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ABSTRACT: A nickel-catalyzed reductive cyclization of enones affords a
wide array of indanones in high enantiomeric induction. The reaction is
featured with an unprecedented broad scope of substrates. The versatility
of the new method is demonstrated in several short stereoselective
syntheses of medically valuable (R)-tolterodine, parent and deuterated
(+)-indatraline, and an antitumor natural product, (+)-multisianthol. In
comparison, these compounds cannot be prepared satisfactorily via
analogous processes catalyzed by palladium.

Substituted indanones are core motifs in many bioactive
natural products and medicines. They are also used as key

intermediates in stereoselective synthesis of some pharmaceut-
icals and bioactive compounds.1 For example, trans-trikentrin
A bearing an alkylated indane has good antimicrobial activity,2

whereas ramelteon is used for the treatment of insomnia.3

Moreover, (+)-multisianthol bearing an alkenyl group was
reported to have antitumor activity.4 Other examples of
bioactive indanes containing aryl substituents include (+)-in-
datraline for the treatment of depression and cocaine
addiction,5 (+)-isopaucifloral F with antiosteoporosis activ-
ities,6 (+)-pallidol possessing estrogen-like properties, and α-
diisoeugenol, which is cytotoxic (Scheme 1).7 Consequently,
efficient stereoselective construction of substituted indanones
is still an important task in organic synthesis.
Several stereoselective catalytic methods have been

developed that allowed the formation of the indane ring and

simultaneous establishment of new stereocenters on indanes
(Scheme 2).8 However, they often suffered from tedious

preparation of precursors for cyclization, limited scope of ring
substituents, or the use of expensive noble metals (as part of
catalysts) in relatively high loading. One example is catalytic
hydroacylation of o-vinyl benzaldehydes catalyzed by Rh or Co,
which offered indanones carrying different types of C3
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Scheme 1. Selected Indane-Based Pharmaceuticals and
Bioactive Natural Products

Scheme 2. Selected Examples of Catalytic Asymmetric
Synthesis of Substituted Indanones
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substituents with good ee values (Scheme 2a).9 Another
example is Rh-catalyzed cyclization of aryl boronates onto
enones, but the substrates were not readily accessible.10

In recent years, there has been a resurgence of research
interest in developing enantioselective variants of the reductive
Heck reaction.11 For example, in 2015, our group reported a
reductive Heck cyclization of o-bromochalcone derivatives via
5-endo-trig cyclization of cationic arylpalladium species, which
afforded 3-arylated indanones, but only those bearing C3-aryl
rings with simple para substituents provided moderate-to-good
yields and >90% ee (Scheme 2b).12 Other substrates carrying
alkenyl groups, alkyl chains, or C3-aryl rings with other
substitution patterns resulted in poor yields and/or poor
enantiomeric ratios (see the Supporting Information).
Herein, we describe nickel-catalyzed enantioselective reduc-

tive Heck reaction,13 which produced a wide array of
substituted indanones with substrate generality (Scheme 2c).
The new reaction was successfully applied to concise syntheses
of several bioactive indanes of medicinal value. Of note, recent
DFT studies indicated that 5-endo-trig cyclization of 3-
butenylmetals was kinetically less favored than 4-exo-trig in
both cases of palladium and nickel.14

Nickel is an abundant base metal and is much cheaper than
noble metals such as palladium and rhodium. In terms of
reactivity, nickel-based catalysts may offer some advantages
over palladium catalysts in Heck-type reactions;15 for example,
faster oxidative addition of challenging aryl−chlorine bonds,
faster olefin insertion, and closer interaction between
substrates and chiral ligands due to shorter nickel−ligand
bonds.16

Initially, we chose a model reaction of (E)-o-bromochalcone
to search for a suitable nickel catalyst (Scheme 3). We found

that many commercially available chiral diphosphines did not
form catalytically active nickel catalysts, while bisoxazolines
L1−L3 led to incomplete conversion of 1a and low ee values.
To our satisfaction, diarylated semicorrin17 L7 gave the desired
product 2a in good yield and 87% ee. To improve further the
stereoselectivity of the cyclization reaction, introduction of
bulky tert-butyl substituents on bisarylated semicorrins (L8

and L9)18 improved the ee value to greater than 90% at 80 °C.
Presumably, the active nickel catalyst was probably ligated with
anionic forms of semicorrins L7−L9 via in situ deprotonation
of these ligands.
With regard to other reaction parameters, most of other

nickel(II) salts gave similarly good performance in the catalytic
process. Manganese powder was the only reductant that was
effective for this purpose. Li2CO3 and Na2CO3 were similarly
effective as bases. The best yield of 2a was obtained in a 1:1
mixed solvent of DMF and THF, and the yield reduced to 53%
in DMF alone.
Having optimized the reaction conditions, we next tested the

applicability of different aryl electrophiles (Scheme 4). Aryl

chloride was a competent electrophile and afforded 2a in good
yield and 91% ee after the base was switched to Na2CO3. In
comparison, (E)-o-iodochalcone gave 2a in high ee, but only
moderate yield was observed. The main side reaction was
hydrodehalogenation of the aryl−I bond caused by manganese
powder. In the reaction of an aryl triflate, 2a was formed in
very low yield because of basic hydrolysis of the aryl triflate. In
the reaction of an arylmethoxide, 2a was not produced, and the
main side reaction was conjugate reduction of the enone
moiety.
Next, in asymmetric cyclization of chalcones bearing a para-

substituted β-aryl ring, we found that a nickel catalyst of L8
afforded better ee values than those of L7 or L9 (Scheme 5a).
Most substrates provided the desired indanones in good yields
and over 90% ee, while a common side reaction was
determined to be hydrogenation of enones. In the case of 2i,
partial ester hydrolysis accounted for the material balance.
When we examined the cyclization of other chalcones

bearing ortho or meta substituents on aryl rings, however, the
nickel catalyst of L9 consistently afforded better ee values than
that of L8 (Scheme 5b). Both electron-donating and electron-
withdrawing groups can be present on the aryl rings. In the
example of 4d carrying a p-SMe group, switching from L8 to
L9 led to improvement of its ee value from 88% to 97%.
Moreover, reactions of enones bearing two or more
substituents on β-aryl rings also proceeded in good yields
and excellent enantiomeric excess (4e−j). Heterocyclic rings of
thiophene and furan were compatible with the nickel catalysis
(4k−l), but a pyridine ring interfered with the desired process.
Moreover, both an electron-donating methoxy group and
electron-withdrawing fluorine and chlorine can be present on
the benzo-fused rings (4m−q).
Finally, our catalyst also allowed cyclization of a chalcone

bearing an α-methyl group, yielding the trans-isomer selectively
(4r). In some cases above that gave moderate yields of
indanones, the main side reaction was the reduction of aryl
halides. Notably, indanone 4q is a common precursor to many
biologically active resveratrol-based oligomers, such as
(+)-quadranglularin A, (+)-isopaucifloral F, (+)-pauciflorol F,
and (+)-pallidol.1d

Scheme 3. Effect of Bisoxazoline Ligands on Reductive
Cyclization on a Model Enone

Scheme 4. Asymmetric Cyclization of Different Aryl
Electrophiles
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The nickel catalyst of semicorrin L9 was applicable to
enantioselective synthesis of indanones carrying alkenyl or
alkyl chains at the C3 positions (Scheme 6). The C3-alkenyl
substituents can carry β-aryl groups (6a−e) and can have three
substituents (6f,g). Furthermore, the nickel catalyst can be
applied to the synthesis of indanones carrying C3-alkyl groups
(including isopropyl, n-hexyl, benzyl, and homobenzyl and a
cyclopropyl group (8a−e), but a large tert-butyl group
impeded the cyclization step. In comparison, under Pd-
catalyzed reductive Heck conditions (Scheme 2b), these
products were formed in low yields and low ee values (see
the Supporting Information).12

Furthermore, we wondered whether indanone 2a, once
produced, will undergo aldol condensation with an aldehyde
such as benzaldehyde under catalytic conditions and whether
aldol adduct 9 will be further reduced in situ by manganese

powder. Surprisingly, when the crude reaction mixture of 2a
was directly treated with benzaldehyde, the resulting enone 9
underwent facile reductive dimerization in one pot to form
diketone 10a with excellent dr (Scheme 7).19 We determined
that both the nickel catalyst and manganese powder were
required for the reductive dimerization from control experi-
ments.

(R)-Tolterodine is currently used for the treatment of
overactive bladder.20 The new method was applied to a formal
synthesis toward (R)-tolterodine,21 starting from an aldol
condensation and subsequent hydroarylation (Scheme 8a).
(+)-Indatraline is a nonselective monoamine transporter

inhibitor that blocks the reuptake of neurotransmitters
including dopamine, serotonin, and norepinephrine, and it
has been subjected to a few stereoselective syntheses.22 We
successfully devised a short synthesis of (+)-indatraline
(Scheme 8b), which was followed by syn-selective reduction
with K-Selectride and amination of a mesylate derivative.
Deuteration of medicines at metabolic positions can slow

metabolic rates of drugs in the body, allow a lower dosage to
be used, and thus minimize side effects caused by drugs.23 We

Scheme 5. Asymmetric Synthesis of Indanones from 3-
Arylated Chalcones Using Nickel Catalysts of Semicorrins

Scheme 6. Asymmetric Synthesis of Indanones from Enones
Carrying 3-Alkenyl, Alkyl, and Cyclopropyl Groups

Scheme 7. One-Pot Reductive Cyclization, Aldehyde
Condensation, and Dimerization
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thus prepared a doubly labeled (+)-indatraline at both α-
positions of the ketone group by using an excess amount of
D2O during reductive Heck cyclization (see the Supporting
Information). Furthermore, a new deuterologue of (+)-indatra-
line with the label at the benzylic position was synthesized by
stereoselective ketone reaction using NaBD4.
We then achieved a concise asymmetric synthesis of

(+)-multisianthol, an antitumor natural product (Scheme
8c). The reductive cyclization of the enone at an 8 mmol
scale produced 1.38 g of 6h (75% yield, 95% ee) at 80 °C.
Alternatively, the nickel catalyst was reduced from 5 to 1 mol
% at 100 °C, which gave 73% yield and 94% ee. Subsequent

selective reduction with NaBH4 and esterification provided
ester 6i in 81% yield and 13:1 dr. Later, stereoinvertive
methylation using AlMe3 and deprotection with NaSEt yielded
(+)-mutisianthol in an overall yield of 47% over six steps. It
compares well with a reported synthesis via a key step of
iridium-catalyzed asymmetric hydrogenation (90% ee, 33%
yield over seven steps starting from a tetralone derivative).4c

Finally, we made a comparison with palladium-catalyzed
reductive Heck cyclization under conditions that we reported
previously (Scheme 8d), which failed to afford the substituted
indanones in good yields or >80% ee.
In summary, we report a nickel-catalyzed versatile reductive

cyclization of chalcones to quickly access indanones carrying
various substituents at the C3 positions, including alkyl, benzyl,
cyclopropyl, alkenyl, and aryl groups. The catalytic process was
successfully used in short syntheses of (R)-tolterodine, two
deuterated analogues of (+)-indatraline, and an anticancer
natural product, (+)-multisianthol. In comparison, the
palladium-catalyzed reductive Heck reaction could not afford
these compounds in good yields or high ee values.
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