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The catalytic asymmetric construction of tetrasubstituted carbon stereocenters constitutes one of the
most challenging research topics in organic synthesis, which further plays vital roles in diverse fields
including medicinal and materials chemistry. In this context, the a-functionalization of p-ketocarbonyl
compounds serves as one of the most frequently used strategies to address the issue. Compared to cyclic
p-ketocarbonyls, the catalytic asymmetric a-functionalization of acyclic f-ketocarbonyls is more difficult
but has gained enough progress over the last several decades. This review illustrates the recent advances
in this field, including asymmetric fluorination with acyclic a-branched f-ketocarbonyl participation,
Michael addition, amination, aldol reaction, a-alkylation, a-alkynylation, a-oxygenation, Mannich reaction,
etc. Furthermore, a thorough survey of all these reactions indicates the existence of a general principle
which is called the “Methyl Rule”. Alternative methods that can complement the deficiency of reports of
the use of direct asymmetric catalysis are also presented.
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primary amine catalysis," a special review focusing on the
utility of a-branched p-ketocarbonyls remains absent.

1. Introduction

Asymmetric catalysis mediated by a-substituted p-ketocarbonyl
compounds plays an important role in organic synthesis,
because the functionalization of the title compounds at the
a-position constitutes one of the most frequently employed
strategies for the construction of fully substituted carbon
centers, and the corresponding enantioenriched products
serve as valuable building blocks in a large number of further
transformations for the synthesis of complicated molecules
such as natural products and pharmaceuticals. However, com-
pared with cyclic p-ketocarbonyls, acyclic p-ketocarbonyls are
structurally more flexible and relatively less reactive, which
bring about more challenges in achieving the highly stereo-
selective a-functionalization of acyclic p-ketocarbonyls.
Nevertheless, the recent two decades have witnessed signifi-
cant progress in addressing the issue via the development of
various asymmetric catalytic systems. Therefore, a critical
review summarizing the progress is currently necessary.
Although some reactions described in this paper have
appeared in the reviews discussing different topics such as
asymmetric creation of quaternary carbon centers and chiral
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Moreover, during the preparation of the review and our
recent studies on these substrate-mediated transformations,
we found an interesting empirical rule, which we call the
Methyl Rule. In more detail and as shown in Scheme 1, for a
successful asymmetric catalytic reaction mediated by an
a-substituted  p-ketocarbonyl = compound, when the
a-substituent R* is sterically bulkier than the Me group, the
ketone substituent R' can only be Me or a “smaller” group;
correspondingly, when ketone substituent R' is bulkier than
Me, then R*> can only be Me or a “smaller” one. In short, at
least one group of R' and R* needs to be Me or a “smaller”
one; otherwise, the reaction would be reluctant to occur.

the Methyl Rule:
To make the following reaction occur efficiently,

(e} (e} (e} (0]
A o A
R X R! X
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@ if sterically R" > Me, then R?= Me or smaller
@ if sterically R? > Me, then R" = Me or smaller

Scheme 1 A general profile of the Methyl Rule.
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In this review, we summarize the reports of asymmetric cat-
alysis using o-substituted f-ketocarbonyls according to the
reaction types, highlight the application of the Methyl Rule,
and also emphasize the exceptional examples. A preliminary
analysis of the origin of the rule is presented, and alternative
methods that can complement the deficiency led by this rule
to produce a,a-disubstituted f-ketocarbonyls with two bulky
groups are also presented. We hope that this review can be
useful for new reaction design, to evaluate the feasibility of a
synthetic plan, and to inspire new catalyst and ligand discovery
to break the Methyl Rule.

2. Asymmetric fluorination of
B-ketocarbonyls

Early in 2000, Togni and co-workers developed for the first
time the catalytic fluorination of p-ketoesters (Scheme 2).>* A
titanium complex C1 played a vital role in obtaining products
with good to high enantioselectivity. Only a-methyl-substituted
B-ketoesters were tested, and the nature of the ester group was
found to influence the enantioselectivity. A coordinated
complex between Ti and the enol form of ketoesters was pro-
posed, and the computational and experimental studies
suggested that a single electron transfer (SET) mechanism may
be involved in this process.?”

In the same year, a catalytic enantioselective a-fluorination
of p-ketoesters was reported by Kim and co-workers using a
phase transfer catalyst (PTC) C2 (Scheme 3).> Although most of
the substrates were cyclic ketoesters, they showed one example
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Scheme 2 Asymmetric fluorinations of a-methyl-p-ketoesters with a
Ti-complex.
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Scheme 3 Enantioselective fluorination of ethyl benzoylpropanoate
using PTC C2.
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Scheme 4 Pd-Complex catalyzed asymmetric «o-fluorination of
B-ketoesters.

using ethyl benzoylpropanoate 1a, and the corresponding
product 2a was generated in 89% yield with 40% ee.

Subsequently, Sodeoka’s group disclosed the highly
enantioselective a-fluorination of various p-ketoesters catalyzed
by chiral palladium complexes C3 (Scheme 4).* Three acyclic
substrates were examined, and 87-91% ee values were
observed. It can be seen that the methyl rule is obeyed again
in this study, and there must be at least one Me group within
the substrates. Later studies from the same group showed that
the catalysts could be reused when an ionic liquid was
employed,” and the system could be expanded to
f-ketophosphonates and p-ketoamides, but again the
a-substituent was limited to the Me group.®”’

In 2009, the Bolm group developed a C;-symmetric amino
sulfoximine chiral ligand L1 and used it in copper-catalyzed
asymmetric fluorination of p-ketoesters (Scheme 5).® In all
cases, substrates bearing a methyl ketone moiety were tested,
and diverse levels of enantioselectivities of the products were
detected (2j to 2m). The same catalytic system can also be
applied in chlorination and bromination reactions using
methyl keto-esters (2n to 2q).

The highly enantioselective gem-chlorofluorination of an
active methine compound catalyzed by a copper(u) complex of
a chiral spiro pyridyl monooxazoline ligand L2 was demon-
strated by Shibatomi and co-workers (Scheme 6).°* This
approach could provide the chiral «o-chloro-a-fluoro-
B-ketoesters by a sequential double halogenation in one-pot
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Scheme 5 Asymmetric halogenations of f-ketoesters with a copper
complex.
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Scheme 6 One-pot asymmetric gem-chlorofluorinations of

p-ketoesters.

operation. Several substrates, including aliphatic, aromatic,
and heterocyclic f-ketoesters, were examined to furnish the
corresponding dihalogenated products with good to high
optical purity (79-92% ee) in this work. Using similar con-
ditions, asymmetric chlorination was also achieved by the
same group.””

In 2013, Kesavan’s group developed an enantioselective
fluorination of p-ketoesters using a tartrate derived bidentate
bioxazoline ligand L3-1-Cu(i) complex (Scheme 7)."°* While
most examples used cyclic ketoesters, there was one example
using acyclic methyl-ketoester 1b, and the fluorination product
ent-2m was obtained with 70% ee. Xu and co-workers reported
in 2017 copper-catalyzed asymmetric fluorination under ball
milling conditions. Ligand L3-2 was used, and moderate ee
values were observed when acyclic products were surveyed
(Scheme 7, ent-2j and ent-2a).**”

In 2016, Luo and co-workers disclosed an elegant primary
amine catalyzed enantioselectivity switchable asymmetric
fluorination of B-ketocarbonyls. Through a simple swap of the
fluorination reagents, both enantiomers of the products could
be obtained with moderate to high enantioselectivities
(Scheme 8)."' Mechanistic studies indicated dual H-bonding
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Scheme 7 Copper-catalyzed enantioselective  «-fluorination  of

p-ketoesters.
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Scheme 8 Asymmetric fluorinations of p-ketocarbonyls by primary
amine C4.

and electrostatic stereocontrol modes for the catalysis. The
Methyl Rule is clearly demonstrated in this study, and either
the a-substituent or the ketone group needs to be Me, or both
of them should be Me. It is noteworthy that products 2y and
ent-2y were obtained in very low yields, indicating the relatively
low reactivity when R" is “bigger” than Me.

3. Michael additions mediated by
acyclic a-substituted-p-ketocarbonyls

A palladium complex catalyzed asymmetric Michael addition
between 1,3-dicarbonyls and vinyl ketones was disclosed by
the Sodeoka’s group in 2002 (Scheme 9)."*'* Mechanistically,
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Scheme 9 Pd-Catalyzed asymmetric addition of 1,3-dicarbonyls to
vinyl ketones.
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Scheme 10 Asymmetric additions catalyzed by cinchona alkaloids C6a
and C6b.

the palladium complex allows successive supply of a Brensted
base and a Brensted acid. The former activates the 1,3-dicarbo-
nyl compounds to give the chiral palladium enolate, and the
latter activates the enone. Among the acyclic dicarbonyls exam-
ined, all a-methyl-substituted methyl ketone substrates (3a to
3c) gave good yields and excellent ee (90-93%), but once one
of the methyl groups was replaced by an ethyl group (3d and
3e), both the yields and the ee values dropped sharply (41%
yield, 65% ee and 8% yield, 35% ee).

In 2006, Deng and co-workers described a 6"-hydroxy cinch-
ona alkaloid catalyzed reaction that could provide direct access
to a wide variety of 1,4-adducts between «-substituted
B-ketoesters and o,fB-unsaturated ketones in high yields with
excellent enantioselectivities. The work showed one example
using acyclic methyl ketoester to provide the 1,4-adducts (+)-3f
and (—)-3f in 82% and 85% yields with 90% ee by using Cé6a
and C6b, respectively, as the catalysts (Scheme 10)."*

In 2004, Jorgensen et al. reported the first organocatalytic
enantioselective conjugate addition of f-dicarbonyl com-
pounds to alkynones (Scheme 11)."> The protocol works well
for cyclic dicarbonyl compounds, producing products with a
quaternary carbon center and a C=C bond, which is useful for
further transformations. One example is shown for ethyl
2-methyl-3-oxobutanoate, delivering the corresponding
addition product 3g in high yield with moderate ee. A retro-
Michael addition may account for the low ee of Z-3g.

In 2008, Dixon’s group reported an asymmetric Michael
addition reaction with a p-ketoester as the pro-nucleophile
catalyzed by a cinchona alkaloid derived bifunctional organo-
catalyst C8. Only one example using acyclic methyl ketoester
was examined and the corresponding product was obtained in
moderate yield with 71% ee (Scheme 12).'°

One year later, Matsunaga, Shibasaki, and co-workers
reported a stable homodinuclear biscobalt(ui)-Schiff base
complex (C9) for the catalytic asymmetric 1,4-addition of
B-ketoesters to alkynones. The reaction proceeds giving high
yields and high enantioselectivities at room temperature under
neat conditions without air or moisture sensitivity. All three
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Scheme 11 Asymmetric 1,4-addition of B-ketoester to alkynone using
catalyst C7.
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Scheme 12 Asymmetric addition of p-ketoester to vinyl thioester cata-
lyzed by C8.
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Scheme 13 Asymmetric addition of p-ketoesters to alkynones using a
Co-Schiff base.

samples using acyclic f-ketoesters contain methyl ketone
units, and the a-substituents can be Me, Et, and Bn groups (3i
to 3k) (Scheme 13)."7“ Subsequently, the same group employed
C9 and the corresponding Ni-complex in asymmetric 1,4-
additions of f-keto esters to nitroalkenes, and the corres-
ponding adducts were obtained with good to excellent ee.’””*

In 2014, Walsh and co-workers reported the self-assembly
of novel hydrogen-bonded rare earth metal BINOLate com-
plexes that serve as bench-stable precatalysts for Shibasaki’s
heterobimetallic complexes (REMB catalysts). The incorpor-
ation of hydrogen-bonded guanidinium cations in the second-
ary coordination sphere leads to improved stability toward
moisture in solution and in the solid state. The catalyst can be
used in diverse reactions including Michael additions, aza-
Michael additions, and direct aldol reactions. The real catalyst
C10 can be formed in situ, and one acyclic ketoester 1d was
tested, and the corresponding Michael addition product was
produced in good yield with excellent 99% ee (Scheme 14)."®

In 2015, Sugimura and co-workers developed an asym-
metric 1,4-addition reaction of 2-formyl(thio)esters to vinylke-
tones using a newly developed thiourea-tertiary amine catalyst
C11 involving a quaternary carbon stereocenter construction
in an acyclic system. In all cases, excellent enantioselectivities
were observed for the products (Scheme 15)."°

c10

C10 (5 mol%)
H,0 (15 mol%)
Mosn A _hotsmen
CHzc!z -50°C,20 h e

1d 4% y\eld o

>99% ee

Scheme 14 Asymmetric Michael addition catalyzed by La complex
C10.
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Scheme 15 Asymmetric addition of 2-formyl(thio)esters to vinyl
ketones.

Besides fluorinations at the a-branched 1,3-dicarbonyls,
asymmetric additions using o-fluorine f-ketoesters as nucleo-
philes are also efficient protocols to construct the fluorinated
tetrasubstituted carbons adjacent to tertiary stereocenters. In
2009, Lu’s group disclosed thiourea bifunctional organo-
catalyst C12-catalyzed asymmetric Michael reactions of
a-fluoro-p-ketoesters with nitroolefins. A series of aromatic
keto-esters furnished the desired adducts (3aa to 3ag) with
moderate diastereoselectivities (3:1-4:1 dr) and excellent
enantioselectivities (95-98% ee), and the use of a tert-butyl
ketone group could improve the dr values to 19 : 1 while retain-
ing the high enantioselectivities (97% ee) (Scheme 16).>°
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4:1dr, 97% ee 4:1dr, 96% ee 4:1dr, 97% ee 3:1dr, 96% ee

f
jog
0N

Br
3ae 3af 3ag 3ah

98% yield 97% yield 65% yield 90% yield
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(48 h) (rt, 24 h)
Scheme 16 Lu's construction of a fluorinated tetrasubstituted carbon
stereocenter.
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Scheme 17 Asymmetric reactions of a-fluoro-p-ketoesters with nitro-
ethylenes catalyzed by C13.

A similar addition reaction was reported by Zou and co-
workers in 2015 using a different primary-secondary diamine
catalyst. Diamine catalyst C13 (20 mol%), TfOH (20 mol%) and
p-nitrobenzoic acid (20 mol%) in CH,Cl, were used as the stan-
dard conditions. It is noteworthy that only the substrates
having methyl ketone units could furnish the adducts in good
yields and with high dr and ee values. When a long
carbon chain or a phenyl group was utilized, a sharp decrease
in the yield was observed (Scheme 17, 3an and 3ao0).*’
Mechanistically, a transition state involving an enamine inter-
mediate was proposed to illustrate the catalysis model of the
reaction.

In 2014, Kesavan et al disclosed the use of r-proline
derived novel bifunctional thiourea catalyst C14 in conjugate
additions of 1,3-dicarbonyls to nitroolefins. Although low
diastereoselectivity was achieved by using acyclic substituted
B-ketoesters containing Cl or F at the a-position, the corres-
ponding products (3ap and 3aq) were obtained in good yields
and with high enantioselectivities (Scheme 18).>> The catalyst
is considered to play dual roles in activating both the keto-
esters and nitroolefins.
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Scheme 18 Asymmetric conjugate additions catalyzed by thiourea
catalyst C14.
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Scheme 19 One example of asymmetric Michael addition catalyzed by
a Co-complex.

Zhou’s group reported that the combination of Co(acac),
with the aminophenol sulfonamide ligand (L4) displayed
effective catalytic performance in the asymmetric additions of
B-ketoesters to nitroolefins. One example of acyclic ethyl
2-methyl-3-oxobutanoate was selected to be surveyed to give
the addition adduct 3ar in 97% yield with excellent dr (>99:1)
and ee (98%) (Scheme 19).>*

4. Amination of p-ketoesters

The electrophilic amination of an activated methine com-
pound with azo species was a direct and general strategy to
construct a nitrogen-containing tetrasubstituted carbon stereo-
center. A number of methodologies have been developed
employing different catalytic systems. In 2003, the Jorgensen
group revealed the first direct a-amination of a-substituted
B-ketoesters catalyzed by a chiral copper(u)-bisoxazoline
complex with azodicarboxylates as the nitrogen fragment
source.>* 0.5 mol% of the catalyst was found to be sufficient to
give the desired products in high yields with excellent enantio-
meric excesses (Scheme 20). A survey of the acyclic p-ketoesters
used in this work indicates that the Methyl Rule is still appli-
cable, because at least one methyl group is required in the sub-
strates. A copper-enolate complex was proposed to demon-
strate the stereochemical outcome of the reaction.

Later, a similar reaction was used to survey the potential of
a series of Cs-chiral 1,1,1-tris(oxazolinyl)ethane ligands in
copper Lewis acid catalysis, and the results showed that

-G080
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Scheme 20 The aminations of -ketoesters catalyzed by Cu(OTf), with
bisoxazoline ligand L5.
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Scheme 21 Access to aminated f-ketoester catalyzed by a Cu-
complex.

similar outcomes can be achieved using this type of C; ligand
such as L6 (Scheme 21).”°

Another catalytic enantioselective amination via such
addition was developed by Gladysz and his co-workers in 2016.
In this protocol, an enantiopure salt A-[Co((S,S)-
dpen);* 2C1"B(C4Fs),~ (C15) was employed as the hydrogen
bond donor catalyst. All substrates, including a series of cyclic
1,3-dicarbonyl substrates, a-cyanocyclopentanone, and one
example of acyclic p-ketoester, were examined in this work.
The amination of ethyl 2-methyl-3-oxobutanoate proceeded
giving high yield (98%) with excellent enantioselectivity (>99%
ee) (Scheme 22).%°

In 2017, Baeza’s group reported the synthesis of a set of
new chiral guanidines derived from benzimidazoles, and the
applications of this type of catalyst in the asymmetric addition
of 1,3-dicarbonyl compounds by using di-t-butylazodicarboxy-
late as an aminating agent. The scope of p-ketoesters was
examined; open-chained substrates did not work well in this
catalytic system, especially the methyl 3-oxo-2-methylbutanoate
which failed to undergo the transformation (4g). A n—r stack-
ing is thought to be involved in the transition state
(Scheme 23).*”

o o
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1b “i2h BueeEr R H/ | e
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Scheme 22 Catalytic amination catalyzed by a cobalt salt.
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Scheme 23 Aminations of acyclic p-ketoesters according to Baeza's
process.
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Scheme 24 Asymmetric amination catalyzed by C17.

In 2014, the Luo group revealed a chiral primary amine
catalyzed a-hydrazination of p-ketoesters. The joint use of a
strong acid TfOH and a weak acid m-nitrobenzoic acid is criti-
cal to facilitate the catalytic turnover and to tune the selecti-
vity. In all cases, only methyl ketoesters were tested, and the
reaction proceeded giving moderate to high yields, producing
the products with 55-96% ee. A Re-face addition of the
enamine intermediate is favored to deliver (R)-products
(Scheme 24).>®

The catalytic asymmetric o-amination of a-substituted
acyclic 1,3-ketoamides and 1,3-amidoesters using a chiral
N-heterocyclic carbene (NHC) catalyst was disclosed by the
Guin group recently. The reaction was considered to proceed
through a deprotonation of the acidic N-H present in the sub-
strate with chiral NHC to render a chiral ion pair comprising
the enolate and the azolium ion. Then the activated chiral
enolate reacted with azodicarboxylate to furnish the open-
chained 1,3-dicarbonyls containing an N-substituted fully sub-
stituted stereocenter. A large amount of the amination pro-
ducts were obtained in satisfactory yields (38-98%) with high
enantioselectivities (76-99% ee) (Scheme 25).%° It is still
evident that the outcomes were in accordance with the prin-
ciple of the Methyl Rule.

An alternative a-amination of p-ketocarbonyls was devel-
oped by the Luo group using a simple primary amine catalyst
(€17) through the coupling of a catalytic enamine intermediate
and a nitrosocarbonyl generated in situ from N-hydroxy carba-
mate. The protocol is compatible for a series of p-ketoesters
and 1,3-diketones. The authors listed nineteen examples using
acyclic fB-ketocarbonyls, and all of them still adhere to the
Methyl Rule. A further careful survey shows that f-ketoesters
are generally more efficient than 1,3-diketones with respect to
the yields of the products. Furthermore, p-ketoesters bearing
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Scheme 25 Protocol for asymmetric a-amination of acyclic 1,3-
ketoamides.
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Scheme 26 Asymmetric amination with N-hydroxy carbamate.

ethyl ketone (4ab) and phenyl ketone (4ac) moieties are less
effective than those with methyl ketone units (Scheme 26).*°
It is worth mentioning that in de Alaniz’s copper
catalyzed non-asymmetric a-amination of p-ketoesters using
N-hydroxycarbamates, the Methyl Rule is still the effective
underlying principle.**
An enantioselective = primary amine C17-catalyzed
N-selective addition reaction was achieved through the oxi-
dation of primary aromatic amines to the corresponding nitro-
soarenes catalyzed by selenium reagents and H,0,. The proto-
col provides a facile and highly efficient access to
a-hydroxyamino carbonyls bearing chiral tetrasubstituted

carbon centers under mild conditions (Scheme 27).%*
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5. Aldol reaction mediated by
B-ketoesters

In 2008, Sodeoka et al. disclosed a catalytic asymmetric aldol-
type reaction of fB-ketoesters with acetals. In the presence of
chiral Pd(u)-bisphosphine complexes (C5a), the reaction
between five- or six-membered cyclic p-ketoesters and acetals
could proceed giving moderate to good yields with almost
perfect ee values. However, the reactivity decreased noticeably
for the acyclic p-ketoester. To address this issue, the Pt(u)-
bisphosphine complexes (C19a-C19c) were developed and uti-
lized in the aldol reactions of tert-butyl 2-methyl-3-oxobutano-
ate with cinnamaldehyde dibenzyl acetal, giving the desired
adduct (5a) in moderate yields with satisfactory stereoselectiv-
ities. A transition state favoring Re-face addition was proposed
(Scheme 28).*

The asymmetric aldol reaction between p-ketoesters and for-
maldehyde was reported by Shibasaki and co-workers in 2009,
using a homodinuclear Ni,-Schiff base complex (C20). The
resulting hydroxyethylated adducts can be obtained with good
to excellent ee values (Scheme 29). It can be concluded that
Me-ketone substrates are more reactive, and a Ph-ketone sub-
strate gave only 22% yield, albeit with 94% ee (5e).>*
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Scheme 28 Aldol reaction of an acyclic p-ketoester with Pt-complex
catalysis.
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Scheme 29 Ni,-Schiff base catalyzed aldol reaction of p-ketoesters
with HCHO.

6. a-Alkylation of p-ketocarbonyls

Early in 1997, Suzuki and co-workers developed a series of
chiral f-amino sulfoxide ligands and used them in palladium-
catalyzed asymmetric allylic alkylation. The best result was
observed when ligand L7 was used and 50% ee of the product
was obtained. In this case, only methyl-substituted methyl
ketoester was tested (Scheme 30).*

Then later in 1999, the Ito group reported a highly enantio-
selective allylation of a series of a-acetamido-B-ketoesters cata-
lyzed by the chiral BINAP-palladium complex. The reactions
proceed smoothly, affording the corresponding products with
76-95% ee. It is noteworthy that the Methyl Rule is not fol-
lowed in this work, and the NHAc group may play a crucial
role in overcoming the inherent low reactivity of the nucleo-
philes (Scheme 31).%°

In 2009, Itoh et al disclosed a phase-transfer-catalyzed
asymmetric alkylation of a-substituted acetoacetates with alkyl
halides using an N-spiro chiral quaternary ammonium salt ((R,
R)-C21). This work provided a straightforward protocol to con-
struct an all-carbon quaternary center. Among the f-ketoester

0 © [PACI(ally) /L7
)H/U\ r A~ Ok —.(CB") of /©/
* B
Me e OBu THF, -20°C, 40 h 2 s'
1e 6a N

25%, 50% ee =

Scheme 30 Asymmetric allylation of le via palladium catalysis.
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Scheme 31 Asymmetric allylation of a-acetamido-p-ketoesters.
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Scheme 32 Asymmetric alkylation of acetoacetates with phase-trans-
fer catalysis.

substrates, tert-butyl 2-methyl-3-oxobutanoate having methyl
groups at both «- and p-positions was tested as a unique
example to react with three alkyl halides, giving the corres-
ponding products under each suitable condition in good
yields with high enantioselectivities (Scheme 32).*

In the subsequent year, the oppositely configured catalyst
(S,S)-C21 was utilized to promote the enantioselective substi-
tutions of a-branched p-ketoesters by Maruoka et al. The
a-benzoyloxy-f-ketoesters were subjected to reaction with a
number of benzylic and allylic bromides, furnishing the pro-
ducts in at least moderate yields (40-91%) with satisfactory
enantioselectivities (73-92%) (Scheme 33). Two exceptional
examples with respect to the Methyl Rule are shown in this
work using ethyl or propyl ketone substrates, but the reactions
showed decreased efficiencies and enantioselectivities (6n
and 60).*®

In 2016, Ito and co-workers reported the first total synthesis
of (+)-artalbic acid using asymmetric allylation of an acetoace-
tate derivative with a phase-transfer catalyst. This synthetic
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Scheme 33 Phase-transfer-catalyzed alkylations of «a-benzoyloxy-
p-ketoesters.

This journal is © the Partner Organisations 2020

View Article Online

Review

o o (S,5)-C21 (1 mol%) o o Argr
A syl e PONASS
oy ———————————— ¢ 5
Lo OFr ™ cson, E0, -g0°c M >4 ~O'Bu N
r i . T U
1f ~ 6a Ar

46% yield, 78% ee Ar = 3,5-(CF3),-CgHa

RR)-C21
o o Pho o o G
pr —————————— Me~ > “O'Bu HO ,, O o
Me)HM/mOP’ (8,5)-C21 (1 mol%) "Me —~, 3 Me
e CsOH, toluene/xylene — - OH
1f 40°C,72h
Ph 6w
9% yield, 8% e\ antabic acid

Scheme 34 Asymmetric allylation catalyzed by PTC C21.

OAc

Ph/\)\Ph Ph,  Ph

o O o o
)%/JL PdCHgClp @mote) - NI o >~
R T L e
Me H OFt L8 (4 mol%) Me”], NH dls ‘@Br
© Ph™~""Ph
1b L8

K2CO3, Cs,C03
CH,Cl, 40°C, 3 h 6x PPhy

93% yield, dr 55:45
ee 98.6%/96.0%

Scheme 35 Palladium-catalyzed asymmetric allylation using L8 as the
ligand.

work was completed in 12 steps from isopropyl acetoacetate
with high stereocontrol (Scheme 34).%°

In 2014, the Xiao group developed a new type of chiral sulf-
oxide-phosphine ligand by a rational combination of two privi-
leged scaffolds for Pd-catalyzed asymmetric allylic alkylation
reactions. Generally high yields and excellent enantioselectivi-
ties were obtained. Only one example using an acyclic
B-ketoester was tested, and the product was formed in excellent
yield with a high level of enantioselectivity (Scheme 35).*°

In 2014, an elegant enantioselective a-photoalkylation of
B-ketocarbonyls by merging photoredox catalysis with chiral
primary amine catalysis was reported by Luo and co-workers.
The reaction enables the creation of all-carbon stereocenters
with excellent enantioselectivities and encompasses a broad
range of substrates including acyclic 1,3-diketones
(Scheme 36). It can be seen that the a-substituents of the
B-ketoesters greatly influence the yields (6y-6aa), and in all
these cases, the methyl group at either the a-position or the
ketone moiety of the p-ketocarbonyls is necessary.
Mechanistically, a photoredox pathway is considered as the
major one, and a minor electron donor-acceptor (EDA)

4la

pathway may also coexist.”“ Later, a similar reaction but

without the use of a photocatalyst was also reported by the
same group.*?

One year later, the same group developed an asymmetric
allylic alkylation of acyclic p-ketocarbonyl compounds with
free allylic alcohols under mild conditions. The reaction was
enabled by a synergistic combination of a chiral primary
amine and a palladium catalyst, and featured the enantio-
selective construction of quaternary stereocenters. As to the
scope of the p-ketocarbonyl compounds, the methyl ketone
unit and/or a-methyl substituent are still necessary to achieve
good yields (Scheme 37).**
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catalysis.
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Scheme 37 Asymmetric allylation of p-ketocarbonyls via Pd-amine co-
catalysis.

In 2016, the Xu group reported the asymmetric allylation
reaction of methylene compounds using a chiral C-camphor-
derived phosphine ligand L9. The reaction afforded the pro-
ducts in excellent yields with excellent ee values, and only one
methyl-ketoester was tested (Scheme 38).**

The strategy was later used by Yoshida and co-workers to
achieve the highly enantioselective «-allylations of
a-substituted p-ketoesters, particularly 2-oxocycloalkanecarbox-
ylates. As shown in Scheme 39, the ethyl 2-methyl-3-oxobu-
tanoate 1b as the acyclic a-substituted B-ketoester can also par-
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Scheme 39 Asymmetric «a-allylation of acyclic p-ketoesters under
Yoshida’'s conditions.

ticipate in the reaction, delivering 6am in 42% yield with 94%
ee. However, a-phenyl substituted 1g cannot work under the
standard conditions.**

Chiral sulfinamide ligand L10 was used by the Zhao group
in the Pd-catalyzed asymmetric allylation of ethyl 2-fluoroace-
toacetate with a variety of allylating agents. Although most of
the transformations could proceed in acceptable to satisfactory
yields and with moderate enantioselectivities, low diastereo-
selectivities were achieved by this approach (Scheme 40).
Furthermore, the substituent pattern on the phenyl ring of the
allylic acetates led to significant limitation of the functional
group tolerance.*®

Recently, Tian et al. reported the use of allylic amines as
the allylic reagent in the chiral a-amino acid/palladium-cata-
lyzed asymmetric allylation of a-branched p-ketoesters. The
reaction shows high enantioselectivity for cyclic ketoesters,
and one example using a methyl ketone substrate was tested,
affording ent-6ah in moderate yield with high ee (Scheme 41).*

In 2017, the Luo group described a synergistic chiral
primary amine/achiral palladium catalyzed enantioselective

o o
o o OAc [Pd(CgH5)CI]2 (4 mol%) o o g
0 (8 mol%) B N Wﬁ
MEMOE' + Ar/\)\Ar —’ Me’ 8 OEt H
K3POq4, THF/dloxane OH
b rt,12-24h AN DA
1 6 L10
selected examples
O b O "
6aq 6ar
93% v'eld 62% yleld 52% yield 0% yield
16:1dr 22:1dr 161 dr

80% and 78% ee 76% and 83% ee 77% and 70% ee

Scheme 40 Applications of a chiral sulfinamide ligand in Pd-catalyzed
allylation.
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Scheme 41 Chiral a-amino acid/Pd-catalyzed asymmetric allylation
with allylic amine.
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p-ketocarbonyls to allenes.

terminal addition to allenes with o-branched p-ketocarbonyls
and aldehydes. The reaction afforded allylic adducts with all-
carbon quaternary stereocenters with high regio- and enantio-
selectivities (Scheme 42). Again most of the p-ketocarbonyls
contain two methyl substituents, showing the generality of the
Methyl Rule.*”* Later in 2019, Luo and co-workers developed a
double-layered Sterimol model to account for the steric effect
on enantioselectivity in dual primary amine/palladium-cata-
lyzed asymmetric allylic alkylation reactions.*”?

In 2020, Luo and co-workers reported a n-coordinating ami-
nocatalyst/palladium synergistic catalysis for asymmetric
allylic alkylation of o-branched p-ketocarbonyls using an
arene-containing chiral primary amine as a dual aminocatalyst
and ligand. A coordination between palladium and the arene
group of C25 is proposed to release (R)-products. In contrast, a
non-coordinating catalyst leads to the (S)-configuration of the
products. Using catalyst C25, both cyclic and acyclic
B-ketocarbonyls gave the allylic adducts with excellent regio-,
stereo-, and enantioselectivities, and only methyl ketone-
derived acyclic f-ketocarbonyls were tested (Scheme 43).**

A dual activation strategy merging primary amine catalysis
and Lewis base activation was developed by Luo and co-
workers in 2017, which achieved the asymmetric a-benzylation
of a-branched f-ketocarbonyls. Enamines derived from
B-ketocarbonyls could react effectively with in situ generated
ortho-quinone methides under Lewis base activation, affording
products with acyclic all-carbon quaternary stereocenters with
excellent ee values (Scheme 44).*°
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Scheme 43 Asymmetric allylation using Pd-primary amine co-catalysis.
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Scheme 44 Asymmetric benzylation via primary amine catalysis.

In 2018, Meggers and co-workers developed an elegant elec-
tricity-driven chiral Lewis acid catalysis for the oxidative cross-
coupling of 2-acyl imidazoles with silyl enol ethers, which
include products that bear all-carbon quaternary stereocenters.
A chiral-at-metal rhodium catalyst C26 activates substrates
towards anodic oxidation to form radical intermediates, which
then undergo addition to enol ethers with high chemo- and
enantioselectivities. The protocol successfully affords a series
of quaternary f-ketoesters with two bulky o-substituents
(Scheme 45).>°

In 2019, the Shi group reported a synergistic palladium/
enamine catalyzed asymmetric addition of ketones to non-acti-
vated alkenes under mild conditions. Primary amine C27 was
identified as an effective catalyst in promoting the conden-
sation of p-ketoester with an olefin. Unfortunately, in all cases,
linear and branched products were formed in a similar ratio.
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Scheme 45 Asymmetric oxidative cross-coupling of 2-acyl imidazoles
with silyl enol ether.
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Scheme 46 Asymmetric alkylation via Pd-primary amine co-catalysis.

For the branched products, moderate 63-74% ee values were
detected (Scheme 46).>™

Stoltz and co-workers developed an elegant iridium-cata-
lyzed asymmetric allylic alkylation of a-branched p-ketoesters
using L11 as the ligand (Scheme 47).°*” A strong base LiO‘Bu
(2 equiv.) was added, and the system tolerated bulky substitu-
ents and afforded 6¢cb-6c¢e that beyond the Methyl Rule.
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Scheme 47 Iridium-catalyzed asymmetric allylic alkylation.
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Scheme 48 Asymmetric alkynylation via primary amine-photocatalysis.

7. a-Alkynylation of B-ketocarbonyls

In 2017, an enantioselective decarboxylative coupling of pro-
piolic acid and p-ketocarbonyls using a combination of chiral
primary amine catalysis and visible-light photoredox catalysis
was described by the Luo group. The reaction afforded alkyny-
lation adducts with high enantioselectivity. An a-amino radical
addition mechanism was proposed. In all cases, methyl
ketone-derived ketoesters were used, and the alkylation side
products were also formed (Scheme 48).>>

8. a-Oxygenation of f-ketocarbonyls

The first chiral phosphoric acid catalyzed o-hydroxylation of
B-dicarbonyl compounds through a tandem aminoxylation/N-
O bond heterolysis sequence using nitroso compounds as the
oxygen source was reported by the Zhong group in 2009. With
this protocol, a variety of substituted cyclic a-hydroxybenzo-
B-ketoesters were obtained in the presence of 1 mol% catalyst
C28a in good yields with high enantioselectivities. However,
when an acyclic substrate was tested, low yield (48%) and ee
value (40%) were obtained, even by employing increased
loading of the modified catalyst C28b (10 mol%) and
additional Cu(OTf), (10 mol%) as a co-catalyst (Scheme 49).>*
The direct asymmetric a-benzoyloxylation of p-ketocarbonyls
catalyzed by a chiral primary amine was revealed by Luo and
co-workers in 2015. The protocol allows convenient access to
highly enantioenriched a-hydroxy-p-ketocarbonyls. Methyl
ketone-derived p-ketocarbonyls were still a suitable choice that
could guarantee smooth reactions (Scheme 50).>*
Subsequently, the same group disclosed a highly enantio-
selective primary amine catalyzed o,a-bis-functionalization of
B-ketocarbonyls and cyclohexanones. The reaction used
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Scheme 50 Asymmetric a-benzoyloxylations of p-ketocarbonyls.

N-hydroxycarbamates as both nitrogen and oxygen sources
under aerobic oxidative conditions to furnish chiral N,0-ketals
with high yields and enantioselectivities. Four examples that
are beyond the Methyl Rule were shown in the work, albeit
with less satisfactory results. Mechanistically, a key highly acti-
vated imine intermediate is responsible for overcoming the
substrate inertness (Scheme 51).>°

The catalytic asymmetric oxidation of a-substituted-
B-ketoesters promoted by C,-symmetric iodoarene (C29) as a
chiral agent and m-CPBA as the oxidant was reported by Xiong,
Coeffard, and co-workers in 2016. In this work, the Methyl
Rule is still followed, and it can be seen that phenyl ketone
and a-ethyl derived substrates are inert to the reaction (8x-8y).
Two possible pathways are involved in the production of the
products (Scheme 52).>°

In the same year, an asymmetric a-hydroxylation reaction of
B-ketoesters using oxaziridines as the [O']-transfer reagents
catalyzed by chiral bifunctional urea-containing ammonium
salt (C30) was developed by the Waser group. This process con-
tained a simultaneous Kkinetic resolution of the oxaziridine,
and the match-mismatch scenario between the catalyst and
the oxaziridine played a crucial role in the resolution. In the
work, only one example of an acyclic substrate was surveyed. In
contrast to the cyclic ketoesters, the transformation of the
acyclic a-methyl ketoester substrate could be carried out in the
presence of an additional base (e.g. K,COj;), but giving low
enantioselectivity of the product (Scheme 53).%”
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9. Mannich reaction of a-branched
B-ketocarbonyls

Enantioselective Mannich reactions of f-ketoesters with aldi-
mines are efficient and powerful methods to prepare chiral
f-amino carbonyl derivatives. In 2009, Guin et al. described
the application of chiral bifunctional organocatalyst C31 in
such type of reaction. However, acyclic substrates do not seem
to be suitable for this protocol, giving 83% yield and moderate
stereoselectivity (63 :37 dr, 71% ee) even with prolonged reac-
tion time (Scheme 54).>® A stereochemical model wherein the
catalyst activates both the ketoester and the imine was pro-
posed by the authors.

In 2009, Lu and co-workers introduced the synthesis of a
novel tryptophan-based bifunctional thiourea catalyst C32, and
its applications in the Mannich reaction of a-fluoro-
B-ketoesters to afford fluorinated chiral molecules containing
vicinal tetrasubstituted and tertiary stereogenic centers. Good
diastereoselectivities and high enantioselectivities could be
achieved by employing aromatic o-fluorinated substrates. The
methyl and isopropyl ketoesters afforded 1:1 mixtures of dia-
stereomers (9g and 9h), but with high enantioselectivities.
Further study indicated that the tert-butyl o-fluorinated keto-
ester could be converted to the desired product 9i with a good
dr value and a high ee value. DFT calculations support that the
indole could assist the thiourea moiety in binding the ketoeno-
late through an additional hydrogen bonding, and the
ammonium group binds the imine to bring it in proximity to
the enolate (Scheme 55).>°

Similar reaction catalyzed by chiral palladium complex C33
was developed by Kim and co-workers in 2011. As shown in
Scheme 56, both aromatic and methyl ketone-containing sub-
strates could be well tolerated in this protocol, and the desired
f-aminated products were obtained in good to high yields
(73-89%) with high enantioselectivities (86-99% ee) and
diverse diastereoselectivity (56 : 44-87 : 13) (Scheme 56).°°

In 2013, the Maruoka group reported the chiral phosphoric
acid catalyzed stereoselective Mannich-type reactions of in situ
generated C-alkynyl imines with p-ketoesters. Among the dicar-
bonyls examined, two acyclic f-ketoesters were investigated
and the afforded the adducted 9n and 9o with good enantio-
selectivities, albeit with low diastereoselectivities (Scheme 57).°"

The first catalytic asymmetric Mannich reaction with
a-branched ketones using enamine catalysis was achieved by
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Scheme 54 Asymmetric Mannich reaction of p-ketoesters catalyzed by
C31.
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Scheme 57 Asymmetric Mannich-type reactions catalyzed by chiral
phosphoric acid.

the Luo group in 2017. A series of N,O-acetals were developed
as bench stable surrogates for imines in the reaction with
acyclic and cyclic p-ketocarbonyls. The primary amine cata-
lyzed Mannich reactions occurred with high yields and excel-
lent stereoselectivity, providing a straightforward approach for
the synthesis of a- or p-amino carbonyls bearing quaternary
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Scheme 58 Asymmetric Mannich reaction of p-ketocarbonyls with
enamine catalysis.

centers. In the cases of acyclic a-branched p-ketocarbonyls,
only methyl ketone derivatives were used (Scheme 58), further
demonstrating the practicality of the Methyl Rule. It is worth
mentioning that product 9y, with an a-fluoro group, was
obtained in 99% yield with 92% ee.®®** A similar catalytic reac-
tion was also reported by the same group using tri/difluoro- or
trichloroacetaldimine precursors, affording chiral CF;-, CF,H,-
or CCl;-substituted amines in excellent yields and high enan-
tioselectivity.®*” Again the Methyl Rule was followed when qua-
ternary stereocenters were constructed in the protocol.

10. «-Sulfenylation of
p-ketocarbonyls

The Togni group developed for the first time the asymmetric
a-sulfenylation of P-ketoesters using Ti-complex C1. In all
cases, moderate to good enantioselectivities were observed,
and the Methyl Rule was followed by the reactions (Scheme 59).%

Later, a Ni-catalyzed asymmetric a-sulfenylation of
B-ketoesters was developed by Shibata and co-workers. Ligand
L12 was used to obtain the products with good to excellent ee.
In all cases, a-methyl or fluoro-substituted p-ketoesters were
used (Scheme 60).%*

In 2018, an organic primary amine -catalysed direct
a-sulfenylation of acyclic and cyclic p-ketocarbonyls was
achieved by the Luo group. The corresponding products were
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Scheme 61 Primary amine-catalzyed asymmetric a-sulfenylation.

obtained in good yields with excellent enantioselectivities.
Besides cyclic ketoesters, only methyl ketones were tested, and
the results are in accordance with the Methyl Rule (Scheme 61).%

11. Alternative approaches allowing
access to quaternary p-ketocarbonyls
with sterically more bulky substituents

It can be seen from the above selected examples that the
Methyl Rule actually widely exists in catalytic asymmetric
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transformations with a-branched p-ketocarbonyl partici-
pation. Among the fifty-nine reactions shown above, there
are only three exceptions, and two of them use substrates
bearing nitrogen or oxygen o-substituents, and the
only successful reaction leading to products with two
a-substituents that are all sterically bigger than Me
employs a radical pathway. However, there are some alter-
native methods allowing access to enantioenriched
a,a-disubstituted p-ketocarbonyls without limitations arising
from the sterically bulky substituents, such as the kinetic
resolution method.

In 2019, Fang and co-workers achieved the first catalytic
kinetic resolution of a,a-disubstituted f-ketoesters using intra-
molecular benzoin reaction. The protocol tolerates two
different a-benzyl type groups, and the ketone unit can be
phenyl type groups. A series of previously unavailable
B-ketoesters with all-carbon quaternary stereocenters can be
obtained with good to excellent enantioselectivity. The employ-
ment of intramolecular reaction greatly overcame the low reac-
tivity brought about by the bulky substituents, and a catechol
additive proved important in enhancing the selectivity of the
resolution (Scheme 62).°°

Using the same strategy, the Fang group also achieved the
kinetic resolution of 2,2-disubstituted 1,3-diketones with more
bulky substituents than the methyl group. The work is more
challenging because the substrates contain two ketone moi-
eties and a selective nucleophilic attack by the catalytically
formed Breslow intermediate is crucial for the success of the
work. Two basic kinetic resolution modes were disclosed by
the report, and when the two ketone units showed comparable
reactivities, divergent type resolution was applied; in contrast,
when the two ketone moieties have apparently different reac-
tivities, classical kinetic resolution takes place. Using this
method, a large amount of enantioenriched 1,3-diketones with
2-substituents bulkier than Me can be obtained (Schemes 63
and 64).%”
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Scheme 62 Kinetic resolution of quaternary p-ketoesters via intra-
molecular benzoin reaction.
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Scheme 64 Kinetic resolution of quaternary 1,3-diketones via intra-
molecular benzoin reaction.

12. Preliminary analysis of the origin
of the Methyl Rule

The origin of the Methyl Rule can be analysed based on the
different activation modes mentioned above. Basically, there
are mainly three active intermediates derived from ketoesters
involved in the transformations, which are enolate, enol, and
enamine.

In the cases of enamine formation, the catalysts are usually
primary amines, as witnessed by the Luo group in their
elegant works. So first of all, the ketone unit must be able to
react with primary amines to form enamines. Therefore, the
reactivities of the ketone units play a crucial role in the success
of the reaction. In the work shown in Schemes 63 and 64, Fang
and co-workers have disclosed an empirical conclusion with
respect to the keto reactivities using intramolecular benzoin
reaction as the probe (Scheme 65).°” It can be seen that a
methyl ketone actually shows competitive reactivity towards a
cyclic ketone, and is more reactive than phenyl ketones and
other aliphatic ketones.
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Scheme 66 Ketone reactivity as the major origin of the Methyl Rule
using primary amines as the catalysts.

Therefore, Scheme 66 shows the major origin of the
enamine  intermediate-related  transformations  using
B-ketoesters, that is, the primary amine catalyst can react
smoothly with methyl ketones, but other ketones such as ethyl
and phenyl ones are less favorable to react with primary
amines, and result in low yields or no conversion. This can be
clearly found from the results in Scheme 8.

As to Bronsted acid-catalyzed reactions, the enol form is the
active intermediate. In this case, the ability of p-ketocarbonyls
to form the corresponding enols through tautomerization with
the assistance of the catalysts is the key factor. Under the reac-
tion conditions, it is considered that it is more easier for
methyl ketone to form the corresponding enol than ethyl
ketones (Scheme 67).°®

Relatively complicated situations will be encountered when
enolate intermediates are applied in the reactions. To form
enolates, deprotonation must occur. Therefore, the acidity of
the a-proton in p-ketocarbonyls is one of the key parameters.
When metal Lewis acid or bifunctional tertiary amine is used,
relatively weak bases are present in the reaction. Hence,
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o 0 @ o’ o
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Scheme 67 Tautomerization ability as the major origin of the Methyl
Rule using Brensted acids as the catalysts.
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Scheme 69 Steric bulkiness of a-substituents and nucleophilicity of
enolates as the origin of the Methyl Rule.

methyl ketones or methyl-substituted ketocarbonyls are easier
to be deprotonated, and it is relatively more difficult for other
substrates to form enolates (Scheme 68).%°

However, there are some cases where stoichiometric
amounts of strong bases are used in the system, such as those
that use phase transfer catalysts. In these cases, enolates can
be definitely formed, and the difference is the reactivity of eno-
lates with electrophiles at the following step. Now the steric
bulkiness of the a-substituents and the nucleophilicity of the
enolates may play crucial roles in determining the results
(Scheme 69). Moreover, finding a catalytic system that can tol-
erate strong bases is also a challenging topic.

From the above analysis, it can be seen that methyl ketocar-
bonyls or a-methyl-substituted ketocarbonyls are actually rela-
tively significant in asymmetric catalytic transformations.
Furthermore, it should be noted that in many cases, two or
more factors work together to affect the final outcomes. For
instance, when an a-ethyl-substituted substrate can also form
an enolate complex, then the steric bulkiness and the nucleo-
philicity start to affect the result. Anyway, all these reasons
work together in most cases, but the final results make the
Methyl Rule a relatively widely existing phenomenon.

13. Conclusions

This review summarizes the recent advances of diverse types of
catalytic asymmetric reactions using acyclic o-branched
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B-ketocarbonyls, including asymmetric a-fluorination, Michael
reaction,  o-amination, aldol reaction, a-alkylation,
a-oxygenation, Mannich reaction, and a-sulfenylation. Various
catalytic systems have been developed and impressive progress
has been achieved, providing a large number of protocols to
construct various types of chiral quaternary or tetrasubstituted
carbon stereocenters. As emphasized above, the a-substituents
and ketone moieties within the p-ketocarbonyls are found to
significantly affect the outcome of the reaction, especially the
efficiency. Therefore, in this field, the Methyl Rule is a general
principle that describes the feature of the reactivity of
a-branched  p-ketocarbonyls. = However, = complementary
methods such as kinetic resolution have been developed to
overcome the shortage brought about by the Methyl Rule. The
possible origin of the Methyl Rule has also been analyzed
according to the catalyst types. Nevertheless, the development
of novel strategies and protocols which can break the restric-
tion of the Methyl Rule and promote further the field is still
highly needed.
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