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The enantioselective tandem cycloisomerization / addition reactions of 2-alkynyl enones with 1- and 2-naphthols have

been investigated using gold(l) catalysts featuring hybrid phosphine-phosphoric acid ligands, according to the Tethered

Counterion-Directed Catalysis strategy. The reactions occur at low catalytic loading (0.2-1 mol%), without silver additives,

and the naphthols act as both O- and C-nucleophiles, leading to the corresponding addition products in high yields and en-

antioselectivities. Monitoring of the reaction course highlights both conversion of O-addition into C-addition products and

racemization processes that can affect the enantiomeric excess of the final products. Examples of solvent-dependent enan-

tiodivergence, as well as further conversion of the C-addition products into highly enantioenriched heteropolycycles are

shown.
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The field of Au(l) catalysis bloomed in the early 21t century
and has now turned into an essential asset of transition metal
catalysis for synthetic applications.! In particular, Au(l) com-
plexes embedding either conventional or specifically designed
chiral ligands have revealed high potential for enantioselective
catalysis.>? 3 As an alternative to these ligand-based ap-
proaches, Toste pioneered the use of Au(l) complexes bearing
phosphates as chiral counterions,* according to the principle of
Asymmetric Counterion-Directed Catalysis.> This strategy has
encountered remarkable success, mainly in the intramolecular
hydrofunctionalization of alkynes and allenes,* ® likely because
of the tight Au(l)/phosphate ion pairing, the steric bulk of the
phosphate and the additional assistance of H-bonding be-
tween the substrates and the counterion in the key intermedi-
ates. Thus, with the aim to expand the scope of ACDC in gold

¢ in depth mechanistic studies
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catalysis, we have designed recently a new family of gold cata-
lysts, the (CPAPhos)AuCl complexes, in which gold is tethered
to its chiral phosphate counterion.” We have demonstrated
that the tether can increase the geometrical constraints and
decreases the flexibility of the key intermediates, and finally
improves the stereocontrol in the catalytic reactions. These
catalysts have been applied successfully to the dearomatiza-
tion of naphthols with allenamides,” as well as to the tandem
cycloisomerization of 2-alkynyl enones / nucleophilic addition
reactions.’® 7% 82 |n these last reactions (Scheme 1, eq. 1) that
involve carbocation-phosphate pairs as key intermediates, the
CPAPhos based catalysts led to high enantiomeric excesses at
low catalysts loadings (0.2 mol%) using a variety of nucleo-
philes including indoles and nitrones.” 7 Among others, phe-
nol had been used in these experiments where it behaved as
an O-centered nucleophile.
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Scheme 1: Context of this work: enantioselective tandem yne-
enone cycloisomerization/nucleophilic additions under Ag(l) and
Au(l)-catalysis

(eq. 1): Under Au(l) catalysis, via the TCDC approach’@
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(eq. 3): Under Au(l) catalysis, naphthols as nucleophiles, via the
TCDC approach. This work.
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On the other hand, Xu and Ren have reported on analogous
tandem reactions involving 2-naphthols as nucleophiles, taking
place under silver trifluoroacetate catalysis.!® These reactions
afforded furanes 5 that result from the addition of naphthols
as C-centered nucleophiles. The corresponding oxidation prod-
ucts 8 have been isolated as well (Scheme 1, eq. 2). A single
attempt to run enantioselective variants using a chiral silver
phosphate (AgTRIP), led to the final product 8 in only moder-
ate, 42% ee. Thus, intrigued by the divergent behavior of phe-
nol under gold catalysis, with respect to 2-naphthol under sil-
ver catalysis (O- vs C-additions, Scheme 1, eq. 1 and 2), we em-
barked in a systematic investigation on the use of 1- and 2-
naphthols in the tandem reactions above, in order to enlighten
these regioselectivity issues.

Moreover, based on our preliminary results, we were quite
confident on that the (CPAPhos)AuCl based, TCDC approach
might provide efficient enantioselective variants of these reac-
tions (Scheme 1, eq. 3). Thus, the first aim of this work has
been to investigate the applicability of the TCDC strategy to the
enantioselective tandem cycloisomerization / naphthol addi-

tion reactions on cyclic a-ethynyl-enones. Within these stud-
ies, we have investigated in depth regio- and stereoselectivity
issues of these apparently simple but actually quite complex
reactions. The main results of these studies are summarized
hereafter.

We have considered first the reactions of cyclic a-ethynyl-
enones with 1,3-disubstituted 2-naphthols that are expected
to behave as O-nucleophiles. The reaction conditions have
been optimized using a-phenylethynyl-cyclohexenone 1a and
1,3-dimethyl-2-naphthol 2a as the substrates, in the presence
of the (CPAPhos)AuCl catalysts (Table 1). The reactions were
carried out initially in DCM, at rt, using 1 mol% of (CPA-
Phos#)AuCl 3a7 or (CPAPhos8)AuCl 3b,’¢ in the presence of 0.5
mol% of silver carbonate. Catalyst 3a delivered the bicyclic fu-
ran 4ain 90% yield and 66% ee (entry 1), while catalyst 3b that
features a 3,5-(CFs),C¢H3 substituted binaphthyl moiety, led to
a significantly improved 86% ee (entry 2).

With catalyst 3b, the reaction could be carried out also in the
absence of silver carbonate, with similar levels of catalytic ac-
tivity and enantioselectivity (entries 3 vs 2), showing that pre-
vious activation of 3b is not essential. After further optimiza-
tion of the reaction temperature (0 °C), solvent (toluene) and
concentration (0.1 M) the desired product 4a was obtained in
excellent yield (93%) and ee (95% ee), at the exceptionally low
catalyst loading of 0.2 mol% (entry 8). The scope of the reac-
tion was investigated then under the optimized conditions
above, using (CPAPhos?)AuCl 3b (0.2 mol%) as the catalyst,
with both 2-naphthols and 1-naphthols as nucleophiles
(Scheme 2).

Table 1: Optimization of the reaction between 1a and 1,3-dime-
thyl-2-naphthol

(o} P Ph
z Ph
Catalyst 3 o
1a (x mol%) \
A . S
+ Solvent, T OO
OH 0
e "
2a
yield4a eeda
entry catalyst solvent T°C
(%) (%)°
1c 3a (1) DCM rt 90 66
2¢ 3b(1) DCM rt 68 86
3 3b (1) DCM rt 65 87
4 3b (1) DCM 0 99 90



5 3b (1) DCM -10 a4 90
6 3b (0.2) DCM 0 % 88
7 3b (0.2) PhMe 0 92 91
8d 3b(0.2) PhMe 0 93 95

(S)-3a
(CPAPhos®)AuCI

(CPAPhosB)AuCI

a |solated yields. ® Enantiomeric excesses were measured by chiral
HPLC. ¢ Reactions performed in the presence of Ag,C0O3 (0.5 mol%).
d Reaction performed at 0.1 M.

Starting from 2-naphthols with different combinations of
methyl, ethyl and benzyl groups as R?/R3 substituents, the re-
action afforded 4b-e in excellent enantioselectivities (>93%
ee). Monosubstituted naphthols (R3=H) with methyl, ethyl and
acetyl R? groups generated 4f-h in high yields and enantiose-
lectivities (86-93% ee). However, a benzyl group led to a drop
of the enantiomeric excess (4i, 22% ee).

Next, the reactions between the a-yne-enone 1a and various
2-substituted 1-naphthols were implemented. The 2-Me, allyl
and n-Pr substituted naphthols 2, resulted in the formation of
4j-l in high yields (66-92%) and enantioselectivities (80-87%
ee). This showed that 1-naphthols may be suitable substrates
also, although they give slightly lower ees than 2-naphthols.

In a second series of experiments, the yne-enone substrates
1 were varied. The R*group was changed from phenyl to both
substituted aryls and alkyl groups. The reactions of 2a with p-
chlorophenyl- and p-tolyl-substituted yne-enones 1b and 1c
proceeded smoothly and delivered 4m and 4n with 96% ee, in
the presence of silver carbonate. The introduction of an ester
group on the phenyl substituent deactivates totally the sub-
strate and therefore the starting material remains intact, ei-
ther in the presence or absence of silver carbonate. For R! =
alkyl, the reaction with the 2-naphthol 2a led to compounds
4p-r in good yields, but moderate enantioselectivity (39-55%
ee). Similarly, moderate ees were obtained from the reactions
of alkyl-substituted enones with 2-allyl-1-naphthol (4t, 28% ee
and 4u, 54% ee).

Finally, the 6-membered ring of the yne-enone 1a could be
replaced by a 7-membered ring, giving the bicyclic furane 4s in
91% yield and 81% ee.

Following the successful use of substituted naphthols, we
have considered the parent 2-naphthol and 1-naphthol as pos-
sible nucleophiles. These reactions might be more challenging,
considering that these naphthols might react not only as O- but
also as C-nucleophiles,!! as illustrated by a wide range of elec-
trophilic naphthol dearomatization processes.'? Indeed, the
reaction of enone 1a with 2-naphthol 2m, under various con-
ditions, afforded initially mixtures of the O-addition product
6am, the C-addition product 5am and possibly the C,0-double
addition product 7a. A representative set of experiments is dis-
played in Table 2, other data are reported in the SI. Most of the
experiments were carried out with a 1a:2m 1:1 ratio, since an
excess of ketone 1a leads to the preferential formation of the
C,0-double addition product 7a (see SI).

A number of parameters proved to modulate both the
5am:6am:7a ratios and the enantioselectivity levels, in a quite
complex and interdependent way. Especially, the reaction out-
comes proved to be strikingly time dependent. For instance,
the reaction performed with catalyst 3a in CH,Cl, over 2 min
(entry 1) afforded a 63:37 ratio of the O- and C-addition prod-
ucts, with total conversion. The ees of both products were
high, with 82% ee and 92% ee for 6am and 5am respectively.
Under the same conditions but after 30 min, the 6am:5am ra-
tio decreased to 43:57 and the ees also decreased concurrently
(60% ee for 6am and 70% ee for 5am, entry 2). The same trend
was observed with catalyst 3b, as shown in entries 3 and 4. This
catalyst provided the best conditions for the synthesis of 5am,
in terms of conversion rate and ee, at an intermediate 5 min
reaction time, by decreasing the temperature to 10 °C (entry
5). Since reactions in CH,Cl, are extremely fast and the ees
erode with time, the optimal workup protocol involves rapid
guenching of the reactions by addition of NaOH.

From these initial experiments, another interesting phenom-
enon has emerged, related to solvent effects. Indeed, reac-
tions performed with catalyst 3b in oxygenated solvents such
as dioxane, Et,0 or MTBE (entries 7-10), provided the O-addi-
tion product 6am with increased ee and opposite configura-
tion, with respect to reactions carried out in CH,Cl,, while the
absolute configuration of the C-addition product 5am did not
change. Moreover, in oxygenated solvents, neither changes of
the product ratios over the time, nor erosion of the enantio-
meric excess were observed, despite prolonged reaction
times. It should be noted that complementary experiments us-
ing indole as the nucleophile instead of 2-naphthol (See
Scheme S5 in the ESI) show that reactions in ethers do not give
inversion of configuration with respect to reactions in DCM or
toluene.”



Scheme 2: Reactions of yne-enones with substituted 1- and 2-naphthols
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R2= Me, 4j, 92%, 80% ee
R2= allyl, 4k, 66%, 87% ee
R2= n-Pr, 41, 88%, 84% ee

R' Ph R
o)
O\ R'= p-CICqH,, 4m, trace, (75%, 96% ce)? g o~
X R'= p-MeCgH,, 4n, 35%, 55% ee (63%, \
96% ee)? o

R'= p-CO,MeCgHy, 40, nr

R'= ¢-Pr, 4p, 63%, 39% ee (28%, 52% ee)?
R'= c-Pen, 4q, 95%, 55% ee?

R'= (CH,)30Bn, 4r, 35%, 23% ee (50%,
40% ee)?

4s, 91%, 81% ee
Et

-

R'= c-Pr, 4t, 45%, 28% ee
R'= c-Pent, 4u, 51%, 46% ee
(47%, 54% ee)?

aWith Ag,CO;

This indicates that the stereochemical control in entries 7-9
(Table 2) should result from a special arrangement of the
three-component aggregate formed by the yne-enone-derived
carbocationic intermediate (see scheme 1, Eq. 1), the ethereal
solvent and 2-naphthol.

The absolute configuration of 6am was assigned by X-ray dif-
fraction studies (Figure 1). Thus, it could be established that
reactions in CH,Cl, or toluene provide (S)-configured 6am
while in ethereal solvents the (R)-configured 6am is obtained.
Further experiments that will be discussed later in the paper,
also established that the C-addition product 5am is (S)-config-
ured.




Table 2: Optimization of the reaction between 1a and 2-naphthol

oo

c?no‘é) é;

6am (S)-5am 7a

Standard conditions:
1a:2m = 1:1; 1 mol% (S)-3a or (S)-3b, in CH,Cl, at r.t.

Cat.  Conditions*  Time Ratio? Ee(%)°

6am/5am/7a 6am S5am

1 3a - 2 min 63/37/0 82 () 92 (-)
2 3a - 30 min 43/57/0 60 (-) 70 (-)
3 3bc - 1 min 49/48/3 33(+) 91 (-)
4 3bc - 30min  53/21/26 22 () nd
5 3b¢ 10°C 5 min 35/65/0 46 (-) 92 (-)
6 3a in toluene 4 min 63/37/0 85(-) 94()
74 3be in dioxane 16 h 70/23/7 77 (+) 90(-)
8 3be 157G in 16h 78/22/0 82(+) nd
dioxane
9d 3bc 15°C,inEt20 1.5h 70/30/0 85(+) 90(-)
15°C, in
10¢  3be MTBE 15h 85/15/0 87(+) 92¢()

#Variations from standard conditions. @ Measured by *H NMR in
the crude mixtures, for quantitative conversion rates. ? Enantio-
meric excesses were measured by chiral HPLC, in most cases from
mixtures of 6am and 5am. The sign of the optical rotation is given
in parentheses for pure, isolated samples, in CHCls. ¢ Reactions
performed in the presence of molecular sieves.!3 4 Reactions per-
formed with a 1.5:1 1a/2m ratio.

(-)-(5)-6am

(+)-(R)-6am

Figure 1. X-ray crystal structures of compounds (S)-6am from en-
try 5 and (R)-6am from entry 9 in Table 2.

Overall, these experiments have highlighted suitable condi-
tions for the obtention of highly enantioenriched O-addition
and C-addition products 6am and 5am respectively:

- (5)-(-)-6am: catalyst 3a, in CH,Cly, rt, 1 min (entry 1,
conditions A). The product was isolated in 51% yield and 85%
ee from a reaction carried out at a 0.5 mmol scale (Scheme 3).

- (S)-(-)-5am: catalyst 3b, in CH,Cl,, 10°C, 5 min (entry
5, conditions B). The product was isolated in 60% yield and 93%
ee at a 0.5 mmol scale (Scheme 3)

- (R)-(+)-6am: catalyst 3b, in Et,0, 15°C, 1.5 h (entry 9,
Conditions C). The product could be isolated in >90% yield and
85% ee when the reaction was carried out at a 0.5 mmol scale
in the presence of Ag,CO; (Scheme 3)



Scheme 3: Scope of the reactions between cyclic a-ethynyl-enones and 2-naphthols

(0]
\/R1

and/or HO

1c:R'= 4-MeCgH, 1i: R'=4-MeOC¢H;  20:R'=Br
1i: R'= 4-CF43CgH; X= CHaCHy
1e: R'= ¢-Pr 1h:R'= Ph

O-addition products

(0}
oH (CPAPhos)AuCI
_ (Imol%)
| o
' e [T
X= G, 2m: Rl= Conditions " 6
1a: R'= Ph 1f: R'= c-Pent 2n:R'= CN

GO

5

(o]

fo) o

e
&

S)-6am, 51%, 85% ee”
S)-6am, 28%, 58% ee
R)-6am, >90%, 85% ee (-)*°

0
| )—4-MeCgH,
°

M (1)-6cm, 31%, 82% ee

(0]
o0l i
NC Br

M (-)-6an, 80%, 85% ee M (-)-6a0, 66%, 79% ee
(+)-6an, 38%, 36% ee (+)-6a0, 51%, 56% ee

[ It
K
(

o

o)
| )—4-MeOCgH,

M (-)-6jm, 56%, 75% ee
(+)-6jm, 44%, 6% ee

o)
| )—4-CFyCHs

M (-)-6im, 49%, 64% ee

M (+)-6hm, 72%, 85% ee
(+)-6hm, 53%, 69% ee

C-addition products
o}
\ /—Ph
ool
M 5am, 60%, 93% ee®
0, o)
(I~ (L
SO

M 5em, 80%, 93% cc® M 5fm, 42%, 70% ee
5em. 85%, 92% ee 5fm, 68%, 99% ee

Conditions

B (CPAPhos?)ALCI, CHyCly, MS 4 A, 1t, 1.5 min
B (CPAPNosB)~1CI, CH,Cly, MS 4 A, 10 °C, 5 min
(CPAPhosB)ALCI, MTBE, MS 4 A, 15°C, 2 h

a with Ag,COg; ° at a 0.5 mmol scale

The scope of the method has been explored briefly, as shown
in Scheme 3. Conditions A, B or C have been applied to attain
the best ee/yield for each product. Either (S)-(CPAPhos?)AuCl
3a or (S)-(CPAPhos8)AuCl 3b were used as catalysts at a 1 mol%
loading, with or without silver carbonate as the additive (see S|
for full details). The replacement of the phenyl by an electron-
rich p-MeOPh group afforded compound 6jm in 56% yield and
75% ee. The use of an ethereal solvent promoted the for-
mation of the (R) enantiomer, but only with 6% ee. When the
electron-richness of the aryl group is lower, the enantioselec-
tivity proved higher using the blue conditions (6cm, 31% yield,
82% ee).

The reaction proved compatible with electron-withdrawing
groups, such as p-CFsPh, leading to 6im in 64% ee. 6-Cy-
anonaphthol and 6-bromonaphthols were used and led to 6an
and 6ao in good enantioselectivities (85% ee and 79%ee, re-
spectively). Ethereal solvent once again promoted the for-
mation of the opposite enantiomer, even if the level of enanti-
oselectivity is not as high as that in chlorinated solvent.

Starting from the seven-membered-ring enone 1h we could
prepare the O-addition product 6b in 72% yield and 85% ee in
CH,Cly, under conditions A. Interestingly, in this case, the use
of MTBE did not induce inversion of stereochemistry, as ob-
served for 6a but furnished the same enantiomer 6b in 69% ee.
Additional C-addition products 5 were obtained as the major
regioisomers under conditions B. Noteworthy, the reaction
with 2-naphthol 2m tolerates alkyl groups on the alkyne unit
of the yne-enones 1. The C-addition products 5em and 5fm,
featuring cyclopropyl and cyclopentyl groups, were formed as
the major products, in good yields and excellent enantioselec-
tivities (92% and 99% ee respectively), under conditions B. Un-
expectedly, with these alkyl-substituted yne-enones, condi-
tions C (reactions in Et,0) also afforded the C-addition prod-
ucts as the major products, in excellent yields and even higher
enantioselectivities than conditions B.%*

In further experiments, the cycloisomerization/addition reac-
tion on the yne-enone 1a has been carried out with 1-naphthol
2p, as the nucleophile (Scheme 4). The corresponding O-addi-
tion product 6ap was obtained in moderate yield, with up to



88% ee, under conditions A, and the C-addition product 5ap
was obtained in 61% yield and 98% ee, under conditions B. For
both, the absolute configuration was attributed by analogy
with that of the corresponding products 5am and 6am. The use
of an ethereal solvent (with catalyst 3b) led to the O-addition
product 6ap with opposite configuration, in 50% ee. Again, un-
der conditions A, the use of Ag,COs as an additive provided
higher O/C ratio, while maintaining an excellent level of enan-
tioselectivity (50% vyield, 86% ee).

Scheme 4: Optimization of the reaction between 1a and 1-naph-
thol

Q // Ph Ph Ph
0~ 0~
1a  (CPAPhos)AuCI ~ ~
1 mol% ‘
. —
OH with MS 4 A

OQ o

2p 5ap

Conditions A:  36%, 8% ee, (+)-(S) 26%, 93% ee, (R)
Conditions A% 50%, 86% ee, (+)-(S) 23%, 97% ee, (R)

Conditions B:  29%, 89% ee, (+)-(S) 61%, 98% ee, (R)
Conditions C:  55%, 50% ee, (-)-(R) 29%, 16% ee, (R)
in Et,0:  62%, 22% ee, (-)-(R) 18%, 41% ee, (R)

Reactions carried out on 0.3 mmol 2p. 2 With Ag,CO4

Overall, the reaction of 1a with 1-naphthol follows the same trend
as the reaction with 2-naphthol, in terms of solvent effect: inver-
sion of configuration of the O-addition product in ethereal sol-
vents with respect to DCM.

As noticed in the preliminary experiments (Table 2), two suc-
cessive cycloisomerization-addition reactions can take place
when 2-naphthol 2m reacts with an excess of enone 1a, lead-
ing to 7a. In order to establish whether 7a originates from the
O-addition product 6am or from the C-addition product 5am,
both compounds were reacted with ketone 1a (1 equiv) in the
presence of a catalytic amount of (CPAPhos8)/uCl (0.2 mol%).
The bis-furane was obtained from 5am in 72% yield and 85/15
diastereomeric ratio after 15 min at 10 °C, while the O-addition
product 6am did not react under these conditions (see Fig S1
in the Supporting Information). Therefore, in order to isolate
7a, the reaction has been carried out in conditions B, known to
favor the C-addition product, with a 1a:2m = 2.5:1 ratio. At a
0.5 mmol scale with (CPAPhos8)AuCl 3b as the catalyst (1 mol
%), in DCM at 10 °C for 15 min, the reaction afforded the bis-
furane derivative 7ain 51% yield and 97% ee, as an inseparable
84:16 mixture of diastereomers (Scheme 5). A 39% amount of
the O-addition product 6am was also isolated under these con-
ditions.

Scheme 5: Synthesis of the bis-furane 7a through sequential C-

and O-addition on 2-naphthol.
Ph

Z
(CPAPhos Cl . .
(1 mol%) 7a, 51%, 84/16 dr, 97% ee
+
OH MS4ADCE, o, +
10 °C, 15 min
1a:2m = 2.5:1 o o
2m

6am, 39%

In the last part of our work, we have targeted an asymmetric
variant of the a-ethynyl-enone cycloisomerization / 2-naph-
thol addition / oxidation sequence reported by Ren under sil-
ver(l) catalysis (see Scheme 1).1° In this process, the first
formed bicyclic furane 5 (naphthol C-addition product) is con-
verted in situ into the chiral cyclohexanone 8 by air oxidation
(Scheme 6). Therefore, starting from enone 1a (R'= Ph) and 2-
naphthol 2m, we have applied catalytic conditions favoring the
C-addition pathway. The reaction was carried out in DCM, with
(CPAPhos®)AuCl as the catalyst, and quenched with aqueous
sodium hydroxide after only 5 min, since a short reaction time
is essential to produce 5 in high ee. The oxidation step has
been carried out then in the presence of AgTFA that has been
shown to accelerate the oxidation reaction.® This two-step
protocol led to the desired oxidized product 8am in 45% yield
and 93% ee (Scheme 6). The O-addition product 6am has been
isolated also in 22% yield and 52% ee.?®



Scheme 6: The enantioselective cycloisomerization/addition/ox-
idation sequence leading to 8
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The scope of the reaction has been outlined then briefly. The
replacement of the Ph group of 1a by p-tolyl or p-methoxy-
phenyl groups resulted in the formation of 8cm in 52% yield
and 86% ee and 8jm in 56% vyield and 91% ee, respectively.
Gratifyingly, enones with aliphatic R* substituents (cyclopropyl
and cyclopentyl) could be used also, leading to 8em and 8fm?16
in good vyields and 87% and 98% ee, respectively. 6-Cy-
anonaphthol 2n was reacted next with ketone 1a, delivering
compound 8an in a low 13% yield and 85% ee. However, the
isolation of this compound provided a key information, as it
enabled the unambiguous assignment of its (7S,11R) absolute
configuration by X-ray diffraction. By extension, the absolute
configuration of the other C-addition products 5 could be ten-
tatively assigned. The use of 6-bromonaphthol, less electron-
deficient than its cyano analog, led to the final product 8ao in
32% yield and 85% ee.

Overall, this gold-based protocol expands and improves in
terms of enantioselectivity, the silver-based approach previ-
ously reported by Ren that led to 8a in a maximum 42% ee.*®

As said before, we have found that in the reactions between 1
(R = Ar) and 2-naphthols, prolonged reaction times in DCM fa-
vor the C-addition product 5am vs O-addition product 6am,
while the enantiomeric excesses of both 5 and 6 decrease over
the time. Since these reactions have demonstrated synthetic
usefulness, it seemed worth to carry out a few additional ex-
periments to enlighten the above time-dependence of product
ratios and ees.

At first, a sample of the O-addition product (S)-6am (80% ee)
was treated with 1 mol% of the chiral catalyst (S)-(CPA-
Phos2)AuCl 3b in DCM at r.t. and the mixture was monitored
by *H NMR and chiral HPLC over 1h timespan (Scheme 7, eq. 1
and Figure S2). Compound 6am evolved over the time into the
C-addition product 5am, reaching an approximate 1/1 ratio af-
ter 1 h. The enantiomeric excess of (S)-6am decreased concur-
rently from 80% to 22%. The C-addition product (S)-5am was
formed initially with a 51% ee (after 15 min?’) but the ee de-
creased slightly over the time, leading to 34% ee after 1 h.18
The same trend was observed using (S)-(CPAPhos*)AuCl 3a, de-
spite a slower process (see Figure S3). On the contrary, when
enantioenriched (S)-6am was treated with the chiral catalyst
(5)-3b, in the presence of Ag,COs, the starting (S)-6am re-
mained untouched (see Figure S4a). This experiment suggests
that the phosphoric acid function of the (CPAPhos)AuCl cata-
lyst is likely to be responsible for the whole process, which was
also confirmed by the use of 1,1'-binaphthyl-2,2'-diyl hy-
drogenphosphate as the acidic catalyst (see Figure S4b). Inter-
estingly, additional control experiment have shown that con-
current use of CPAPhosAuCl and silver carbonate in the pres-
ence of an excess of naphthol (which are the actual reaction
conditions) can restore the epimerizing pathway over time
(See Figure S4c), presumably by reprotonation of the basic
phosphate catalyst. This explains why short reaction times are
necessary.

On the other hand, a sample of enantioenriched C-addition
product (-)-5a remained unchanged in the presence of the
acidic (CPAPhos)AuCI catalyst (See Figure S5), demonstrating
the configurational and structural stability of compounds 5 un-
der these conditions.



Scheme 7: control experiments on the structural and configura-
tional stability of 6am
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We next exposed the (R)-enantiomer of 6am to complex (S)-3b
and observed a decrease of the ee from 80% to 46%, while (R)-
5am was formed with a 34% ee (Scheme 7, eq. 2 and Figure
S6). Under the same conditions, rac-6am produced nearly ra-
cemic 5am, showing that the stereochemical control does not
arise from the chiral Au(l) catalyst (S)-3a, but mainly from a chi-
rality transfer from the substrate (Scheme 7, eq. 3 and Figure
s7).

Another experiment provided crucial information. The com-
pound 6am was reacted with 1-naphthol 2p in the presence of
complex (S)-3b and the composition of the mixture was moni-
tored by 'H NMR over 2.5 h (Scheme 8 and Figure S8). It was

found that after 30 min, the mixture contained only 23% of the
starting material and 38% of the neoformed C-addition prod-
uct 5am, together with the two 1-naphthol derived com-
pounds 6ap (23%) and 5ap (16%). Both O-addition products
6am and 6ap had virtually disappeared after 2.5 h, in favor of
the formation of the corresponding C-addition products 5am
and 5ap. These results attest for a reaction pathway involving
cleavage of the C-O bond of the starting material 6am via an
intermolecular process.

Scheme 8: Evidence for an intermolecular exchange process
by cross experiments
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Overall, these experiments show that enantioenriched 5am
can be formed from enantioenriched 6am via a stereoreten-
tive mechanism promoted by the acid catalyst (chirality trans-
fer). However, over the time, the acidic function of the catalyst
also triggers the erosion of the ee of 6am and, consequently,
the erosion of the ee of 5am.

On the basis of these experiments, we pictured a plausible
mechanism accounting for the outcomes of the catalytic reac-
tions, including the erosion of the enantiomeric excess of com-
pound 6am and its conversion into 5am (Scheme 9). We know
that both products 5am and 6am are formed initially with high
enantioselectivity from the Au-promoted reaction (high ees for
short reaction times). The final products (S)-6am and (S)-5am)
might results from the preferred conformation of intermediate
ithatis formed in the cycloisomerization step. As shown in our
previous reports,’> ¢ the lowest energy form of the intermedi-
ate carbocation i presents a free pro-(S) face where the naph-
thol nucleophile will add preferentially.

However, compound 6am can be H-bonded by the acidic cata-
lyst (CPAPhos)AuCl 3, which results in the formation of inter-
mediate ii. Intermediate ii evolves then into intermediate iii by
cleavage of the C-O bond and proton transfer, thereby losing



the stereogenic center. Our experiments indicate that two dif-
ferent pathways are then operating concurrently: (1) the re-
versible cleavage of the C-O bond that generates the racemic
O-addition product 6am (supported by eq. 1 and 2 of Scheme
7) and (2) the intramolecular formation of the C-addition prod-
uct, that proceeds with chirality transfer and leads to enanti-
oenriched, (S)-configured 5am (as supported by eq. 1 and 2 in
Scheme 7). The chiral gold catalyst does not provide any signif-
icant chiral induction at this step, as shown by the experiment
on racemic 6am (eq. 3, Scheme 7). ¥°

The final ees and ratio of 5am and 6am hence might depend
on the magnitude and/or control of these concurrent pro-
cesses, as a function of the substrates and reaction conditions.

To gain better insight into the erosion of the enantioselectivity
and the structural instability of the O-addition products 6, we
have carried out a computational study at the DFT level (see SI
for computational details). The calculations started from prod-
uct (S)-6am and the BINOL-derived chiral phosphoric acid (S)-
3c (Figure 2), as a model of the phosphoric acid unit of (5)-3a,
for which we have shown that it catalyzes the same rearrange-
ment (see Figure S4b). 6am binds to 3c through H-bonding,
forming 9a. This complex can evolve, via the breaking of a C-O
bond and a proton transfer, to form pro-(S)-10a. This carbo-
cationic intermediate retains the initial stereochemical infor-
mation, due to the interaction between the naphthol oxygen
and the cationic site. This interaction induces a 51.1 kJ/mol sta-
bilization of 10a with respect to the dissociated ion pair
11a-12.

Although dissociation of 10ainto 11a- 12 is highly endothermic
(112.7 kJ/mol from 9a, 51.1 kJ/mol from the analogous inter-
mediate 10a), it is likely to be responsible for the racemization
of (S)-6am, since the stereochemical information is lost in the
carbocation and the subsequent O-addition of naphthol can
take place from both faces (the whole energetic pathways to
reach pro-(R)-6am is given in the ESI, Scheme S7). At room
temperature, this barrier is difficult to cross while remaining
accessible, which explains why this process is slow (see
Scheme 7). It should be noted that for R = ¢-Pr, this process is
significantly less endothermic (101.2 kJ/mol, see ESI, Scheme
S8), leading to a much faster loss of the chiral information,
which fits with the low ee obtained for this type of substrate
(see Scheme 2).

Alternatively, intermediate 10a can also change its geometry.
In particular, the naphthol and the cyclic cationic moieties,
both approximately planar and located in parallel planes, can
shift relative to each other, leading to pro-(S)-13a where the
cationic site interacts preferentially with the electron-rich car-
bon of the naphthol. 13a retains the chiral information present
in 6am, 9a and 10a. The formation of the C-C bond followed by
re-aromatization of the naphthol moiety leads to (S)-5am in 2
steps from 13a.

Overall, the conversion of 6am to 5am is exothermic by 22.9
kJ/mol, which explains the irreversible formation of the C-ad-
dition product. However, the activation barrier of this process
is high (107.6 kJ/mol from 9a), which explains why the conver-
sion of O- to C-product is slow.?°

Finally, it is of note that the same epimerizing process occurs
in the reactions using substituted naphthols (See Scheme S6 in
the ESI), probably via a similar mechanism, that we have not
computed. The increased steric hindrance of naphthols 2a-1 re-
sults in slower kinetics, which increases the competing epimer-
izing process, explaining the moderate enantioselectivities ob-
tained with certain naphthols (see Scheme 2).

In summary, we have shown that the tandem cycloisomeri-
zation/naphthol addition reactions on B-ethynyl-cyclic enones
1 are promoted by the CPAPhosAuCl complexes at low 0.2-1
mol % catalyst loading. Substituted 1- and 2-naphthols behave
as O-nucleophiles and produce highly enantioenriched bicyclic
furans (14 examples, ee>80%). The parent naphthols produce
both O- and C-addition products in high ees. In the presence of
acids, the O-addition products convert into the C-addition
products with concomitant decrease of the enantiomeric ex-
cess. Finally, the C-addition products 5 could be oxidized in situ
into the corresponding bicyclic ketones 8 without eroding their
enantiomeric excess.

Despite the fact that these reactions required considerable op-
timization and deep understanding of mechanistic pathways,
silver-free conditions are worth seeking. It is indeed well-es-
tablished that the gold counterion originating from the silver
salt has dramatic impact on reaction outcomes.?! More im-
portantly, it has been demonstrated many times that the role
of the residual silver salts is rarely innocent in Au(l) catalysis.'>
2 There is hence an undeniable interest to the development of
silver-free strategies in Au(l) catalysis,?®> some of them pro-
ceeding by the design of complexes that can self-activate by a
hydrogen bond assistance, ?* as it is the case in our CPA-
PhosAuCl series.” 7¢ The silver-free reactions developed
hereby guarantee a true gold-catalyzed catalytic cycles in ad-
dition to save the costs of expensive silver salts.

Thus, in the end, our gold catalysts featuring a hybrid phos-
phine-phosphoric acid ligand (CPAPhos) enable the access to a
wide range of highly enantioenriched bicyclic furanes and, in-
directly, to the corresponding functionalized ketones via air ox-
idation.
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Scheme 9: Proposed pathways for the epimerization of 6 and the conversion of 6am into 5am.
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