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ABSTRACT: Enantioselective protonation is a versatile approach to the construction of tertiary α-stereocenters, which are
common structural motifs in various natural products and biologically relevant compounds. Herein we report a mild access to these
chiral centers using cooperative gold(I) catalysis. From cyclic ketone enol carbonates, this asymmetric catalysis provides highly
enantioselective access to cyclic ketones featuring an α tertiary chiral center, including challenging 2-methylsuberone. In
combination with the gold-catalyzed formation of cyclopentadienyl carbonates in a one-pot, two-step process, this chemistry enables
expedient access to synthetically versatile α′-chiral cyclopentenones with excellent enantiomeric excesses from easily accessible
enynyl carbonate substrates.

Gold(I) enolates were isolated and characterized in the C-
enolate forms as early as 1969.1 Their reactivities were

studied by Ito in 1988,2 revealing the lack of nucleophilicity in
aldol reactions in the absence of a Lewis acid. This is likely due to
the electronegative nature of the metal. With the dramatic
advances in homogeneous gold catalysis in the past 20 years,
their manifestations in catalysis have been documented.3 In
some reports, the tautomerization between a gold(I) O-enolate
and itsC-enolated counterpart3b−f is invoked andO-enolates are
proposed as reacting nucleophilic species.
We surmised that the low nucleophilicity of gold(I) enolates

might lend it to enantioselective α-protonation, which has not
been documented. In this context, as shown in Scheme 1A, the
C-enolate form can be protonated to form an enol, which would
necessitate challenging asymmetric tautomerization. Direct
protonation4 of gold C-enolates to ketones is unlikely due to
the aforementioned lack of nucleophilicity. On the other hand,
protonation of a gold O-enolate would directly deliver the
ketone product and might be amenable to chiral induction.
Catalytic enantioselective protonation has emerged as a versatile
method to construct chiral tertiary carbon centers α to carbonyl
groups.5 The development of a gold-catalyzed version under
mild conditions could introduce new strategies to this versatile
approach and broaden its scope.
Over the past several years, our laboratory has developed

various bifunctional phosphine ligands6 to enable gold-ligand
cooperation7 in homogeneous gold catalysis. With ligands such
as L1−L3 featuring a remote amino group, soft propargylic
deprotonation8 is realized under gold catalysis and leads to the
formation of an allenylgold intermediate (e.g., A, Scheme 1B),
which can undergo ipso-protonation to deliver the correspond-
ing allene reversibly9 or propargylation of aldehydes.10 With L2
and L3 featuring a chiral tetrahydroisoquinoline moiety, high
levels of chiral induction with these transformations9b,10b were
realized. It is plausible that the nucleophilicity ofAwould permit
an E1cb-type elimination provided the presence of a good leaving
group at the homopropargylic position, delivering an anionic

leaving group and an enyne byproduct. To this end, as shown in

Scheme 1B, we envisioned that an enol carbonate could serve as

a leaving group. Upon spontaneous decarboxylation, the enolate

generated might recombine with the protonated gold catalyst to

generate the gold O-enolate B. With (S)-L3 as the chiral ligand,

the intramolecular proton migration in B may be highly

stereoselective, offering access to cyclic ketones with excellent

enantiomeric excesses.
At the outset, we conducted a proof-of-concept study of the

i n t ended β - e l im in a t i on by sub j e c t i n g 4 - ( t e r t -

butyldimethylsilyl)but-3-yn-1-yl phenyl carbonate (1′) to the

gold catalysis using the achiral tetrahydroisoquinoline ligand L1

(eq 1). To our delight, the reaction proceeded smoothly to

afford the silylated enyne 2 (R = TBS) and phenol cleanly within

6 h. The use of a TBS-terminated C−C triple bond was inspired

by our success in propargylation chemistry.10 In contrast,

removing TBS or replacing it with a phenyl group led to much

slower elimination, reaching only 27% and 5% conversion,

respectively, after 6 h reaction.
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With the feasibility of the β-elimination established, we
prepared the carbonate 1a from 2-methylindanone. As shown in
eq 2, by using (S)-L2 as the ligand, the gold catalysis led to 2-
methylindanone (3a) with 84% ee and in 86% yield. The

trimethylated chiral ligand (S)-L3 performed substantially
better, leading to 96% ee and 94% yield. The (R)-configuration
of 3a was assigned based on the reported HPLC data11 and is
consistent with the model depicted in structure B (Scheme 1B).
The ee value reflects excellent levels of facial selectivity in ligand-
assisted proton delivery. Other documented enantioselective
protonation methods leading to this product, including Pd-
catalyzed decarboxylative protonation,12 catalysis by a chiral tin
complex,13 and organocatalysis14 resulted in <85% ee. The
exception is Toste’s enantioselective protonation of silyl enol
ethers using a chiral Brønsted acid formed from a chiral cationic
gold complex, in which a comparable 94% ee was achieved.15

To confirm the internal proton migration, we subjected 1a-d2
with 90% deuterium incorporation at the propargylic position to
the reaction. As shown in eq 3, 3a-d was isolated with 85%
deuterium incorporation at the stereogenic center. On the other
hand, when the reaction of 1awas run in the presence of D2O (3
equiv) and without 4 Å MS, 65% deuterium incorporation was
observed (eq 4), and the ee value was notably lower. This result
suggests that the internal enolate protonation (as in B) is
relatively slow in comparison to the H−D exchange with D2O.
The scope of this enantioselective protonation with

homopropargyl carbonate substrates generated from various
cyclic ketones was then explored. As shown in Table 1, this

enantioselective protonation works well with α-tetralones 3b
and 3c as well as 2-methylbenzosuberone (3d), resulting in
≥93% ee in each case. It is notable that the synthesis of chiral
benzosuberones is challenging. The documented enantioselec-
tive protonation approach resulted in 44% ee.16 Alternative
synthesis of chiral 2-substituted benzosuberones generally leads
to <90% ee17 except the work by Trost.18 For monocyclic
ketones, α′-substitution is required for effective asymmetric
induction. With benzylidene as the substituent, cyclopentanone
3e and cyclohexanones 3f and 3g were formed with excellent ee
values and good yields. With gem-dimethyl groups at the α′-
position, the reaction forming 3h was sluggish, requiring
doubling the amount of the gold catalyst, and 85% ee was
realized.
To further explore the synthetic utility of this asymmetric

protonation, we considered the combination of this chemistry
with a preceding catalysis that delivers enol carbonate substrates
for the former. As such, a one-pot access to chiral ketones from
potentially non-ketone substrates could be achieved.
We previously reported a gold-catalyzed synthesis of cyclo-

pentenones from enynyl esters via tandem [3,3]-sigmatropic

Scheme 1. Gold Enolate and Asymmetric Protonation

Table 1. Scope with Substrates Derived fromCyclic Ketonesa

aReaction conditions: (S)-L3AuCl (5 mol %), NaBARF (5 mol %), 4
Å MS, DCM, rt, 16 h. b10 mol % L3AuCl and NaBARF used.
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rearrangement and the Nazarov cyclization (Scheme 2).19 The
cyclopentadienyl ester C is generated as an intermediate before

in situ hydrolysis to deliver the final product. It is anticipated that
if the acyl group of C is 4-(tert-butyldimethylsilyl)but-3-yn-1-
yloxycarbonyl, the intermediate, i.e.,C′, could become a suitable
substrate for our gold-catalyzed enantioselective protonation
chemistry, thereby offering an efficient access to chiral α′-
substituted cyclopentenones (5).20 These structures can be
synthetically versatile, but their asymmetric synthesis is lacking
and in one instance entails a six-step sequence.21 On the other
hand, the enynyl carbonate substrates of type 4 can be readily
prepared in two steps from the corresponding aldehyde.
We chose the enynyl carbonate 4a as the substrate for reaction

development. Our initial attempts to use (S)-L3Au+ to catalyze
both the cyclopentadienyl carbonate formation and the
subsequent asymmetric protonation were not successful as the
premature fragmentation of the 4-(tert-butyldimethylsilyl)but-
3-yn-1-yloxycarbonyl moiety of 4a interfered with the intended
[3,3]-sigmatropic rearrangement and Nazarov cyclization. As
such, IPrAuCl/NaBARF (5 mol %) was employed to catalyze
the first step. To our delight, the reaction proceeded smoothly at
ambient temperature to afford dienyl carbonate C′-1 in nearly
quantitative yield in 3 h. We then focused on optimizing
conditions for the second step in a one-pot process. As shown in
Table 2, the trimethyl ligand (S)-L3 performed markedly better

than (S)-L2 in both conversion and enantioselectivity
(comparing entry 2 to entry 1). With (S)-L3 as the optimal
ligand, toluene and trifluorotoluene led to excellent yields but
slightly lower ee values (entries 3−4). The addition of 4 Å MS
improved both the yield to 96% and the enantioselectivity to
91% (entry 5). With the isolated C′-1 as the substrate, the ee
value was marginally improved to 92% (entry 6). This suggests
that IPrAu+ employed in the first step had little impact on the
subsequent asymmetric protonation step. The high level of
enantioselectivity in this case is noteworthy considering that
there is no substitution at the ketone α-C(sp2) position. The
loading of IPrAuCl/NaBARF was lowered to 1 mol % (entry 7).
In addition to a slower conversion of 4a, 5a was isolated with a
lower 88% ee, which is attributed to increased hydrolysis ofC′-1.
The full mechanistic picture of this one-pot transformation is
shown in the SI. Of note is that the configuration of 5a is stable
under the reaction conditions, as no ee erosion was observed
upon treating its enantioenriched form for 48 h.
With the optimized conditions in hand, we explored the scope

of this expedient access to chiral cyclopentenones. As shown in
Table 3A, a variety of substituents at the cyclopentenone β-
position were tolerated and afforded the desired chiral
cyclopentenones 5b−5n in moderate to excellent yields and
with mostly excellent enantioselectivities. Primary, secondary,
and tertiary alkyl groups in 5a −5e were all well tolerated. The
chemistry readily accommodated a TBS-protected hydroxyl
group and a benzyl group to afford the cyclopentanones 5f and
5g in high yields and with 95% ee and 96% ee, respectively.
Various aryl substituents were allowed (5h−5n). The electronic
characteristics of the benzene ring had no significant effect on
the reaction efficiency or selectivity, and 5h−5j were isolated in
high optical purity. In addition, the thiophene of 5k did not
affect the reaction. With the substrates bearing a bromo group at
the ortho-, meta-, and para-positions of a benzene ring, the
desired products 5l−5n were formed smoothly in good yields
and with 90%, 94%, and 96% ee, respectively. The comparably
lower ee of 5l (90%) is attributed to steric hindrance. In some
cases, (R)-L3 was employed as the ligand. The absolute
configuration of 5n possessing a para-bromophenyl group is
established as (R) by single crystal XRD studies (CCDC
2285067). This stereochemical outcome again supports the
stereoinduction model in B shown in Scheme 1C. The
configurations of other cyclopentenones 5 were similarly
assigned.
One limitation of the scope in Table 3A is that the α′-

substituent is a methyl group. Replacing it with a bigger primary
alkyl group led to <85% ee. We attribute this to the lack of a
substituent at the α-C(sp2) position, which makes facial control
challenging. To expand the reaction scope, we probed the
synthesis of ring-fused cyclopentenones. It is known that enynyl
esters bearing cyclic quaternary centers at the propargyl position
can undergo ring expansion through bond migration into a gold
carbene center if the ring size is 4 or 5.22 To this end, a
cyclobutane-based substrate was smoothly converted to the 5,5-
fused product 5o in 82% yield with 96% ee (Table 3B). Similarly,
cyclopentane-based substrates also performed well in this
reaction, affording the 6,5-fused cyclopentenones 5p−5s with
excellent enantioselectivity. Remarkably, due to the presence of
an α-C(sp2) substitution, α′-substituents other than methyl
including phenethyl (5r), isopropyl (5s), and 4-chlorobut-1-yl
were readily accommodated.
We also screened a range of additives against the chemistry

shown in Table 2.23 It revealed that the reaction tolerated ester,

Scheme 2. Access to Chiral Cyclopentenones via In Situ
Generated Cyclopentadienyl Carbonates

Table 2. Reaction Optimizationa

entry L solvent conversionb (%) yield (%) eec (%)

1 (S)-L2 DCM 74 37 71
2 (S)-L3 DCM 100 89 89
3 (S)-L3 toluene 100 98 87
4 (S)-L3 PhCF3 100 97 85
5d (S)-L3 DCM 100 96 91
6e (S)-L3 DCM 100 94 92
7f (S)-L3 DCM 100 96 88

aReaction was performed at 0.05 mmol scale and in 0.25 M
concentration. bDetermined by NMR analysis using diethyl phthalate
as the internal standard. cDetected by HPLC equipped with a column
containing chiral stationary phase. d4 Å MS used. eC′-1 was used as
the substrate. f1 mol % IPrAuCl and 1 mol % NaBARF was used and
required 8 h for step one to reach completion.
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tertiary amide, nitrile,N-acetylindole, nitrobenzene, and alcohol
but not carboxylic acid nor base. The detailed results can be
found in the SI.
In conclusion, we developed a gold-catalyzed highly

enantioselective enolate protonation. Enabled by enantioselec-
tive gold−ligand cooperation, this catalysis converts cyclic
ketone enol carbonates to enantiomerically enriched ketone
products via internal proton shuttling. It permits the synthesis of
challenging 2-methyl benzosuberone with excellent enantiose-
lectivity. By preceding this chemistry with a one-pot gold-
catalyzed formation of cyclopentadienyl carbonates, an
expedient access to synthetically versatile chiral cyclopente-
nones from readily available enynyl carbonates was achieved. α′-
Methylcyclopentenones featuring a range of β-substituents were
formed with up to 97% ee, and 5- and 6-membered ring-fused
cyclopentenones accommodating various α′-substituents were
also formed with excellent enantioselectivities.
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