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A nickel-catalyzed intramolecular addition of aryl halides to
1,3-diketones was first developed. This desymmetrization reaction
afforded polycyclic products bearing two tetrasubstituted centers
with excellent diastereoselectivities and high yields. Moderate
enantioselectivities were achieved in the presence of a chiral ligand.
This transformation has great potential for the synthesis of poly-
cyclic compounds including spiro[4,4,3,0] compounds.

Polycyclic frameworks with tetrasubstituted carbons, including
tertiary alcohols and all-carbon quaternary centres, are wide-
spread in natural products, organic materials, and synthetic
biologically active molecules (Fig. 1)." It has attracted many
efforts towards exploring convenient and efficient protocols to
access such frameworks, especially the construction of stereo-
specific quaternary centers.” In particular, desymmetrization
reactions have received much attention recently because of
their numerous advantages for the construction of multi-chiral
quaternary carbon centres as well as bicyclic skeletons with high
stereoselectivities.

Cyclic symmetric 1,3-diketones with two different substituents
at the prochiral carbon are one of the most useful scaffolds to
demonstrate the power of desymmetrization, such as the
Hajos-Parrish reaction.® Transition-metal catalysts are often
used to improve the efficiencies and selectivities of desym-
metrization reactions.” Although many transformations involving
C(sp®)-metal intermediates with a 1,3-diketone partner have been
reported, reactions with C(sp?)-metal species have not been
studied comprehensively.>” In 2017, Shi’s group published an
enantioselective palladium-catalyzed ketone a-arylative desym-
metrization of 1,3-diketones (eqn (1), Scheme 1).® Besides, Lam
and co-workers reported a nickel-catalyzed addition reaction of
a vinyl-nickel intermediate, which was generated in situ from an
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Nickel-catalyzed intramolecular desymmetrization
addition of aryl halides to 1,3-diketonesy
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Fig. 1 Selected examples with bicycle skeletons in natural products and
drugs.

arylboronic acid with an alkyne, to the carbonyl site (eqn (2),
Scheme 1).° Although enantioselective desymmetrization Heck
or Michael reactions initiated from aryl or vinyl halides have
been developed,'® the desymmetrization addition of aryl halides to
diketones has not been disclosed.

The addition pathway of an aryl framework to ketones is a
convenient route to access tertiary benzylic alcohols and usually
relies on organometallic reagents, such as Grignard or organo-
zinc reagents.'’ These methods are widely used because of
the ready availability of aryl halide materials but also face some
issues when sensitive functional groups are involved. Therefore,
efforts are taken to develop a superior alternative where aryl
halides are directly employed in the presence of a transition metal
catalyst and reductant.">'? This approach can efficiently avoid the
use of dangerous organometallic reagents with low functional
group tolerance. For example, the palladium-catalyzed addition
of aryl bromides to ketones was reported by Yamamoto et al. in
2000."* Recently, Kiindig’s and Jia’s groups reported the reaction of
aryl halides or vinyl bromides with o-ketoamides.” Considering
the potential of merging desymmetrization and ketone addition
strategies to extend chiral tetrasubstituted carbons, herein,
we report a nickel-catalyzed addition of aryl halides to
1,3-diketones to access the bicyclic[m.n.0] skeleton with high
yields and excellent diastereoselectivities (eqn (3), Scheme 1).
In addition, the enantioselective desymmetrization of this
transformation is investigated to give two stereospecific tetra-
substituted carbon centres with moderate enantioselectivities
in the presence of a chiral ligand.

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 The desymmetrization reactions with vinyl-metal intermediates.

We commenced this study with 2-(2-bromobenzyl)-2-methyl-
cyclohexane-1,3-dione (1a) as a model substrate, under the
conditions with nickel as a catalyst, and metal dust as the
reductant (Table 1). After careful evaluations of the ligands,
reductants, and solvents (for details, see the ESIt), we were
delighted to find that product 2a can be afforded in very high
yield and excellent diastereoselectivity (dr >20:1) under these
conditions as illustrated in entry 1, Table 1. The yield decreased
a little bit when conducting at room temperature (entry 2) or

Table 1 Optimizations on Ni-catalyzed intramolecular desymmetrization
addition of aryl halide to 1,3-diketone’

0. HO
@\j@ General conditions?
R 2,2"-bipyridine (ligand)

Br O Mn, DMA 50°C 8-12h Ro
1aR=Me (+)-2aR =Me
1bR=Bn (£)-2b R = Bn

Entry Substrate Catalyst Yield

1 la Ni(cod), (£)-2a(>99%)
2° 1a Ni(cod), (#)-2a(95%)
3¢ la Ni(cod), (£)-2a(98%)
44 1a Ni(cod), (&)-2a(72%)
5¢ la Ni(cod), (£)-2a(70%)

6 la FeBr; n.r.

7 la CoBr, n.r.

8 la Cu(OTf), n.r.

9 1a Pd(OAc), (£)-2a(27%)
10 la — n.r.

11/ la Ni(cod), n.r.

12¢ la Ni(cod), n.r.

13 1b Ni(cod), (£)-2b(46%)
14" 1b Ni(cod), (4)-2b(84%)
15/ 1b Ni(cod), (£)-2b(>99%)
16 1b — n.r.

% General conditions: 1 (0.1 mmol), catalyst (5 mol%), 2,2"-bipyridine
(10 mol%), Mn (0.2 mmol), DMA (1.0 mL), 50 °C, 8-12 h; yields
and ratios (dr >20:1) were determined by NMR by using CH,Br, as
the internal standard.? At room temperature.  Ni(cod), (2 mol%),
1,1-bipyridine (5 mol%). ¢ 1,10-Phenanthroline (10 mol%) as the ligand.
¢ 1,2—Bis(diphenylphosghino)ethane (10 mol%) as the ligand. / Without the
ligand. ¢ Without Mn. * Nal (0.2 mmol) was added as the additive. * MgCl,
(0.2 mmol) was added as the additive.
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lower catalyst loading (entry 3). Other ligands, such as 1,10-
phenanthroline, 1,2-bis(diphenylphosphino)ethane, were also
suitable but with lower yields (entries 4 and 5). Other catalysts,
such as FeBr;, CoBr,, and Cu(OTf),, did not afford the desired
products, while palladium acetate only gave a poor conversion
(entries 6-9). Additionally, control experiments showed that the
nickel catalyst, ligand, and reductant were all crucial to the
ketone addition reaction (entries 10-12).

However, when the benzyl substituted substrate 1b was
employed, only a moderate yield was detected (entry 13, Table 1).
To improve the yield, various additives were studied. The reaction
gave 84% and 99% yields in the presence of 2 equivalent of Nal or
MgCl,, respectively (entries 14 and 15). MgCl, was often employed
to improve the yields in reductive coupling reactions and believed
to facilitate the reduction of the metal complex by Zn or Mn to
generate active metal catalysis.'® Meanwhile, the Lewis acidity of
MgCl, may further activate the carbonyl group to favour the
addition step,"” as ZnBr, in the aldehyde addition demonstrated
by the Weix group.'®” However, the exact role of MgCl, still remains
elusive. The nickel catalyst was also indispensable under these
conditions as well (entry 16).

With the optimal conditions in hand (entry 15, Table 1), we
next explored the scope of this transformation (representative
examples are summarized in Table 2). In general, the substrates
with either electron-neutral, -donating or -withdrawing substi-
tuents, as well as groups on various positions of the aryl part,
can proceed smoothly to access the corresponding products in
high yields and excellent diastereoselectivities (>20:1 dr). The
syn configuration was confirmed by X-ray crystallography using
compound 2a (Fig. 2)."® The reaction on 1 mmol scale gave
a moderate yield. The aryl iodide substrate can also be used
but aryl chloride did not form any target product. The alkyl
substituents on the aryl group did not significantly affect the
reactivity (2c, 2d), even in the adjacent site (2c¢). The aryl
fluoride or chloride groups (2e-2g), and the methoxide (2k,
2i) can survive under these nickel-catalyzed reactions. More
investigations were focused on the quaternary carbon centre of
the 1,3-diketone part. A variety of functional groups such as
alkyl (2j, 21), sulfur ether (2k), and benzyl (2b, 2m) were well
tolerated. Importantly, heterocyclic structures consisting of
furan (2n) and thiophene (20) were also suitable substrates.
The substituents on the 1,3-diketones framework have no
obvious effect on the yield (2p).

To our surprise, when compound 1q was used in the reaction,
besides the normal product 2q (17%), another spiro[4,4,3,0]
compound 3 was obtained in 36% yield with high diastereo-
selectivity, which was possibly produced through the desym-
metrization addition followed by a formal intramolecular
transesterification process. The yield of this spiro compound
increased to 69% yield in the presence of KOH as an additive
(eqn (4)).”

To further study the scopes, some other types of substrates
were studied. It was found that as well as the cyclohexane-1,3-
diketones, substituted cyclopentane-1,3-diketone substrates also
afforded the desired products under the conditions (5a, eqn (5)).
In addition, the scope of this desymmetrization reaction could be
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Table 2 Scopes on Ni-catalyzed intramolecular desymmetrization
addition of aryl halides to 1,3-diketone?
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Table 3 Preliminary results on asymmetric Ni-catalyzed intramolecular

o _ R"

R'\/ Ni(cod), (5 mol%) HO R"
- | R 2,2"-bipyridine (10 mol%) RS
R" " Mn (2 equiv.), MgCl; (2 equiv.) =
Br g R DMA (0.1 M), 50°C, 8 -12 h R O
1 +)-2 (>20:1 dr)
+)-2a 96% 2b 89% (£)-2c 86% (+)-2d 70%

68%”) 78%°)

@&@@t@@@@ g

(0]

+)-2e 77% (£)-2f 79% +)-29 81% (£)-2h 76%
HO HO
(O HO
(o}
o (o}
(¢] ~s
(£)-2i 58% (£)-2j 76% (£)-2k 48% (£)-21 54%
HO
X HO
o
MeO
(£)-2m 93% +)-2n 62% +)-20 57% (£)-2p 63%

¢ General conditions: 1 (0.2 mmol), Ni(cod)z (5 mol%), 2,2'-bipyridine
(10 mol%), Mn (0.4 mmol), MgCl2 (0.4 mmol), DMA (2.0 mL), 50 °C,
8-12 h; isolated yields were glven For all tested samples, the products
with >20:1 dr were found by "H NMR of the crude mixture. ” On
1 mmol scale. ¢ Aryl iodide substrate was used.

(¥)-2a

Fig. 2 The X-ray crystallography of compound 2a.

extended to prepare products with [4,4,0] skeletons in high yield
by increasing the carbon linker number (5b, eqn (6)). Interestingly,
an acyclic substrate was also effective to construct a multi-
substituted 2,3-dihydro-1H-indene although the diastereoselec-
tivity was not as high as that obtained for the cyclic substrates
(5¢, eqn (7)).

To investigate the enantioselective transformation of this
reaction, some preliminary efforts were taken on the asym-
metric reaction. Considering that oxazoline ligands were widely
used in the nickel-catalyzed reactions, this type of ligand was
studied. The use of a chiral ligand L1 or L3 could give 75:25 er.
Similar results were obtained in the presence of L2 or L4. The
product was afforded in 92:8 er with L1 as a ligand in the
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Ni(cod), (10 mol%)
Chiral ligand (15 mol%)

addition reaction?
(¢]

Mn (2 equiv.)
Br (e} DMA (0.1 M), 25-30°C, 8 -12 h
1a 2a
PPh, | ~
@\( i O,
N
|
1)
R
L1: R=/Pr: 74%; 75:25 er L3: R="Pr  82%;75:25 er
L2: R=Ph: 42%; 70:30 er L4: R=Ph 84%; 71:29 er
bL1: R='Pr 27%; 92:8 er b3 R=Pr 76%; 80:20 er

°L1: R="Pr:  84%;50:50 er be 3. R=/Pr  86%;50:50 er

2c 65%7 2167%7
81:19 er 74:26 er

2b 32%¢
90:10 er

2a 76%°
80:20 er

“ General conditions: 1a (0.1 mmol), Ni(cod), (10 mol%), chiral ligand
(15 mol%), Mn (0.2 mmol), DMA (1.0 mL), 25-30 °C, 8-12 h; yields and
ratios (dr >20:1) were determined by NMR by using CH,Br, as the
internal standard and the ee values were determined by chlral HPLC
analysis. ” DMA/1,4-dioxone (v/v 4/1) was used as the solvent. © MgCl,
(0.2 mmol) was added as the additive. ? Isolated yield was given and the
absolute stereochemistry was not determined.

mixed DMA/1,4-dioxane solvent but the yield was very low.
To improve the yield, MgCl, was added. However, the reaction
showed no enantioselectivity then. The use of ligand L3 in the
mixed solvents could give a better yield and moderate enantio-
selectivity synchronously. Under these conditions, moderate
yields and enantioselectivities were obtained with some tested
samples as shown in Table 3.

(o)
Q\? 'standard condition’
-3 O

OBu
without KOH ()3 36% + (t)-2q 17%
with KOH (2 equiv.) (£)-3 69%

4)

HO
'standard condition’ %
[0}

(+)-5a 79% (>20:1 dr)

(5)
Ni(cod), (10 mol%)
2,2"-bipyridine (15 mol%) HO
Mn (2 equiv.), MgCl; (2 equiv.) 0

DMA (0.1 M), 50°C, 8 h

(£)-5b 67% (>20:1 dr)

(6)

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Derivatization of bicyclic product 2a.

O HO,
@\i{ 'standard condition’ %
. )

Br (0]
4c (£)-5¢ 83% (3:1 dr)

Bicycle product 2a obtained by this method was used to demon-
strate the synthetic utility of this methodology (Scheme 2). The
carbonyl group can be reduced by NaBH, to give the alcohol product
(6a) with high diastereoselectivity. The epoxy unit was installed by
Me;SI with high dr and good yield. The Wittig reaction can be
employed to synthesize the olefin product (6¢). Also, the tertiary
alcohol can be transformed into the internal alkene product (6d) in
the presence of p-TsOH.

In summary, we have reported a nickel-catalyzed intramolecular
addition of aryl halides to ketones, which produced a polycyclic
framework with two tetrasubstituted carbons in excellent diastereo-
selectivity. Further attempts of the asymmetric reaction achieved
moderate enantioselectivities. This novel desymmetrization reaction
exhibits excellent functional group tolerance and high potential
synthetic utility. Using this method, a spiro[4,4,3,0] compound
could be easily obtained in good yield.
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