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Abstract: A gold(I)-catalyzed enantioselective dearoma-
tization is achieved via metal-chiral ligand cooperation.
A new and divergent synthesis of chiral bifunctional
binaphthyl-2-ylphosphines is developed to allow rapid
access to these ligands, which in turn facilitate the
application of this chemistry to a broad substrate scope
including 1-naphthols, 2-naphthols, and phenols. Enan-
tiomeric excesses up to 98% are achieved via selective
acceleration of one enantiomer formation enabled by
hydrogen bonding between substrate and ligand remote
basic group. DFT calculations lend support to the
cooperative catalysis and substantiate the reaction
stereochemical outcomes.

Spirocarbocycles exist in a wide range of bioactive natural
products[1] and provide comparatively rigid three-dimen-
sional structural scaffolds for drug discovery.[1,2] Intramolec-
ular catalytic asymmetric dearomatization (CADA)[3] offers
a versatile and expedient strategy for the construction of
chiral spirocarbocycles featuring a challenging quaternary
carbon center. Recently, several types of chiral spirocycles
have been constructed via asymmetric gold(I) catalysis[4] but
the enantiomeric excesses are mostly moderate (�90%)
except when using parameterization to facilitate ligand
optimization.[4g] Considering the versatility of gold catalysis
in cyclization reactions,[5] there remain valuable yet unful-
filled opportunities to develop highly enantioselective con-
struction of spirocarbocycles via gold-catalyzed dearomati-
zation cyclizations.[6] In this work, we detail an advance in
this area via asymmetric cooperative gold catalysis.[7] Due to
the cooperation[8] between our rationally designed ligand
and gold(I), the spirocyclization is accelerated enantioselec-
tively, resulting in ee values up to 98%, exhibiting a broad
substrate scope including 1-naphthols and 2-naphthols and
phenols, and permitting the formation of spirobicycles of
different sizes and containing heteroatoms.

We have recently developed several bifunctional biaryl-
2-ylphosphine ligands of the general structure L featuring a
remote basic group (Scheme 1A).[7] The interactions be-
tween the ligand basic group and substrate/nucleophile in
bond-forming/breaking events achieve gold-ligand coopera-
tion in catalysis. The catalytic reactions enabled/facilitated
by these ligands either are not feasible when replaced by
typical phosphine/N-heterocyclic carbene (NHC) ligands[9]

or, in the case of WangPhos, experience substantial rate
increases.[10] The latter acceleration phenomenon of the
gold-ligand cooperation was harnessed in a gold-catalyzed
enantioselective allenol cyclization by substantially acceler-
ating the formation of one product enantiomer. As shown in
Scheme 1B, with a chiral version of WangPhos featuring an
axially chiral binaphthyl framework, i.e., (R)-L1, as the
ligand, the reaction is nearly quantitative and exhibits
>99% ee with a catalyst loading of 100 ppm.[11] However,
the application of this asymmetric acceleration phenomenon
with substrates bearing a proprochiral C�C triple bond
would necessitate stereoinduction at a distal prochiral center
and hence be more challenging. We anticipated that the
asymmetric dearomatization of phenols/naphthols en route
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Scheme 1. Gold-ligand cooperation in catalysis and its implementation
in intramolecular asymmetric dearomatization.
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to chiral spirocyclic enone products, as outlined in Sche-
me 1C, might be an applicable system as the relevant
intermolecular hydroarylation of terminal alkyne by 2-
naphthol is accelerated by WangPhos.[10c]

We commenced our study by employing 1-(pent-4-yn-1-
yl)naphthalen-2-ol (5a) as the substrate. As shown in
Table 1, entry 1, the initial results by using our previously
reported chiral amide-functionalized binaphthyl-2-ylphos-
phine ligand (S)-L1 were encouraging, as the reaction is
high-yielding and the enantiomeric excess of the spiroenone
product 6a was 74%. Moreover, no product stemming from
phenolic oxygen cyclization was detected.[12] Although the
fast reaction—<10 min at ambient temperature—could
readily permit the increase of the reaction enantioselectivity

upon lowering the reaction temperature, we decided to first
optimize the chiral bifunctional ligand by varying the
essential basic group at the C3’ position of the binaphthyl
skeleton.

To this end, a ligand synthesis strategy conducive to late-
stage diversification is highly desirable. However, our
previous synthesis of (R)-L1 (Scheme 2A), despite requiring
only 3 steps from the monomethylated chiral BINOL (R)-1,
installed the 1-pyrrolidinecarbonyl group at the beginning.[11]

Moreover, the low overall yield – only 9.8% - is mostly due
to the low efficiency of installing the bulky PAd2 group via a
Pd-catalyzed cross-coupling between HPAd2 and a bi-
naphthyl triflate. The poor yield of this last step, i.e., 24%,
complicated product purification as (R)-L1 was contami-
nated by 10% impurity. To develop a divergent and more
efficient ligand synthesis, we opted to install the PAd2 group
first and the remote basic group at the very end of the
synthetic route. As shown in Scheme 2B, the binaphthyl-2-yl
bromide (S)-3 was prepared from (S)-1 in a two-step
sequence by following a related procedure.[13] Much to our
delight, the Pd-catalyzed C�P coupling was remarkably
efficient, affording the phosphine ligand (S)-4 in 90% yield.
The last step of the ligand synthesis is to install different
basic groups at the 3’ position via ortho-lithiation and
electrophile trapping. The yield of this step was typically
�50%. Among the prepared ligands, (S)-L1, (S)-L2, and
(S)-L3 have different tertiary amide groups, while (S)-L4
features a phosphonate moiety. The overall yields by
following this 4-step route were �24%, which in the case of
(S)-L1 is substantially better than that of our original
approach. The structure of (S)-L4 was confirmed by the X-
ray diffraction study of its gold complex.[14]

With the additional ligands [i.e., (S)-L2–L4] in hand, we
screened them against the dearomatization chemistry. As
shown in Table 1, entries 2–4, under the same set of
conditions, the N,N-diisopropylamide ligand (S)-L3 and the
phosphonate ligand (S)-L4 performed noticeably better,
with the latter offering the highest ee at room temperature.
Remarkably, these reactions remained fast, proceeding to
completion in <10 min. We also tried the reaction by using
the unfunctionalized (S)-4 as the ligand. As shown in
entry 5, the reaction was notably slower and the enantio-
meric excess (�48% ee) is moderate and exhibits the
opposite sense. This result confirms the key role of the
remote basic group/directing group in dictating the stereo-
chemical outcome and in accelerating the dearomatization.
In the case of (S)-L3, as expected, the reaction ee was
improved to 92% when conducted at �78 °C (entry 6).
Despite this low temperature, the accelerating nature of the
catalysis permitted the completion of the reaction in just
6 hours. With the phosphonate (S)-L4 as the ligand, the
product ee was improved to 96% ee at �78 °C (entry 7). By
running the reaction at a preparative scale, 6a was isolated
in 84% yield. The rate acceleration phenomenon by these
bifunctional ligands is also evident by comparing with
JohnPhos, a ligand of similar sterics and electronics to these
bifunctional ligands but lacking the remote basic group as
the reaction was substantially slow, reaching 21% yield and
24% conversion after 16 h at �78 °C (entry 8).

Table 1: Conditions optimization.

[a] Determined by 1H NMR using diethyl phthalate as the internal
standard. [b] Determined by chiral HPLC. [c] 84% isolated yield.
[d] 24% conversion. NaBARF=sodium tetrakis[3,5-bis(trifluorometh-
yl)phenyl]borate; JohnPhos= (2-biphenylyl)di-tert-butylphosphine.

Scheme 2. Improved divergent ligand synthesis.
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With the optimal conditions (Table 1, entry 7) in hand,
the scope of the dearomatization of 1-(pent-4-ynyl)-2-
naphthols was examined. As shown in Table 2A, a range of
functional groups such as bromo, alkynyl, tertiary alcohol,
Bpin, and NHBoc were readily accommodated on the non-
phenolic benzene ring, and the enantioselectivity remained
high in each case. In the cases of 6 f and 6g, the amide ligand
(S)-L3 was preferred over (S)-L4 for improved yields.

This cooperative catalysis also worked with 1-naphthols
and induced mostly excellent enantiomeric excesses with the
parent case (i.e., 6h) and various substituted ones (i.e., 6 i–
6o) (Table 2B). These reactions were generally slower than
those of 2-naphthols and hence run at �40 °C or higher
temperatures; moreover, (S)-L3 was more effective than (S)-
L4, offering higher yields and/or enantioselectivities. Vari-
ous substituents such as methyl, vinyl, bromo, iodo, amide,
and cyano groups were tolerated. Despite the raised temper-
atures, most of these reactions exhibited �97% ee values,
which are higher than those found with the 2-naphthol
counterparts. The exception (87% ee) in the case of the
cyano product 6n can be attributed to the comparative high
reaction temperature (0 °C). The sluggishness of the reaction
at lower temperatures is likely caused by the coordination of

the cyano group to gold or the chloride scavenger Na+ from
NaBARF, although the electronic influence on the 1-
naphthol reactivity could not be ruled out. The iodo product
6m is crystalline and subjected to X-ray diffraction studies,
which established the absolute configuration of the all-
carbon quaternary center is S.[15] The configurations of all
the other products are assigned by assuming that the (S)-
ligands dictate the same arene ring facial selectivity. As a
result, the products 6a–6g formed from 2-naphthol sub-
strates are assigned with the (R)-configuration.

To further expand the scope of naphthol substrates, we
examined the substrates featuring O or NTs as part of the
linker between the terminal alkyne and the naphthol ring.
As shown in Table 2C, their reactions were again efficient
and highly enantioselective, affording heterospirocyclic
products 6p, 6q, and 6r in �90% ee and �95% yields. In
addition, this cooperative catalysis was applied to 6-exo-dig
cyclizations. In comparison to the 5-exo-dig counterparts
(i.e., 6a and 6h), the reactions forming the 6,6-spiroenone
products 6s and 6 t, respectively, were expectedly slower,
and higher reaction temperatures were employed. As such,
the enantiomeric excess of 6s was a lower 88%. Remark-
ably, 93% ee was realized with 6t, despite the reaction

Table 2: Reaction scope.[a]

[a] Reaction run in DCM (0.1 M), the ligand and the reaction temperature indicated, isolated yield reported, and the ee values were determined by
chiral HPLC analysis. [b] 5 Å molecular sieve is used as the drying reagent. [c] PhCF3 is used as solvent. [d] Drierite is used as the drying reagent.
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temperature being 0 °C. With benzene fused to the linker,
the ee of the product (6u) was 83%.

Due to their higher aromatic stabilization energy, the
dearomatization of phenols is more challenging than naph-
thols. To our delight, this cooperative strategy is also
conducive to phenol dearomatization, and good to excellent
enantioselectivities were realized (Table 2D). For example,
the phenol substrate bearing a meta-methoxy and an ortho-
iodo cyclized smoothly to afford the highly functionalized
5,6-spiroenone 6v in moderate yield and with 91% ee. The
main side reaction is alkyne hydration. With the methoxy
group substituted ortho to the alkyne-bearing alkyl group,
the phenol was converted to the spiro product 6w with 87%
ee at �40 °C. Both of these cases employed methoxy-
substituted and hence electron-rich phenol substrates. How-
ever, the methoxy group could be replaced by weak
electron-donating methyl groups, and the reaction still
afforded the desired spirocyclic product 6x with a decent
80% ee.

Next we explored the synthetic utility of our method,
which is showcased in Scheme 3. With the gold catalyst
loading lowered to 0.5 mol% and the reaction temperature
raised to 0 °C, the formation of 6 l remained highly
enantioselective and efficient. This brominated product was
subjected to the Suzuki coupling to afford the pyridine-
functionalized 7 in 95% yield, chemoselective ketone
reduction by disiamylborane to deliver the alcohol 8 as the
only diastereomer, and hydrogenation in the presence of
Rh/C to afford the spiroketone 9 without affecting the
bromo group.

To probe the cooperative nature of the catalysis and to
understand asymmetric induction, we located the transition
states of the enantio-determining cyclization step en route to
the enantiomers of 6a and 6h (Figure 1) by performing DFT
calculations. The reported Gibbs free energies were calcu-
lated under the experimental conditions with Truhlar’s
quasiharmonic approximation[16] using Goodvibes v3.[17] As
shown in Figure 1A, the transition state TS-R-6a leading to
(R)-6a is favored over TS-S-6a by 3.77 kcalmol�1 in free
energy. This is consistent with the observed high enantiose-
lectivity and supports the configuration assignment of the
products 6a–6g. The distances between the basic phospho-

nate oxygen (i.e., O1) and the phenolic hydrogen are an
identical 1.63 Å for both TS-S-6a and TS-R-6a, revealing
strong H bonding and supporting the cooperative participa-
tion of the ligand phosphonate functionality in the reaction.
In addition, the lengths of the incipient C�C bond between
C1 and C2, which are 2.23 Å and 2.22 Å for TS-S-6a and
TS-R-6a, respectively, are nearly identical. The cause for
the preference of TS-R-6a, however, can be attributed to
the increased bending of the organogold moiety away from
the pendant naphthyl ring in TS-S-6a to accommodate the
requisite H-bonding during the cyclization. This bending is
reflected by the difference of 10.4° in ffP�Au�C3 and 1.8° in
ffC4�P�Au and by the substantially longer distances of
C5�C3 and C5�Au in TS-S-6a than in TS-R-6a. The values
of ffC4�P�Au and ffP�Au�Cl in the X-ray structure of (S)-
L4AuCl[14] are 113.6° and 175.1°, respectively, which are
closer to the related values of TS-R-6a than those of TS-S-
6a. This is consistent with the increased bending in TS-S-6a
being destabilizing. Similar differences are found between
the transition states TS-S-6h and TS-R-6h (Figure 1B). TS-
S-6h is favored by 4.23 kcalmol�1 in free energy, which is
consistent with the highly enantioselective formation of (S)-
6h. Of note, in both favored TS-R-6a and TS-S-6h, the
same prochiral Re face is approached.

In summary, we have developed a highly enantioselec-
tive dearomatization of naphthol and phenol derivatives.
This asymmetric gold catalysis is enabled by chiral binaphth-
yl phosphine ligands featuring a remote amide or phospho-
nate substituent. A new and divergent synthesis of this class
of bifunctional ligands is developed to facilitate their access.Scheme 3. Gram-scale reaction and synthetic applications.

Figure 1. The cyclization transition states en route to 6a and 6h
optimized by DFT at the M06/LANL2DZ (Au)-6-311G(d,p), SMD
(DCM)//PBE0/LANL2DZ (Au)-6-311G(d,p)(P)-6-31G(d,p) (other
atoms), SMD (DCM) level of theory. Relative Gibbs free energy shown.
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DFT calculations support that the hydrogen bonding
between substrate and the ligand basic group enables metal-
ligand cooperation and accelerates enantioseletive cycliza-
tion. The products feature a spirocarbocyclic skeleton
bearing a chiral all-carbon quaternary center and a syntheti-
cally versatile enone functionality. The reaction accommo-
dates 1-naphthol, 2-naphthol, and phenol derivatives as
substrates and exhibits enantioselectivities up to 98% ee.
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Enantioselective Dearomative Cyclization
Enabled by Asymmetric Cooperative Gold
Catalysis

Gold-ligand cooperation permits cata-
lytic enantioselective dearomatization of
1-naphthols, 2-naphthols, and phenols.
This work is facilitated by the develop-
ment of a divergent synthesis of chiral
bifunctional binaphthyl-2-ylphosphine li-
gands. Enantiomeric excesses up to
98% are realized. DFT calculations lend
support to the cooperative nature of the
catalysis and the observed stereochem-
ical outcome.
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