaryl substituted BN-
naphthalene core 74 (Scheme 36a).3> Cross-coupling of

This journal is © The Royal Society of Chemistry 20xx
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(a) C3 Reductive Coupling

NiCly'glyme (10 mol%)
4,4'-dimethyl-2,2"-bipyridine (10 mol%)

R’ 4-ethylpyridine (1.0 equiv.) R’
N. _R? NaBF, (50 mol%) N. _R2
B’R Mn (2.0 equiv.) B R
_ Alk—I _
Br 2:1 cyclohexane/DMA, 40 °C, 18h Alk
46 R' = H, 68 R'=H,
47R'=H R'=H, allyl, Bn 69R"=H
R2 = alkyl, aryl
21 examples, 37-96% yield
(b) C3 Photoredox/Cross-Coupling
H [NiCly(dme)] (5 mol%) H
! dtbpy (5 mol%) !
N.__Al N.__ Al
B [Ru(bpy)s](PFe)s (2 mol%) B
_ [Si]—R P
Br hv DMF (0.1 M), RT, 16-40 h R
46 70

[Si”] = ammonium bis(catecholato)silicate

R =1°, 2° alkyl containing ester, amide, lactam,
pyridine, free 2°/1° amine

10 examples, 60-96% yield

Scheme 33 a) Reductive cross-coupling of 3-bromo-1,2-BN-
naphthalenes and alkyl iodides. b) Photoredox/Nickel dual-catalytic
functionalization of 3-bromo-1,2-BN-naphthalenes.

1:1 t-BUOH/H,0,

(a) C3-Bpin Suzuki Coupling
L
=
40°C, 18 h Ar

59a 50
4 examples, 45-64% yield

ArBr (1 equiv.)
XPhos-Pd-G2 (3 mol%) H
K>COj3 (3 equiv.) N

XPhos-Pd-G2 = chloro(2-dicyclohexylphosphino-2',4',6'-triisopropyl-
1,1"-biphenyl)[2-(2'-amino-1,1"-biphenyl)]-palladium(ll).

(b) C3-BF3K Suzuki Coupling

ArBr (1 equiv.) H F
Pd(PPhs)4 (5 mol%) ]
NEt; (3 equiv.) N

% 1:1 toluene/H,0,

BFsK o
60d 80 °C, 18h 50

4 examples, 38-65% yield
Scheme 34 a) Cross-coupling of C3-Bpin-1,2-BN-naphthalene. b)
Cross-coupling of C3-BF3;K-1,2-BN-naphthalene.

Self-Arylation
Alk SPhos-Pd-G2 (2 mol%) Alk Alk
Ej/\ruim KOH (3 equiv.) N\B)YO N.g-OH
- 2
or
9:1 THF/H,0, @/K @;/k
Z Br RT, 18 hz Z Ar Z Ar

47 7 72
13 examples, 56-98% yield

SPhos-Pd-G2 = chloro(2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl)
[2-(2'-amino-1,1'-biphenyl)]-palladium(ll).

Scheme 35 Self-arylation of 1,2-BN-naphthalenes.

bisbrominated 49 or mono-C6-brominated 51 with aryl-BF3;K
reagents affords the corresponding C3,C6 substituted naphthalenes
(Scheme 36 b,c).26 The reactions depicted in Schemes 36b and ¢
can also be performed with alkenyl-BFsK reagents (cf. Scheme
32b).3! The reductive cross-coupling method depicted in Scheme
33a has also been applied to compound 51.33 Suzuki coupling is also
effective with C8-Bpin 62 and a variety of aryl bromides (Scheme
36d).3°

Fang described cross-coupling methods to functionalize 9,10-
BN-naphthalenes, including Suzuki coupling (Scheme 37a),
Sonogashira coupling (Scheme 37b), and Heck reaction (Scheme
37¢).?7 Several examples of arylboronic acids, alkynes as well as one
example of an alkene engage in coupling with the C4-iodo

J. Name., 2013, 00, 1-3 | 11
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compound 53i. Diaryl phosphines also function as nucleophiles in a

(a) C4 Suzuki Coupling
Ar—B(OH), (2 equiv.)

Journal Name

coupling reaction with 53i to form BN-containing phosphine ligand H Pd(PPha), (5 mol%) H
81 (Scheme 37d).% N.g-Ph KsPO4H,0 (2 equiv.) N.g-Ph

% Ph 50:112!(§>I°u(§n$£HﬁO, Z Ph
Nucleophilic Substitution Br Ar
Dewar first reported the synthesis and functionalization of the 1,2- I 3 examples, 75-91% yield ™
BN-naphthalene in 1959.3" Incorporating a B-Cl bond into the ) ca/cs suzuki Coupling
synthesis allowed for ready functionalization of the product at the KF.B OMe
boron position via nucleophilic substitution, albeit in modest yields. \©/
An excess amount of hydride or methyl or phenyl Grignard reagents H +BU P—Pd—Gz((i fr‘\‘;‘l"/’; H
displace the chloride in N-H, B-Cl 1,2-BN-naphthalene 82 to afford N.g-Me C8,C0; (6 equiv) N.g-Me
substituted 44 after aqueous workup (Scheme 38a). In 2014, g " 1:1 CPME/H,0, Ar A Nar
Molander showed that the B-OH bond- containing compound 72a, 49 60°C 18h 75,97%
the product of the self-arylation reaction, could be substituted with (o) c6 suzuki coupling
a phenyl group with a Grignard reagent (Scheme 38b).32 In 2015, H (Het)ArBFgK (1 equiv.) H
Cui reported the first synthesis and late-stage functionalization of N\B,Me "%12&‘;‘?5&5"@?’ N‘B'Me
the 2,1-BN-naphthalene.?® The incorporation of the B-Br bond in  _ A W Ar(Het)Q/\/\Ar
compound 83 allows for the relatively facile substitution with 51 60°C,18h 76
various nucleophiles to afford compound 84 (Scheme 38c). 3 examples, 69-86% yield

(d) C8 Suzuki Coupling

Benzylic Functionalization Bpin |, XPh:sr-BPrd(lE Zq(%ivr.r)‘m%) (HebAy,
In 2014 Molander et al. prepared 2-chloromethyl-1,2-BN- N R? KoCOg (3 equiv.) N.g-R?
naphthalene, a building block for benzylic functionalization.3? Like . _ 14 +BUOHM,O, o _
its benzylic halide counterpart, the BN compound 85 undergoes 62 40°C, 18 h 77
nucleophilic substitutions with a wide variety of nucleophiles szac'hy'b‘gﬂs
including amines, alcohols, carboxylic acids, thiols, and azide 17 examples, 58-99% yield
(Scheme 39). Cross-coupling reactions including Suzuki and scheme 36 a) Suzuki coupling at the C4 position of 1,2-BN-

Sonogashira reactions have also been reported.*® Borylation and
subsequent use of benzylic BF3K reagent 93 as the nucleophile in
cross-coupling reactions is also possible.*!

Similar to the BN-styrenes 14m and 5a (vide supra, Scheme 21),
Klausen demonstrated that B-vinyl, 1,2-BN-naphthalene 44d
displays styrene-like reactivity (Scheme 40).*2 The reactivity of
styrene and monomer 44d are similar enough to prepare statistical
copolymers using free-radical polymerization promoted by AIBN.

Electrophilic Substitution at Nitrogen

In an effort to prepare boron-containing organic compounds for
neutron capture therapy Dewar reported a procedure for the
substitution of 1,2-BN-naphthalene at the nitrogen position with
various electrophiles.*®> N-H-B-Me-1,2-BN naphthalene 44a is first
deprotonated with Meli and then quenched with an alkyl or
alkanoyl electrophile (Scheme 41). N-Me, allyl, and ethyl-ester
substituted 1,2-naphthalenes 45 were prepared in good yield.

naphthalene; b) C3 and C6 positions; c) C6 position; d) C8 position.

(a) Suzuki Coupling

ONT
|
X Bs
|
53i

Ar—B(OH), (1.5 equiv.)
PdCly(PPhg), (5 mol%)
Na,CO; (3 equiv.)

THF/H,0, 85°C, 12 h

6 examples, 86-94% yield
(b) Sonogashira Coupling

H——=——Ar (1.5 equiv.)
Z
|
- Bus
|

PACly(PPhg), (5 mol%)
53i

NEt; (3 equiv.)

DMF, 65 °C, 12 h

3 examples, 87-90% yield

(c) Heck Coupling

ONTX
|
B~

|

CH,=CHCO,Et(1.2 equiv.)
PdCl,(PPhs), (5 mol%)
NEt; (1.2 equiv.)

DMF, 75°C, 12 h

ZONT
|
B

Ar

78

Z2N
|
- Bos

|
Ar

AONT
|
xBs

A
53i 80,89% CO,Et
(d) C-P Coupling
HPPh, (1.5 equiv.)
= N A Cul (5 mol%), ligand = N A
o Bs Cs2C0q =N
| toluene, 100 °C, 12 h PPh,
53i 81, 85%

VAR
ligand = N N
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Scheme 37  a) Suzuki coupling of 9,10-BN-naphthalene; b) (@) Dewar (1959)
Sonogashira coupling; c) Heck reaction; d) C-P coupling. H H
& pling; c) ) piing ©/\N)B’CI nucleophile (excess) ©/\Nj’Nu
Z ether, 0 ° to RT or reflux Z
. . 82 44
BN-Polycyclic Aromatic Hydrocarbons (BN-PAHs)
entry nucleophile product yield (%)
The chemistry of BN-doped polycyclic aromatic hydrocarbons 1 LiAH, 44b 40
encompasses a vast body of literature. The reader is encouraged to 2 PhMgBr 44c 43
read the reviews by Piers! and Liu? and references therein as a 3 MeMgBr 4a 45

starting point for this literature. Compared to the large number of

b) Molander (2014,
publications about the assembly of BN-PAHs there are relatively (0) Molander (2014)

few examples of late-stage functionalizations of these heterocycles. A A
This section details the available methods for the late-stage N.g-OH  PhmgBr (1.5 equiv.) N.g-Ph
functionalization of the 9,10- and 4a,10a-BN-phenanthrenes, 1,2- Zph THF, 0°t0 60 °C Zph
and 9a,9-BN-anthracenes, and a BN-tetraphene. 72a 65a, 26%

(c) Cui (2015) 2,1-BN-naphthalene
EAS Br Nu
As an early example of an EAS reaction of a BN heterocycle, Dewar IIB\N,Ar nucleophile IIB\N,Ar
in 1959 reported that EAS occurs at the C8 position of 9,10-BN- o Nipy  ether,~78°to RT . s
phenanthrene (Scheme 42).%* Treatment of 9,10-BN-phenanthrene 83 84, 55.77%
95a with chlorine or nitric acid affords the respective EAS product in Ar = phenyl and substituted phenyls
moderate yield. 9,10-BN-phenanthrene is a remarkably stable Eu==H’;r:";'),|’thieny|’ nephthalonyl, alkyry,
compound, given the relatively harsh conditions of these PhCH,NH,/NEt;
substitution reactions by current standards. Scheme 38 a) Nucleophilic substitution at the boron position of

Vaquero synthesized the 4a,10a-BN-phenanthrene 97, and like 1,2-BN-naphthalene by Dewar. b) Nucleophilic substitution at the
boron position of 1,2-BN-naphthalene by Molander. c) Nucleophilic

its simpler analogue 9,10-BN-naphthalene, it is attacked by halogen P - "
substitution at the boron position of 2,1-BN-naphthalene by Cui.

electrophiles at the carbon position adjacent to boron (Scheme
43a).%> Either a Cl or a Br can be installed in good to excellent yield.

N
"B OBRK
H P
\B/\
@E/ Npg 93, 62% Zn (0.5 equiv.) g g A
ArS—SAr (0.5 equiv.)

Sonogashira 4 Bypiny/Pd THF, RT

92 i
%KHB 5 examples, 69-87%
H

@[NJB/\R Suzuki coupling B/\ NHRR' (2 equiv.) @[) ~\-R
Z T THRRT

NaNj3 (1.2 equiv.) 9 examples, 69-96%
a1 CH4CN, 76 °C, 2

H RCOOH \ H
N‘B/\N Cs,CO;3 (1 equiv.) FeSO, (3 equiv.) N‘B/\ R
3 CH3CN, 70 °C, 12 h ROH, 70 °C, 36 h o

Z 8 examples, 68-92% 2 examples, 63-67% =

H

90, 85%
’ N.
B~ OC(O)R
=

conditions for Suzuki coupling: Aryl: 1.25 mol% Pd,dbag, 2.5 mol% RuPhos, 2 equiv. Cs,COg3,

19:1 toluene/H,0 80 °C, 18 h, 22 examples of (Het)ArBF3K, 46-92%. Alkenyl: 2 mol% Pd,dbag,

4 mol% t-Bu,MeP HBF,, 2 equiv. K,CO3, 12 examples, 75-90%. conditions for Sonogashira coupling:
2 mol% XPhos-Pd-G2, 1 equiv. Cs,CO3, 19:1 toluene/H,0, 70 °C, 8 examples, 60-84%.

conditions for borylation: 1. 3 mol% (Ph3P),PdCl,, 2 equiv. K3POy,, 19:1 toluene/H,0, 75 °C, 17h

Scheme 39 Benzylic functionalizations of 1,2-BN-naphthalene.
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\ NH AIBN Ph
toluene, 70 °C,
45 min

44d 94, 6.5%
Scheme 40 Copoylmerization of styrene and 1,2-BN-
naphthalene 44d.

1) Meli, ether, RT ||E

2) electrophile, benzene,

reflux, 3 h

H
N\B,Me N\B,Me
= =

44a 46
46a, E = Me,SO,4, 80%
46b, E = allylboromide 78%
46¢, E = CICOOE, 76%
46d, E = CICH,CH,CH,Br, n/a

Scheme 41 Electrophilic substitution at the nitrogen position of
1,2-BN-naphthalene.

Dewar (1959)
®) Cl
9)
NH Cl, NH
10,
BOY) T acom, RT

HNO3 (AcOH)
Ac,0, 0 °C to RT

95a 96b, 48%

Scheme 42 EAS reactions of 9,10-BN-phenanthrene.

When propanal is used as the electrophile, it can be attacked by
two equivalents of 97 to form 99 (Scheme 43b). Selectivity for the
EAS reaction with aldehydes can be shifted to the carbon position
to the nitrogen atom by employing n-BulLi as an activator (Scheme
43c). The activation method is analogous to the one described in
Scheme 29 for 9,10-BN-naphthalene. Aldehyde and ketone
electrophiles are viable substrates for EAS and unlike 9,10-BN-
napthalene the reaction is completely regioselective. The resulting
carbinol reacts with an additional equivalent of the alkyllithium
reagent, furnishing alkylated 100 in moderate to excellent yields.

Liu et al. reported the first example of a BN-anthracene in
2014.%¢ Unlike its bi- and monocyclic analogues, EAS of the 1,2-BN-
anthracene does not occur at the C3 position adjacent to B but
rather at the C9 position (Scheme 44a). The authors found that
there is a significant contribution to the HOMO from C9 but a
vanishingly small one from C3. Thus, the reaction appears to be
orbitally controlled which is consistent with the "soft" nature of the
Br, electrophile. In 2019, the Liu group reported another
anthracene isomer, the 9a,9 isomer.4’ Substitution of 103 with
bromine was selective for the apical C10 position (Scheme 44b). Cui
prepared BN-tetraphene 105 and also demonstrated EAS with
bromine, yielding functionalized 106 (Scheme 45).48

14 | J. Name., 2012, 00, 1-3

Journal Name

Cross-Coupling

Brominated 98b serves as the electrophile in three different cross
coupling reactions.*> Suzuki cross-coupling leads to arylated 107,
Buchwald-Hartwig coupling furnishes amine-substituted 108, and
Sonogashira coupling installs an alkyne in product 109 (Scheme 46).
The brominated BN-anthracenes 102b and 104 also undergo Suzuki
cross-coupling with arylboronic acids to furnish 110 (Scheme 47a) ¢
and 111 (Scheme 47b), respectively.*” Cui reported an

N
|
B

X

(a) Vaquero (2017)

N
|
X Bs

NXS (1.5 equiv.)
AICI; (1.5 equiv.)

CH,Cly, -35°C to RT

97 98b, X = Br, 99%
98¢, X =Cl, 72%

(b) Vaquero (2017)

o

97

K,

5 equiv.
AICl; (1.5 equiv.)

CH,Cly, - 35 °C to RT

(c) Vaquero (2018)

1) RILi (2 equiv.) R'C2
NS THF, - 78 °C, 1h N R3
B~ 2) 0 B
o7 RZJJ\R3 (5 equiv.) 100

-78°CtoRT, 12h

. E :N A
via: h
\@lIB Z

R' = Me, £Bu, n-Bu

R2 = Me, Et, /-Pr, Ph, p-CF4Ph,
p-OMePh, 2-pyridyl,

2-thienyl, 2-quinolyl

R3=H, Me

Bu 55-99% yield
Scheme 43 EAS reactions of 4a,10a-BN-phenanthrene.
(a) Liu (2014)
©® H By
SOV = L
7 (3) CHyClp, 0 °C Z
toRT, 15h
101a, R = Me 102a, R = Me, 81%
101b, R = Ph 102b, R = Ph, 93%
(b) Liu (2019)
I\IIIes Mes
| xN-Ba Br,, NEt, | SN-Ba
PNF CH,Cl,, 0 °C to RT PNF
(10) Br
103 104, 75%

Scheme 44 a) Bromination of
Bromination of 9a,9-BN-anthracene.

1,2-BN-anthracene. b)

Cui (2016)

105 106, 60%
Bromination of BN-tetraphene.

Scheme 45
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v 2017) i
aquero (2017) o5 (0H), (1.4 equiv) Cui (2016)

Pd(PPh3), (5 mol%)

Na,COj3 (3 equiv.) NTX
) )
TSN phenylacetylene (3 equiv.)
toluene/MeOH/H,0, X-BA Pd(PPhy),Clp (5 moi%)
70 °C
Cul (5 mol%)
NEt; (3 equiv.
107, 76% s (3 equiv.)
morpholine (1.2 equiv.) DMF, 100 °C
[PCI(allyl)], (2.5 mol%)
B JohnPhos (5 mol%) B o
N NaO-Bu (1.4 equiv.) N 112, 82%
xBus xBus .
toluene. 80 °C Scheme 48 Cross-coupling of BN-tetraphene.
Br ! N
98b 108, 83% [o]
phenylacetylene (3 equiv.)
Pd(PPh3),Cl, (5 mol%)
Cul (5 mol%) O O
NEt; (3 equiv.) NS NH nucleophile NH
> B~ ! . !
DMF, 80 °C O B‘C| benzene, temperature O B‘Nu
109,83% Ph 13 95
Scheme 46 Cross-coupling reactions of brominated BN- entry nucleophile product yield (%)
phenanthrene 98b.
1 H,0? 95b 99%
. X . . X 2 MeMgBr® 95a 67%
example of Sonogashira coupling to functionalize brominated BN- 3 EtMgB® o5c 70%
tetraphene 106 (Scheme 48).48 4 PhMgBr® 95d 59%

- . aRT, brefluxing benzene
Nucleophilic Substitution

Synthesis of B-Cl substituted 113 provides a functional handle for Scheme 49  Nucleophilic substitution of 9,10-BN-phenanthrene
nucleophilic substitution at the boron position. Dewar reported four 113.

examples of nucleophiles that displace the B-Cl: water, methyl

Grignard, ethyl Grignard, and phenyl Grignard (Scheme 49).4°

Electrophilic Substitution O NH 1) MeL, ether, RT O NN
Similar to the analogous 1,2-BN-naphthalene, a strong base will é‘Me f&fﬂ!{'é’mm‘de' benzene, é‘Me
deprotonate the N-H proton of BN-phenanthrene 95a (Scheme O -

50).%3 The resulting amide was substituted with allylbromide in good 95a 114, 75%
yield.

Scheme 50 Electrophilic substitution at N of 9,10-BN-

phenanthrene.

(a) Liu (2014) Ph,N(CgH4)B(OH), (2 equiv.)
Br Pd,dbag (5 mol%)

H o pp  C(EBUS(GOmoi T on B-X Activation
20-Bu (2 eauv) In an effort to synthesize BN-arene containing phosphine ligands,
= toluene, 110 °C, 18 h ¥

Pringle et al. discovered that B-Cl substituted BN-phenanthrene 113

1026 110, Ar = PheN(CeH,), 89% reacts with silylphosphines at room temperature to afford BN-
(b) Liu (2019) oraon _ phosphine ligands 115 (Scheme 51).5° The ease with which the B-Cl
Vos Pd(zdb,)fa S oy Ves bond reacts with the P-Si bond was somewhat surprising given that
| \N,é\ gg’zg'gz((g;"qﬂ“/,; \N,é\ formation of a P-B bond from Et,PSiMe; and CIB(n-Pr), required
P THE AT 241 P several hours at high temperatures (120 °C).
Br Ph
104 111, 52%
Scheme 47 a) Cross-coupling at C9 position of 1,2-BN- O NH Me,SiPR, O NH

anthracene. b) Cross-coupling at C10 position of 9a,9-BN-

1
B. B.
cl CH,Cl,, RT PR,
anthracene.
13 115a, 92%
aPR,= —P 115b, 58%

bPRy= —P(-Pr),

Scheme 51 Exchange reaction between B-Cl 113 and
silylphosphines.

Distinct Reactivity of BN-Heterocycles
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Replacing a CC with a BN unit of an arene can render each position
of the resulting BN-heterocycle electronically distinct. As a result,
the BN bond imbues distinct selectivity to a BN-heterocycle as
compared to analogous reactions of its all-carbon counterpart.
Based on the results presented in this review, several selectivity
trends emerge for certain reactions of BN-heterocycles.

For monocylic 1,2-azaborines and BN-naphthalenes, EAS occurs
at the position adjacent to boron which is the most electron-rich
(Schemes 1, 25, 26, 43). Friedel-Crafts reactions can occur either
adjacent to boron (Schemes 27, 43), or at the second-most
electron-rich position B to nitrogen (Schemes 2, 3, 27, 28, 29, 43)
depending on the conditions. EAS selectivity for BN-PAHs does not
necessarily follow these trends.

The N-H bond is the most acidic position and thus can be
selectively deprotonated and functionalized with electrophiles
(Schemes 14, 15, 41). The closest C-H proton to the nitrogen atom is
the most acidic proton and will selectively engage in deprotonation/
functionalization (in the absence of an N-H proton) (Scheme 29) or
C-H borylation (Schemes 4, 31).

The boron atom is the most electrophilic position of a BN-
heterocycle due to its partially occupied p-orbital. If a leaving group
is attached, it will undergo substitution preferentially in the
presence of other carbon-based leaving-groups (Scheme 12).

More broadly, the presence of the boron atom provides the
opportunity to perform reactions not available to all-carbon
compounds. Activation of various B-X bonds is possible: B-Cl bonds
undergo transmetalations (Schemes 17, 51); B-H bonds can undergo
dehydrogenative borylation (Scheme 18); B-C bonds can undergo
oxidation (Schemes 19, 20) as well as the unique self-arylation
reaction (Scheme 35); boron atoms internal to BN-PAHs can be
activated with n-butyllithium, which in turn activates specific
positions to functionalizations (Schemes 29 and 43). Finally,
monocyclic 1,2-azaborines undergo Diels-Alder reactions under
thermal conditions unlike their benzene-derived counterparts
(Schemes 23, 24).

Concluding Remarks

Significant progress has been made in the field of azaborine
chemistry in the past two decades. The synthetic access to a
continuously growing library of BN heterocyclic compounds has led
to the discovery of new properties and functions in a variety of
disciplines ranging from biomedical research to materials science.
Despite the advances made to date, the field is still in relatively
early stages of development and remains limited by the synthetic
access to new BN heterocycles and their derivatives. The literature
surveyed in this review highlights the distinguishing
reactivity/selectivity patterns exhibited by BN heterocycles relative
to their carbonaceous counterparts. It is also clear from the survey
that the available synthetic toolbox for derivatizing BN heterocycles
falls far short of the capabilities developed for arenes. Thus, further
development in this area will undoubtedly help mature this
burgeoning field. Overall, BN/CC isosterism as a general approach
to create new function has tremendous potential due to the near
unlimited chemical space provided by hydrocarbon compounds.
Exciting untapped opportunities related to reaction chemistry that
take advantage of the distinct electronic structure of BN

16 | J. Name., 2012, 00, 1-3

heterocycles include new bioconjugation chemistry and the use of
BN heterocycles as synthons in organic synthesis, to name a few.
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Key Learning Points:

1) This review provides an overview of late-stage

functionalization methods for monocyclic as well as polycyclic
1,2-azaborine heterocycles.

2) This review highlights the distinct reactivity and reaction
selectivity of BN-heterocycles relative to their all-carbon
counterparts.

3) This review includes all of the recent examples of late-stage
functionalization published within the last decade.

4) This review presents "building block" strategies that have
been used to diversify the functional groups available to BN-
heterocycles.
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Late-stage functionalization techniques allow synthetic chemists to decorate an
assembled BN-heterocycle for a variety of applications!
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