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Abstract: The first Ni0/bis(oxazoline)-catalyzed asymmetric
denitrogenative transannulation of 1,2,3-benzotriazin-4(3H)-
ones with bulky internal alkynes to form novel axially chiral
isoquinolones in an atroposelective manner has been devel-
oped. This method provides direct asymmetric access to axially
chiral isoquinolones with excellent functional-group tolerance
in excellent yields and stereoselectivities from readily available
starting materials under mild reaction conditions. These axially
chiral isoquinolones exhibit high cytotoxicity against a number
of human cancer cell lines. DFT calculations reveal the nature
of the transition state in the key annulation step.

Axially chiral compounds are components which are omni-
present in naturally occurring and synthetic biologically
active molecules,[1] and are important platforms for chiral
catalyst/ligand development within the fields of asymmetric
catalysis and synthesis.[2] Therefore, great synthetic efforts
have been made to develop efficient asymmetric method-
ologies for constructing axially chiral biaryls,[1,3] including
biaryl synthesis by [2++2++2] cycloaddition reactions,[3d, 4a]

dynamic kinetic resolution of biaryls,[4b–d] Suzuki–Miyaura
couplings,[3c,4e] oxidative homocouplings,[4f–g] C¢H bond func-
tionalization,[4h] organocatalytic formations,[4i–o] and many
others.[4p–r] Compared with the successful approaches toward
biaryl atropisomers, only a few asymmetric routes to access
atropisomeric aza-heterocycles have been reported.[3d, 5] How-
ever, axially chiral aza-heterocycles bearing pyridone units
have been recognized as core structures of pharmaceutically
active molecules (Figure 1).[1, 6] Thus, the development of
a highly enantioselective strategy for accessing novel atropi-
someric aza-heterocycles, bearing pyridone units, is still in
great demand.

Over the past decade, transition-metal-catalyzed denitro-
genative transannulation of a triazole ring has attracted
considerable attention as a powerful tool toward diverse aza-
heterocylic cores,[7] especially since the pioneering studies
carried out by the research groups of Gevorgyan,[7b] Fokin,[7c]

and Murakami.[7d] In this field, Murakami and co-workers
reported seminal work on the use of nickel catalysts for such
reactions of 1,2,3-benzotriazin-4(3H)-ones with various unsa-
turated compounds,[8] in which a five-membered aza-nickela-
cycle was formed. In particular, they demonstrated a non-
enantioselective nickel-catalyzed synthesis of isoquinolones
by annulation of either internal or terminal alkynes with good
to moderate regioselectivity.[8a] Inspired by these seminal
works, we hypothesized that a related catalytic asymmetric
approach to an important class of axially chiral isoquinolones
in an atroposelective manner could be realized with internal
alkynes, bearing sterically encumbered substituents, by using
the appropriate chiral ligands (Scheme 1). Indeed, the in situ

generated five-membered aza-nickelacycle A could undergo
regioselective insertion of an alkyne, bearing a judiciously
chosen sterically encumbered group, into the nickel–carbon
bond to generate a configurationally fixed seven-membered
nickelacycle (B) coordinated by a chiral ligand. Because of
the significant hindrance around the RL–alkenyl axis in B, the
formation of the desired axially chiral isoquinolones in an
atroposelective manner after reductive elimination might be
expected. In this scenario, several challenges would be
encountered: 1) the selection of appropriate alkynes to
increase the reaction efficiency, control regioselectivity, and
increase the rotational energy barrier through steric inter-
actions so as to establish axial chirality; 2) the choice of
a chiral ligand to efficiently induce axial stereocontrol; 3) the
use of mild reaction conditions to obviate the axial rotation.

Figure 1. Axially chiral aza-heterocycles of medicinal interest.

Scheme 1. Construction of axially chiral isoquinolones.
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As part of our continued interest in the construction of axially
chiral compounds,[9] herein, we describe the first highly regio-
and enantioselective chiral nickel(0)/bis(oxazoline)-cata-
lyzed[10] denitrogenative transannulation of 1,2,3-benzotria-
zin-4(3H)-ones with bulky internal alkynes, thus providing
a new synthetic route toward a novel class of axially chiral
isoquinolones bearing multiple and diverse substitution
patterns. Such structural motifs are important components
of various biologically active natural products and medicinal
compounds.[11]

The initial investigation to validate our hypothesis started
with an annulation between N-tolyl-1,2,3-benzotriazin-4(3H)-
one (1a) and the alkyne 2a, which bears a bulky naphthalene
ring (Scheme 2). Since the chiral P,N-type ligands have

proven to be excellent ligands in asymmetric nickel(0)
catalysis,[8b,d] (R,R)-iPr-foxap (L1) was first examined as the
ligand. To our delight, in the presence of [Ni(cod)2]
(20 mol %) and L1 (22 mol%), the annulation of 1 a with 2a
gave the desired axially chiral product 3aa with 84% ee and
almost complete regioselectivities, albeit in only 20% yield
(see Table S1 in the Supporting Information).
Encouraged by this result, we then screened differ-
ent chiral ligands and found that (S)-quinap, the
bis(phosphine) ligand (S,S)-Me-duphos, and triden-
tate (R,R)-(iPr)-Pybox were considerably inferior to
L1 in terms of reactivity and enantioselectivity. We
then examined the activity of chiral bis(oxazoline)
ligands,[12] which were previously reported to be
successfully applied in nickel-catalyzed asymmetric
reactions.[10] Different indanyl-substituted ligands
(L5–L7) with either a hydrogen-, bis(methyl)-, or
cyclopropylidiene-linker generated 3aa in good yield
but with only 2–77% ee, and the results revealed that
tuning the bite angle of the ligand by changing the
central linker significantly influenced the enantiose-
lectivity of the catalyst. We are pleased to find that
the cyclopropylidiene-linked ligand (S,S)-L10,
having an isopropyl substituent, exhibited excellent
yield (87 %) and good enantioselectivity (81 % ee,
see Table S1 in the Supporting Information). Among
the reaction temperatures examined, the reaction at

room temperature gave the best results of 89 % yield and
93% ee (see Table S1 in the Supporting Information). We
then screened different organic solvents to find that 1,4-
dioxane was optimal, thus suggesting a significant solvent
impact on this reaction. It should be noted that the catalyst
loading could be reduced from 20 to 10 mol % without
significantly affecting the reaction efficiency and enantiose-
lectivity (86 % yield and 94 % ee).

With the optimized reaction conditions in hand, we next
investigated the scope of the internal alkyne partner. A wide
range of alkynes with different substituents at different
positions all reacted smoothly with 1a to afford the corre-
sponding axially chiral products as a single regioisomer with
excellent efficiency and stereoselectivity (Table 1). Various

groups, including alkyl halides (2a, 2b), n-hexyl (2c),
methyl (2d), ether (2e), and an allyl ether (2 f) were well-
tolerated. These results are significant since most groups
are reactive and, thus, are difficult retain in many nickel-
catalyzed organic transformations.[10] It is worth mention-
ing that the substrate 2g, with an aryl substituent (Rs), also
afforded the expected product 3ag in 91% yield with
79 % ee and 94:6 r.r. (regioisomeric ratio). This reaction is
amenable to both electron-withdrawing and electron-
donating groups at the 4-position of the naphthalene ring
(3ah–aj) and these substitutions also exhibit a beneficial
effect for the improvement of enantioselectivity. Most
importantly, the more sterically hindered pyrene ring can
also be incorporated into the product (3ak) in 93% yield
with 94 % ee, thus demonstrating that the substrate scope
is not only limited to naphthyl acetylenes.

Next, the scope of the substituents on the nitrogen
atom of 1 was explored in the reaction with 2a under the

standard reaction conditions (Table 2). In addition to 1a
(Table 1), which bears an electron-donating group, a variety
of aryl substituents with electron-neutral or electron-deficient
groups (R2) at different positions on the phenyl ring furnished
the products 3ba–fa in 63–80% yields with 89–94 % ee.
Meanwhile, the reaction also worked well for the substrate

Scheme 2. Screening of the reaction conditions. cod =1,5-cyclooctadiene.

Table 1: Reaction scope with respect to the internal alkynes.[a,b,c]

[a] All the reactions were conducted on a 0.1 mmol scale. [b] Yield of
isolated product based on 1. [c] Determined by HPLC analysis.
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1g, bearing two chloro groups, thus affording 3ga
in 92% yield with 80% ee. The substrates 1h and
1 i, having an electron-donating and electron-
withdrawing ring substituent, respectively, also
underwent reaction to furnish the corresponding
products 3ha (82 % and 90% ee) and 3 ia (70%
and 95 % ee). Moreover, even the reactive tri-
ethylsilyl (TES) alkynyl group remained intact
throughout the reaction and the product 3ja was
obtained in 74 % yield with 91 % ee, and would
offer opportunities for useful transformations.

Axially chiral isoquinolones have useful properties as
either powerful organocatalysts or ligands, and as biologically
active compounds.[13] To demonstrate the viability of our
obtained products for such purposes, we examined the
annulation of 1a with the naphthyl acetylene 2 l, bearing
a tertiary amine group, under the standard reaction conditions
and were pleased to find that the desired axially chiral
isoquinolone with a tertiary amine was obtained in 85 % yield
with 90% ee [Eq. (1)]. To further verify the stability of such
axial compounds, we heated the obtained 3al in toluene
(1 mgmL¢1) at 100 88C for 24 hours and no erosion of the
ee value was observed, thus clearly demonstrating that such
compounds display a remarkably high barrier to rotation
about the naphthyl–alkenyl bond. Therefore, the obtained
axially chiral compounds have been suggested to have
potentially wide applications as effective asymmetric organo-
catalysts or ligands. The structure resemblance to a variety of
biologically active compounds also encouraged us to evaluate
the biological activity of our products. Our preliminary
biological studies revealed that axially chiral isoquinolones
3aa, 3ah, and 3ha exhibited good cytotoxicities against both
HT-29 and K562 cancer cell lines with IC50 values ranging
from 18.5 to 22.3 and 10.5 to 14.3 mm, respectively (see
Table S2), thus suggesting a potential application of this class
of axially chiral isoquinolones in anticancer studies.

The structures of 3aa and 3da were confirmed by X-ray
diffraction analysis of their single crystals and the absolute
configuration was assigned to be aR (see Figure S1).[14] On
this basis, together with the nickel-catalyzed annulation of
1,2,3-benzotriazin-4(3H)-ones with alkynes,[8] a working
model was tentatively proposed to explain the regio- and
enantioselectivity of the reaction (Scheme 3). The formation
of the five-membered-ring aza-nickelacycle A through biden-
tate chelation of the isopropyl bis(oxazoline) (S,S)-L10 to the
cationic nickel(II) center[8b] should induce high reactivity and
a rigid chiral environment. To avoid the repulsive steric
interaction between the bulkier naphthyl substituent and the
phenyl ring of the substrate, the regioselective insertion of
alkyne into the nickel–carbon bond results in the formation of
the seven-membered nickelacycle B. During this process, B,

having an isopropyl group and the naphthyl substituent on
opposite faces, is more favored than the intermediate B’’
owing to the absence of steric interactions between the
isopropyl group of the ligand and the naphthyl substituent of
the substrate, thus rendering hindrance about the naphthyl–
alkenyl axis for the establishment of axial chirality to give
(aR)-3 in an atroposelective manner after reductive elimi-
nation.

To gain insight into the origin of the axial chirality
observed in the annulation reaction, we investigated the
reaction mechanism and characterized the transition states
(TS) involved by performing hybrid density functional theory
(DFT) calculations at the M06L/6-311G* level of theory.
Starting from the generally assumed seven-membered inter-
mediates B and B’’, we have optimized two reaction pathways,
I and II, which are responsible for generation of (aR)-3 and
(aS)-3’’, respectively (Scheme 4). The calculated results
revealed that the former pathway leading to (aR)-3 is
energetically more favorable than the latter by 3.6 kcalmol¢1

(12.6 versus 16.2 kcalmol¢1 for TSI versus TSII). This result is
consistent with the experimental findings that nickel-cata-
lyzed annulation with (S,S)-L10 gave the (aR)-3 with ee values
of up to 94%. Inspection of the transition-state structures
clearly demonstrate that the steric interaction between the
naphthyl ring of the alkyne and the isopropyl group of the
catalyst in TSI is not present as it is in TSII. This study

Table 2: Reaction scope with respect to the 1,2,3-benzotriazin-4(3H)-
ones.[a,b,c]

[a] All the reactions were conducted on 0.1 mmol scale. [b] Yield of the
isolated product based on 1. [c] Determined by HPLC analysis.

Scheme 3. Proposed working model for the regio- and enantioselectivity.
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provides support for the preference of the aR-configured
product when using (S,S)-L10 as the chiral ligand, and it thus
appears that axial chirality is determined by the reactant/
chiral catalyst arrangement in the nickel(II) complex.

In conclusion, we have successfully developed the first
nickel-catalyzed asymmetric denitrogenative transannulation
of 1,2,3-benzotriazin-4(3H)-ones with bulky internal alkynes
to give efficient access to a novel class of axially chiral
isoquinolones in excellent yields with excellent enantioselec-
tivities, and almost complete regioselectivity under mild
reaction conditions. This new approach is highly convergent
and functional-group tolerant, and allows the rapid construc-
tion of axially chiral complex isoquinolones from simple,
readily available starting materials. Preliminary biological
studies indicated that the axially chiral isoquinolones exhibit
good cytotoxicity against a number of human cancer cell lines.
DFT calculations were used to model the geometry of
intermediates and characterize the transition states, thus
providing a rationale for the observed atroposelectivity.
Further applications of these axially chiral compounds in
medicinal chemistry or as chiral ligands/organocatalysts in
asymmetric synthesis, as well as a detailed study of the
mechanism, are currently underway in our laboratory.
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