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H-Bonded Counterion-Directed Catalysis: Enantioselective

Gold(l)-Catalyzed Addition to 2-Alkynyl Enones as a Case

Study

Alex Marti,”® Marc Montesinos-Magraner,” Antonio M. Echavarren,** " and

Allegra Franchino*"

H-bonded counterion-directed catalysis (HCDC) is a strategy
wherein a chiral anion that is hydrogen-bonded to the achiral
ligand of a metal complex is responsible for enantioinduction.
In this article we present the application of H-bonded counter-
ion-directed catalysis to the Au(l)-catalyzed enantioselective
tandem cycloisomerization-addition reaction of 2-alkynyl
enones. Following the addition of C-, N- or O-centered
nucleophiles, bicyclic furans were obtained in moderate to

Introduction

Over the last two decades, gold(l) catalysis has gained increased
attention for its ability to selectively activate C—C multiple
bonds under very mild conditions." For instance, the Au(l)-
catalyzed activation of alkynes towards intra- or intermolecular
nucleophilic attack has provided access to molecularly complex
structures from relatively simple substrates However, per-
forming gold(l) catalysis in an enantioselective fashion has
proven not trivial due to the special characteristics of this
metal.” Gold(l) complexes usually present a linear dicoordi-
nated geometry,”” which places the ligand on the opposite site
of the substrate, thus hampering transmission of the stereo-
chemical information embedded in a chiral ligand to the
reaction center (Figure 1A). To further complicate this matter,
both the ligand—Au and substrate—Au bonds present relatively
free rotation, and the nucleophilic addition generally occurs
with an outer-sphere mechanism. Nevertheless, clever design
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excellent yield and enantioselectivity (28 examples, 59-96 %
yield, 62:38 to 95:5 er). The optimal catalytic system, compris-
ing a phosphinosquaramide Au(l) chloride complex and a
BINOL-derived phosphoramidate Ag(l) salt, was selected in a
combinatorial fashion from a larger library with the help of
high-throughput screening. An enantioselectivity switch of ca.
120 Aee% was observed upon addition of the achiral Au(l)
component to the Ag(l) salt.
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Figure 1. Simplified representations of metal catalysis employing chiral
ligands (A), asymmetric counterion-directed catalysis (ACDC, B), tethered
counterion-directed catalysis (TCDC, C) and H-bonded counterion-directed
catalysis (HCDC, D).

for chiral ligands has allowed to successfully circumvent these
problems®? and high enantioselectivity has been achieved in
various gold-catalyzed reactions, for example by using bulky
ligands," bifunctional phosphines,” or dinuclear complexes.®
An appealing alternative consists in placing the stereo-
chemical information not on the ligand of the cationic metal
complex, but on its counteranion instead, in an approach
termed “asymmetric counterion-directed catalysis” (ACDC, Fig-
ure 1B).”# In 2007, Toste and coworkers reported the use of an
achiral dinuclear Au(l) complex in combination with a BINOL-
derived Ag(l) phosphate in the enantioselective cyclization of
allenes, demonstrating the possibility of performing enantiose-
lective gold catalysis by using chiral counterions in combination
with achiral ligands.”’ Chiral anions have since then enjoyed
great popularity in asymmetric gold catalysis, especially with
allene substrates."®' More recently, Marinetti, Guinchard and

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH

European Chemical
Societies Publishing


http://orcid.org/0000-0001-7455-598X
http://orcid.org/0000-0003-1713-6257
http://orcid.org/0000-0001-6808-3007
http://orcid.org/0000-0001-6955-5651
https://doi.org/10.1002/ejoc.202200518
https://chemistry-europe.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1099-0690.DCO-SCI-2020-2021

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

EurjOC
ur] doi.org/10.1002/ejoc.202200518

European Journal of Organic Chemistry

coworkers presented an interesting variant of this concept,
named “tethered-counterion directed catalysis” (TCDC, Fig-
ure 1C), wherein a chiral phosphoric acid is covalently bound to
the scaffold of a phosphine Au(l) chloride complex.™? This
catalyst was able, with or without Ag(l) additives, to promote
enantioselective reactions such as the tandem cycloisomeriza-
tion-nucleophile addition to 2-alkynyl enones,"* the dearoma-
tization of 1-naphthols with allenamides® and the multi-
component annulation of 2-alkynyl enones with nitrones
formed in situ from aldehydes and hydroxylamines."*? Inspired
by these works, in 2022 our group disclosed a “H-bonded
asymmetric counterion-directed catalysis” strategy (HCDC, Fig-
ure 1D)."¥ In this approach, a H-bond donor group tethered on
the phosphine ligand of a Au(l) complex enables abstraction of
the chiral anionic ligand from the metal via H-bonding, in this
way (i) placing the anion close to the active site for efficient
transmission of the stereochemical information and (ii) enabling
substrate coordination and catalysis at the Au(l) center. More
specifically, a JohnPhos Au(l) chloride complex equipped with a
distal urea was combined with a BINOL-derived Ag(l) phosphor-
amidate to perform enantioselective 5-exo-dig and 6-endo-dig
cyclizations of 1,6-enynes with and without addition of external
nucleophiles." In these reactions, the stereocenter was formed
by intramolecular attack of the alkene onto the Au(l)-activated
triple bond.

Herein we present the application of HCDC to the tandem
cycloisomerization-nucleophile addition to 2-alkynyl enones"”
affording substituted furans (Scheme 1, top)."” The stereocenter
is set during the intermolecular nucleophilic addition onto a
benzylic carbocation formed by the initial cycloisomerization.'®
This study thus complements our previous investigations on
1,6-enyne cyclizations, where the enantiodetermining step was
intramolecular.™® Additionally, this transformation allows a
direct comparison between HCDC and other catalytic systems
previously used in enantioselective variants of the same
reaction (Scheme 1, center). In this regard, the groups of
Toste,"® and Marinetti and Betzer"®™ employed chiral Cu(ll) or
Ag(l) phosphates, while Marinetti, Guinchard and coworkers
leveraged the TCDC approach by using a chiral Au(l) catalyst
with a pendant phosphoric acid group. Here, we describe
instead the combination of an achiral phosphinosquaramide
Au(l) chloride complex with a chiral Ag(l) phosphoramidate salt
(Scheme 1, bottom). In the proposed mode of action, the chiral
anion, H-bonded to the pendant squaramide, determines the
enantiofacial selectivity in the addition of the nucleophile onto
the secondary carbocation.

Results and Discussion

When using hydrogen-bonded counterion-directed catalysis,
the factors that most influence the stereochemical outcome are:
1) the strength and geometry of the H-bond donor, 2) its
relative position in the metal complex, and 3) the nature
(basicity and steric bulk) of the chiral anion." In order to screen
these parameters systematically, we evaluated a library of
phosphine Au(l) chloride complexes equipped with urea or
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Scheme 1. Enantioselective metal-catalyzed tandem cycloisomerization-nu-
cleophile addition to 2-alkynyl enones. Top: Targeted reaction. Center:
Previously reported chiral catalytic systems. Bottom: This work.

squaramide groups on triphenylphosphine- (Au1-6) or John-
Phos-type scaffolds (Au7-9), previously synthesized by our
group (Figure 2A)."*'" The complexes thus vary in terms of
phosphine, H-bond donor and linker between the two. The
chiral anion was introduced as a phosphoramidate metal salt
(Figure 2B), with a countercation capable of abstracting the
chloride from the Au(l) precatalyst, such as Ag(l), Cu(ll) and
Na(l).'® We chose phosphoramidates, rather than more basic
and hence more coordinating phosphates, because our pre-
vious studies showed that they are more easily removed from
Au via H-bonding." Salts Ag1-10, Cu6 and Na6 were accessed
in 2-3 steps from 3,3’-substituted (R)-BINOL,™ (R)-VAPOL and
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Figure 2. Library of achiral Au(l) chloride complexes and chiral metal salts.

(R)-VANOL scaffolds."® We considered various groups in the
3,3'-position, which was hypothesized to be the stereodirecting
part of the scaffold, as well as N-sulfonyl residues imparting
different basicity to the phosphoramidate anion."™

Initial screenings for the tandem cycloisomerization-indole
addition to model enone 1a were conducted in toluene at
room temperature (Table 1). Phosphinosquaramide Au(l)
chloride complex Au3, previously proven to be catalytically
active in the targeted reaction without any external chloride
scavenger,l'” gave relatively low conversion to furan product
3aa after 24 h (Table 1, entry 1). Upon addition of chiral salt
Ag1 the catalytic efficiency improved notably, delivering the
desired product in high yield and with promising 62:38 er in
favor of the (S) enantiomer (Table 1, entry 2). Concentration and
Au3/Ag1 ratio had little impact on the enantioselectivity
(Table 1, entries 3-6)."”

Interestingly, when catalyzed by Ag(l) salt Ag1 alone, the
reaction afforded preferentially the (R) enantiomer of the
product, opposite to the one obtained when combining Ag1
with the achiral Au(l) complex (Table 1, entry 2 vs entry 7). This
switch in enantioinduction points to the fact that a very
different chiral pocket forms upon interaction between the H-
bond donor of the achiral Au(l) complex and the chiral anion.
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Table 1. Initial studies on the model cycloisomerization-indole addition to
2-alkynyl enone 1a.
o) Ph (5 mol %)
Z . (/D (R)-Ag1 (5 mol %)
_—
H toluene
25°C,20h
1a (50 umol) 2a (50 pmol)
Entry [Au] Conditions Yield Ert!
[%][a]
14 Au3 Without Ag1 21 nd.@
2 Au3 0.1TM >95 62:38
3 Au3 02M >95 61:39
4 Au3 0.05 M >95 62:38
5 Au3 0.1 M, 1:2 Au:Ag >95 66:34
6 Au3 0.1 M, 1:0.5 Au:Ag >95 64:36
7 - 0.1TM 55 27.5:725
8 [JohnPhos)AuCl] 0.1 M >95 42:58
9 [(Ph;P)AuCl] 0.1 M >95 40:60
10 Au3 AgTRIP instead of >95 64:36
Ag1
[a] Yield determined by 'H-NMR analysis against 1,1,2,2-tetrachloroethane
as internal standard. [b] (5)-3aa:(R)-3aa ratio determined by HPLC on
chiral stationary phase. [c] Result taken from ref. 10. [d] Not determined.

[JohnPhos)AuCl] and [(Ph;P)AuCl] in combination with Ag1
delivered the product in quantitative yield but lower er, with a
preference for the same enantiomer as the Ag(l) salt alone
(Table 1, entries 8 and 9). (R)-Ag(I)TRIP, namely the phosphate
analogue of phosphoramidate Ag1, when used with Au3 had a
catalytic performance similar to the Au3/Ag1 couple (Table 1,
entry 10).

With these promising results in hand, we decided to screen
various combination of Au(l) chloride complexes and chiral
metal salts by means of High Throughput Experimentation
(HTE) (Table 2). This approach, which allows to set-up multiple
reactions with minimum consumption of substrates and
catalysts, suits very well the 2-component nature of the H-
bonded counterion-directed catalysis. Thus, 7 chiral salts were
tested either alone or in combination with 7 Au(l) complexes,
resulting in a total of 56 unique reactions on 10-umol scale."

HTE data are provided in a heat map (Table 2), where the
color scale from blue to red indicates enantioenrichment of
product 3aa. In general, results were quite diverse when
comparing either the same Au(l) complex with different chiral
salts or different Au(l) complexes with the same chloride
scavenger. Reactions without the Au(l) catalyst usually had
moderate to good conversion, whereas full conversion was
observed in most of the cases when Au(l) was added."”
Complexes Au1-3 that differ in the linker length between the
phosphine aromatic ring and the squaramide displayed notable
differences on the enantiocontrol (Table 2, columns 1-3). Au3,
possessing the longest and more flexible linker, performed best
(up to 86:14 er when combined with Ag6). Indeed, catalyst
flexibility is in some cases beneficial for enantiocontrol, as it
probably allows maximization of attractive non-covalent inter-
actions along the catalytic cycle.”” These results also indicate
that the distance between the hydrogen-bond donor and the
Au(l) center is key for placing the chiral anion in an appropriate
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Table 2. High-throughput screening on the combination of achiral gold(l) complexes Au1-7 and chiral metal salts; er shown.”
0 Ph (5 mol %)
(ﬁ/ . (/D [MX] (5 mol %)
H toluene (0.1 M)
25°C,20 h
1a (10 pumol) 2a (10 umol)
Au1 Au2 Au3 Aud Au5 Aub 90:10-80:20
(R)-Ag1 | 56.543.5 | 61.5:38.5 | 63.5:36.5 | 39.5:60.5 38:62 35.5:64.5 80:20-70:30
(R)-Ag2 63:37 48.5:51.5 59:41 42:58 45.5:54.5 [EEEECE 14.5:85.5 70:30-60:40
(R)-Ag3 | 66.5:33.5 54:46 58:42 42:58 46.5:53.5 | 30.5:69.5 13.5:86.5 60:40-50:50
(R)-Ag4 | 61.5:38.5 | 66.5:33.5 35 51645 ($39/5:60.5 47:53 50:50-40:60
(R)-Ag5 63:37 46:54 46:54 42:58 40:60-30:70
(R)-Ag6 55:45 86:14 36.5:63.5 42:58 81.5:18.5 30:70-20:80
(R)-Cu6 56:44 83.5:16.5 36:64 38:62 20:80-90:10
[a] (S)-3 aa:(R)-3 aa ratio determined by UPC? on chiral stationary phase. See the Supporting Information for details.

position in the enantiodetermining step. When comparing the
acidity of the H-bond donor in complexes Au4-6 (Table 2,
columns 4-6), in 5 out of 6 instances the use of Au6, which
possesses the most acidic urea, resulted in higher enantiose-
lectivity in favour of product (R)-3 aa. This trend suggests that a
stronger H-bonding interaction with the anion is beneficial for
enantiocontrol. Phosphinosquaramide complexes Au1-3 and
JohnPhos-type phosphinourea complex Au7 favored the for-
mation of (5)-3aa, in up to 81:5:18.5 er when mixed with Agé.
All in all, these data highlight the effect on enantiocontrol
played by the relative position of the H-bond donor with
respect to the Au(l) center.

Regarding the chiral Ag(l) phosphoramidate salts, the HTE
screening confirmed that the reaction can be catalyzed by
those alone, in the absence of the gold(l) catalyst, albeit with
reduced yields and favoring the (S)-enantiomer (Table 2, column
8).'" This finding is in line with the previously reported
enantioselective versions employing Cu(Il)"* and Ag()"®"
phosphates. It is interesting to compare the performance of
Ag1-3 bearing 3,3"-triisopropylphenyl groups, that differ only in
the N-sulfonyl substituents on the phosphoramidate, hence in
their basicity. When used on their own, enantioselectivity
roughly correlated with basicity: Ag1, bearing a N-triflyl group,
gave the product with lower er (23:77) than the more basic N-
mesyl Ag2 and N-phenylsulphonyl Ag3 (ca 14:86 er). These
results also correlate well with the high enantioselectivity
observed when more basic phosphate anions are used.'®*"
Variations in enantiocontrol were observed also when compar-
ing N-triflyl phosphoramidate salts with different substituents
on 3,3-positions of the BINOL backbone (Ag4-6). The best salts
were found to be Ag6 and Cu6, which present the same chiral
scaffold, namely a BINOL-derived phosphoramidate with 9-
anthracenyl groups on 3,3’-positions. Agé and Cu6 in combina-
tion with Au3 yielded the desired product respectively in 93%

Eur. J. Org. Chem. 2022, €202200518 (4 of 8)

yield and 86:14 er, and 49% yield and 83.5:16.5 er. It is notable
that the addition of the achiral catalytic component determined
a switch in the sense of enantioinduction exceeding in some
cases 110 Aee%”’ (eg Au3/Ag6, Au7/Ag2 and Au7/Ag3
combinations). Overall, the HTE results showed that the basicity
of the anion (Ag1-3), the substituents in the 3,3'-position of the
anion, the strength (Au4-6) and relative position of the hydro-
gen-bond donor (Au1-3) are all important parameters influenc-
ing enantiocontrol. Since several factors are at play simulta-
neously, a combinatorial approach offers the best chances of
identifying the optimal catalytic system.

In order to validate the HTE screening, the results obtained
with Au3, Ag6 and Cu6 were reproduced on 0.05-mmol scale;
chiral salt Na6é was also tested (Table 3, entries 1-6). Data were
in agreement with HTE results. As expected, Na6 was not
catalytically active on its own, while in combination with Au3
gave lower enantiocontrol (81:19 er) than the one provided by
Cu6 and Ag6 (83:17 and 89:11 er respectively). This trend in
enantiocontrol parallels the chloride scavenging ability of the
three cations. Cu(Il)" and Na(l) cannot scavenge the chloride
ligand as fast and effectively as Ag(l),"**? likely leading to
background non-enantioselective reactivity by the gold(l)
chloride complex. Together with Ag6, JohnPhos-type com-
plexes Au7, Au8 and Au9 (the best one in our previously
reported cyclizations of 1,6-enynes)® showed good perform-
ance (Table 3, entries 7-9), but remained inferior to Au3 in
terms of enantiocontrol. Finally, intrigued by the role of the
3,3-anthracenyl substituents on the optimal salt Ag6,"” we
tested new chiral salts Ag7-10 with polycyclic aromatic moieties
in combination with phosphinosquaramide complex Au3
(Table 3, entries 10-13). VAPOL- and VANOL-derived Ag9 and
Ag10 provided poor enantiocontrol. Ag7 and Ag8, bearing
respectively 9-phenanthryl and 2-pyrenyl groups, gave compa-
rable results to those obtained with 9-anthracenyl, confirming

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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Table 3. Screening of Au(l) catalyst and chiral metal salts for the model
cycloisomerization-indole addition to 2-alkynyl enone 1a.

o Ph (5 mol %)
” toluene (0.1 M)
25°C,20h
1a (50 umol) 2a (50 umol)

Entry [Au] (R)-IMX] Yield [%]“ Er®!
1 Au3 Agé 87 89:11
2 Au3 Cué 79 83:17
3 Au3 Naé6 86 81:19
4 - Ag6 87 30.5:69.5
5 - Cué 68 28:72
6 - Naé 0 n.d.
7 Au7 Ag6 >95 80:20
8 Aus Ag6 >95 78:22
9 Au9 Agé >95 80:20
10 Au3 Ag7 >95 87:13
1 Au3 Ag8 >95 80:20
12 Au3 Ag9 >95 62:38
13 Au3 Ag10 >95 55:45

[a] Yield determined by 'H-NMR analysis against 1,1,2,2-tetrachloroethane
as internal standard. [b] (S)-3aa:(R)-3aa ratio determined by HPLC on
chiral stationary phase. [c] Not determined.

that highly conjugated substituents in 3,3’-position improve the
enantioselectivity of the reaction under study. The best
combination remained Au3 with Ag6, affording product (S)-3aa
with 87 % yield and 89:11 er (Table 3, entry 1).

Final refining of the reaction conditions using the Au3/Ag6
catalytic system was undertaken (Table 4). Toluene was the best
solvent, while more polar ones led to lower enantiocontrol,
presumably because they interfered with ion-pairing and H-
bonding (Table 4, entries 1-7). Lowering the temperature to

Table 4. Final optimization of the reaction catalyzed by the Au3/Agé6
(5 mol %)

system.
FZ . (/D (R)-Ag6 (5 mol %)
_—
” solvent (0.1 M)
20h

1a (50 pumol) 2a (50 pmol)

Entry Solvent T(°Q Yield (%)% Er®

1 1,2-DCE 25 78 69:31
2 CHCl, 25 81 75:25
3 THF 25 79 66:34
4 C4HSCF, 25 58 78:22
5 benzene 25 >95 87:13
6 p-xylene 25 77 86:14
7 toluene 25 87 89:11
8 toluene 0 84 91:9
9 toluene —-10 >95 92:8
10 toluene —20 66 92:8
1149 toluene —10 72 92:8
1219 toluene —10 83 92:8

[a] Yield determined by '"H-NMR analysis against 1,1,2,2-tetrachloroethane
as internal standard. [b] (5)-3aa:(R)-3aa ratio determined by HPLC on
chiral stationary phase. [c] Reaction completed in 1h, yield given for
isolated 3aa. [d] With 1 mol% catalyst loading, reaction completed in 4 h,
yield given for isolated 3 aa.

Eur. J. Org. Chem. 2022, €202200518 (5 of 8)

—10°C in toluene led to an improved 92:8 er for product (S)-
3aa (Table 4, entry 9). The reaction was completed after only
1h using 5mol% catalyst loading (Table 4, entry 11), which
prompted us to test a 50-pmol scale reaction lowering the
catalyst loading down to 1 mol%, obtaining furan 3aa in 83%
yield and 92:8 er after 4 h (Table 4, entry 12).

The substrate scope of the tandem cycloisomerization-
nucleophile addition to enones 1 was then assessed on 0.15-
mmol scale with 1 mol% loading of Au3 and Agé6 using indoles
as nucleophiles (Scheme 2).

5-Substituted indoles with electron-donating and electron-
withdrawing groups on the aromatic ring were suitable
nucleophiles (products 3ab and 3ac). Indoles with substituents
in position 2 and 1 led to a lower er for products 3ad and 3 ae.
When using 3-methyl indole, the obtained product resulted
from C-2 attack instead (3af, 67% yield, 91:9 er). 2-Alkynyl
enones 1 with electron-rich and electron-poor aromatic groups
on the alkyne terminus provided the relative products 3ba-
3ha with moderate to good yield and enantioselectivity. The
reaction, however, was found to be sensitive to the steric bulk

1mol%
1mo|%

N

toluene (0.1 M)

-10 °C, 1.5-24 h
1a-l 2a-f
(0.150 mmol) (0.150 mmol)
indole variation
Ph
O
« \
CH3

4y 2
HN

3aa R2=H, 77%, 91:9 erld

3ab R% = 5-OCHj3, 92%, 89:11 erldl

3ac R% = 5-Br, 84%, 93:7 erl@

3ad R?= 2-CHg, 97%, 71.5:28.5 er
enone variation

R! S
\ /
2\ P\
N X
NH NH

3ja 67%, 75:25 erl2?]

3ae 69%, 84:16 er  3af 67%, 91:9 erl®

3ba R'= 4-OCHjg, 76%, 85:15 er  3ia 86%, 84:16 er

3ca R' = 3-CHg, 66%, 93:7 er

3da R'= 2-CHj, 61%, 78:22 er Ph Ph

3ea R'= 4-Br, 59%, 80:20 er O?\ o\

3fa R'=4-F, 71%, 82:18 er N X

3ga R'=3-F, 70%, 83:17 er A )

3ha R'= 2-F, 95%, 92:8 er [Q "’(@
N

H

3ka 71%, 86:14 erl]

3la 75%, 85:15 er

Scheme 2. Enantioselective addition of indoles 2 a—f to 2-alkynyl enones 1.
Reactions performed under Ar or N, atmosphere in anhydrous toluene.
Yields given for isolated material after purification. Er determined by HPLC or
SFC on chiral stationary phase. [a] Result taken from ref. [13]. [b] With

3 mol % loading of catalysts.
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of the ortho position of the aryl ring, leading to cyclized product
3da with a 78:22 er. Enones with 3-thienyl and cyclohexyl
alkyne groups afforded furans bearing heteroaromatic and alkyl
substituents with moderate yield and enantioselectivity (3ia,
3ja). Cyclopentenone and cycloheptenone substrates 1k and 11
led to the corresponding bicyclic furans 3ka and 3la in good
yield and 86:14 and 85:15 er, respectively.

Previous reports on the addition of N- and O-centered
nucleophiles*'® encouraged us to test them with our Au3/Agé
system too (Scheme 3). Reaction of enone 1a with aniline
required 24 h to go to completion, and a modest 62:38 er was
observed for product 4a. Carbamates were instead excellent
nucleophiles, providing after 1 h furans 4b and 4c in 95:5 er.
Moderate enantioselectivity was observed in the addition of
primary alcohols such as methanol, a propargylic alcohol and
allylic alcohol to enone 1a (72:28 to 76:24 er for compounds
4d-4f). Interestingly, the presence of an internal alkyne or a
terminal alkene on the nucleophile did not interfere with the
expected reaction course. Higher enantioselectivity was ob-
tained employing secondary alcohols, phenol and 1-naphthol
as nucleophiles (81.5:18.5 to 89:11 er for products 4g-4k),
suggesting that a certain degree of steric bulk on the
nucleophile aids enantioface discrimination of the carbocation
intermediate. The water addition product was not directly
detected, but instead symmetric ether 4k, arising from
nucleophilic attack by the initially formed secondary alcohol,

o Ph (1 mol %)
(R)-Ag6 (1 mol %)
4 + NuH —_—
(1-3 equiv) toluene (0.1 M)
-10°C, 1-24 h

1a (0.150 mmol)
N-centered nucleophiles
Ph

A o J<
Ne
H

4b 89%, 95:5 er

O-centered nucleophiles

O A I
~
“OCHs "0
4d 93%, 72:28 er 4e 96%, 77:23 er 4f79%,76:24 er 49 92%, 82:18 er

Ph Ph Ph Ph
o}
\
J. O
“0 “’OPh
4h 72%, 4i 85%, 4j78%, 4k 85%, 3:1 dr,[®!
81.5:18.5 erldl 87:13er 88.5:11.5 er 95:5er

Scheme 3. Enantioselective addition of N- and O-centered nucleophiles to
enone 1a. Reactions performed under Ar or N, atmosphere in anhydrous
toluene. Yields given for isolated material after purification. Er determined
by HPLC or SFC on chiral stationary phase. [a] With 3 mol % loading of
catalysts. [b] Ratio between chiral and meso diastereomers.
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was obtained in 85% vyield (3:1 dr) and 95:5 er. Absolute
configuration for 11 products was assigned by comparison with
the sign of optical rotation reported in the literature."
Absolute configuration for the other products was assigned by
analogy, assuming a uniform stereochemical mechanism, with
the H-bonded anion shielding the Si face of the carbocation
intermediate depicted in Scheme 1.

Conclusion

The combinatorial nature of H-bonded counterion-directed
catalysis has been exploited in the context of the enantiose-
lective tandem cycloisomerization-nucleophile addition to 2-
alkynyl enones. High-throughput screening allowed to identify
a flexible phosphinosquaramide gold(l) chloride complex (Au3)
in combination with a Ag(l) phosphoramidate salt derived from
(R)-BINOL (Ag6) as the optimal catalyst. Remarkably, the achiral
gold(l) complex switches the enantiofacial selectivity for the
nucleophilic addition onto the intermediate carbocation with
respect to the chiral Ag(l) salt alone, underscoring the distinct
mode of action of H-bonded counterion-directed catalysis.
Thus, employing a 1 mol% loading for the Au3/Agé6 catalytic
system, the addition of C-, O- and N-centered nucleophiles gave
bicyclic furan products in moderate to excellent yield and
enantioselectivity (28 examples, 59-96 % yield, 62:38 to 95:5
er). Further studies on the application of hydrogen-bonded
counterion-directed catalysis are ongoing in our group.

Experimental Section

General procedure for the enantioselective tandem
cyclization-nucleophile addition to 2-alkynyl enones

Under N, a solution of enone 1 (0.150 mmol, 1 equiv) and
nucleophile (1.0-3.0 equiv) in toluene (1.5 mL) cooled to —10°C
was added to a microwave vial containing complex Au3 (1.3 mg,
1.5 umol, 0.01 equiv) and (R)-Ag6 (1.3 mg, 1.5 pumol, 0.01 equiv)
kept at —10°C. The resulting mixture was stirred at —10°C under
inert atmosphere (N, balloon) in the dark, until the enone starting
material was consumed, as judged by TLC or GCMS analysis. The
reaction was then quenched by addition of triethylamine (0.2 mL)
and filtered through a silica-filled glass pipette. Volatiles were
removed under reduced pressure and the crude product was
purified by flash column chromatography (FCC) or preparative thin-
layer chromatography (PTLC).

(S)-3-(2-Phenyl-4,5,6,7-tetrahydrobenzofuran-4-yl)-1H-indole
(3 aa)

Prepared following the general procedure wusing 2-
(phenylethynyl)cyclohex-2-en-1-one  (1a, 29.4mg, 0.150 mmol,
1.0 equiv) and indole (17.6 mg, 0.150 mmol, 1.0 equiv) in toluene
(1.5 mL) at —10°C for 4 h. The crude product was purified by PTLC
(silica, CyH:AcOEt 95:5). Compound 3aa was obtained as a white
solid (35.8 mg, 0.115 mmol, 77 % yield) with 91:9 er.

Spectroscopic data for product 3aa matched those reported in the
literature.'™ The absolute configuration was assigned by compar-
ison with the literature based on both the sign of optical rotation

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH
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and the order of elution under identical HPLC conditions.!'?'62#1 T4

NMR (400 MHz, CDCly): 6 7.94 (br s, 1H), 7.64-7.55 (m, 3H), 7.38 (dt,
J=8.1, 0.9 Hz, 1H), 7.36-7.30 (m, 2H), 7.24-7.16 (m, 2H), 7.15-7.09
(m, TH), 6.88 (s, 1H), 6.45 (s, 1H), 4.26 (t, J=5.7 Hz, 1H), 2.88-2.64
(m, 2H), 2.25-2.09 (m, 1H), 2.05-1.93 (m, 2H), 1.93-1.76 (m, TH). '*C
NMR (101 MHz, CDCl;): 6 151.8, 151.4, 136.7, 131.5, 128.7, 126.8,
126.7, 123.4, 122.2, 122.1, 1204, 119.41, 119.37, 111.3, 106.2, 31.3,
31.1, 23.6, 21.3. HPLC (Chiralpak IA (250x4.6 mm, 5 um), 95:5 n-
hexane:i-PrOH, 1.0 mL/min, 25°C, 280 nm): en1 (major, 91%) min
12.66, en2 (minor, 9%) min 15.68. [a]**°; —27 (c 0.89, CHCl;, sample
with 91:9 er); lit: [a]*, —30 (c 0.5, CHCl,, sample with 93:7 er).l'®®

Acknowledgements

We thank the European Union (Horizon 2020 Marie Sktodowska-
Curie COFUND fellowship 754510 to A.F.), the European Research
Council (Advanced Grant 835080), the MCIN/AEI/10.13039/
501100011033 (PID2019-104815GB—100 and 1JC2019040181- Juan
de la Cierva contract to M.M.-M.), Severo Ochoa Excellence
Accreditation 2020-2023 (CEX2019-000925-S, MIC/AEI) and MUniv
(FPU Fellowship to A.M.). We also thank ICIQ NMR, HTE and mass
spectrometry units.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: Asymmetric catalysis - Gold - Chiral counterion -
Hydrogen bonding - Ynenones

[1] a) A.S. K. Hashmi, Gold Bull. 2003, 36, 3-9; b) L. Zhang, J. Sun, S. A.
Kozmin, Adv. Synth. Catal. 2006, 348, 2271-2296; c) A. Furstner, P. W.
Davies, Angew. Chem. Int. Ed. 2007, 46, 3410-3449; Angew. Chem. 2007,
119, 3478-3519; d) L. Fensterbank, M. Malacria, Acc. Chem. Res. 2014, 47,
953-965; e) R. Dorel, A. M. Echavarren, Chem. Rev. 2015, 115, 9028-
9072; f) A. M. Asiri, A. S. K. Hashmi, Chem. Soc. Rev. 2016, 45, 4471-4503;
g) J. W. Boyle, Y. Zhao, P. W. H. Chan, Synth. 2018, 50, 1402-1416; h) M.
Mato, A. Franchino, C. Garcla-Morales, A. M. Echavarren, Chem. Rev.
2021, 721, 8613-8684; i) D. Campeau, D.F. Le6n Rayo, A. Mansour, K.
Muratov, F. Gagosz, Chem. Rev. 2021, 121, 8756-8867.

For recent reviews on enantioselective gold catalysis, see a)P.
Milcendeau, N. Sabat, A. Ferry, X. Guinchard, Org. Biomol. Chem. 2020,
18, 6006-6017; b) J.-J. Jiang, M.-K. Wong, Chem. Asian J. 2021, 16, 364—
377; ¢) R. Jouhannet, S. Dagorne, A. Blanc, P. de Frémont, Chem. Eur. J.
2021, 27, 9218-9240; d) S. Porcel Garcia, in Current Topics in Chirality
(Ed: T. Akitsu), IntechOpen, London, 2021; e) G. Zuccarello, I. Escofet, U.
Caniparoli, A. M. Echavarren, ChemPlusChem 2021, 86, 1283-1296; f) A.
Das, N.T. Patil, Chem. Eur. J. 2022, 28, €2021043710; g) |. Escofet, G.
Zuccarello, A. M. Echavarren, Adv. Organomet. Chem. 2022, 77, 1-42.

For different geometries, check a) M. C. Gimeno, A. Laguna, Chem. Rev.
1997, 97, 511-522; b) R. P. Herrera, M. C. Gimeno, Chem. Rev. 2021, 121,
8311-8363.

For selected examples of Au(l) catalysts with bulky chiral ligands, see
a) I. Alonso, B. Trillo, F. Lopez, S. Montserrat, G. Ujaque, L. Castedo, A.

S

v

=

Eur. J. Org. Chem. 2022, e202200518 (7 of 8)

[5

=

Lledos, J. L. Mascarenfas, J. Am. Chem. Soc. 2009, 137, 13020-13030; b) H.
Teller, S. Fliigge, R. Goddard, A. Fiirstner, Angew. Chem. Int. Ed. 2010, 49,
1949-1953; Angew. Chem. 2010, 122, 1993-1997; c) A. Z. Gonzalez, D.
Benitez, E. Tkatchouk, W. A. Goddard, F.D. Toste, J. Am. Chem. Soc.
2011, 733, 5500-5507; d) S. Handa, L. M. Slaughter, Angew. Chem. Int.
Ed. 2012, 51, 2912-2915; Angew. Chem. 2012, 124, 2966-2969; e) J.
Francos, F. Grande-Carmona, H. Faustino, J. Iglesias-Siglienza, E. Diez, I.
Alonso, R. Fernandez, J. M. Lassaletta, F. Lopez, J. L. Mascarefas, J. Am.
Chem. Soc. 2012, 134, 14322-14325; f) H. Teller, M. Corbet, L. Mantilli, G.
Gopakumar, R. Goddard, W. Thiel, A. Furstner, J. Am. Chem. Soc. 2012,
134, 15331-15342; g) S. Sudrez-Pantiga, C. Hernandez-Diaz, E. Rubio,
J. M. Gonzdlez, Angew. Chem. Int. Ed. 2012, 51, 11552-11555; Angew.
Chem. 2012, 124, 11720-11723; h) M. Guitet, P. Zhang, F. Marcelo, C.
Tugny, J. Jiménez-Barbero, O. Buriez, C. Amatore, V. Mouriés-Mansuy, J.-
P. Goddard, L. Fensterbank, Y. Zhang, S. Roland, M. Ménand, M.
Sollogoub, Angew. Chem. Int. Ed. 2013, 52, 7213-7218; Angew. Chem.
2013, 7125, 7354-7359; i) K. Yavari, P. Aillard, Y. Zhang, F. Nuter, P.
Retailleau, A. Voituriez, A. Marinetti, Angew. Chem. Int. Ed. 2014, 53,
861-865; Angew. Chem. 2014, 126, 880-884; j) E. Gonzalez-Fernandez,
L. D. M. Nicholls, L. D. Schaaf, C. Farés, C. W. Lehmann, M. Alcarazo, J.
Am. Chem. Soc. 2017, 139, 1428-1431.

For selected examples of Au(l) catalysts with chiral bifunctional
phosphine ligands, see a) Y. Ito, M. Sawamura, T. Hayashi J. Am. Chem.
Soc. 1986, 108, 6405-6406; b) Z.-M. Zhang, P. Chen, W. Li, Y. Niu, X-L.
Zhao, J. Zhang, Angew. Chem. Int. Ed. 2014, 53, 4350-4354; Angew.
Chem. 2014, 126, 4439-4443; ¢) K. Ji, Z. Zheng, Z. Wang, L. Zhang,
Angew. Chem. Int. Ed. 2015, 54, 1245-1249; Angew. Chem. 2015, 127,
1261-1265; d) Z. Wang, C. Nicolini, C. Hervieu, Y.-F. Wong, G. Zanoni, L.
Zhang, J. Am. Chem. Soc. 2017, 139, 16064-16067; e) X. Cheng, Z. Wang,
C. D. Quintanilla, L. Zhang, J. Am. Chem. Soc. 2019, 141, 3787-3791; f) G.
Zuccarello, J. Mayans, |. Escofet, D. Scharnagel, M.S. Kirillova, A.H.
Pérez-Jimeno, P. Calleja, J. R. Boothe, A. M. Echavarren, J. Am. Chem. Soc.
2019, 741, 11858-11863.

For selected examples involving dinuclear gold(l) chiral catalysts, see
a) M. P. Mufioz, J. Adrio, J.C. Carretero, A. M. Echavarren, Organo-
metallics 2005, 24, 1293-1300; b) M.J. Johansson, D.J. Gorin, S.T.
Staben, F.D. Toste, J. Am. Chem. Soc. 2005, 127, 18002-18003; c) Z.
Zhang, R.A. Widenhoefer, Angew. Chem. Int. Ed. 2006, 46, 283-285;
d) R. L. LaLonde, B.D. Sherry, E.J. Kang, F.D. Toste, J. Am. Chem. Soc.
2007, 129, 2452-2453; e) M. A. Tarselli, A.R. Chianese, S.J. Lee, M. R.
Gagné, Angew. Chem. Int. Ed. 2007, 46, 6670-6673; Angew. Chem. 2007,
119, 6790-6793; f) M. R. Luzung, P. Mauledn, F.D. Toste, J. Am. Chem.
Soc. 2007, 129, 12402-12403; g) F. Kleinbeck, F.D. Toste, J. Am. Chem.
Soc. 2009, 131, 9178-9179; h) C.-M. Chao, D. Beltrami, P.Y. Toullec, V.
Michelet, Chem. Coomun. 2009, 6988-6990; i) F. Liu, D. Qian, L. Li, X.
Zhao, J. Zhang, Angew. Chem. Int. Ed. 2010, 49, 6669-6672; Angew.
Chem. 2010, 122, 6819-6822; j) S. G. Sethofer, T. Mayer, F.D. Toste, J.
Am. Chem. Soc. 2010, 132, 8276-8277; k) Y.-M. Wang, C. N. Kuzniewski,
V. Rauniyar, C. Hoong, F. D. Toste, J. Am. Chem. Soc. 2011, 133, 12972~
12975; 1) J.F. Briones, H. M. L. Davies, J. Am. Chem. Soc. 2012, 134,
11916-11919; m) Z.-Y. Cao, X. Wang, C. Tan, X.-L. Zhao, J. Zhou, K. Ding,
J. Am. Chem. Soc. 2013, 135, 8197-8200; n) C. Garcia-Morales, B. Ranieri,
I. Escofet, L. Lépez-Suarez, C. Obradors, A.l. Konovalov, A. M. Echavar-
ren, J. Am. Chem. Soc. 2017, 139, 13628-13631; o) |. Martin-Torres, G.
Ogalla, J.-M. Yang, A. Rinaldi, A. M. Echavarren, Angew. Chem. Int. Ed.
2021, 9339-9344.

a) S. Mayer, B. List, Angew. Chem. Int. Ed. 2006, 45, 4193-4195; Angew.
Chem. 2006, 118, 4299-4301; b) S. Mukherjee, B. List, J. Am. Chem. Soc.
2007, 129, 11336-11337.

For selected reviews on ACDC, see a) R. J. Phipps, G. L. Hamilton, F.D.
Toste, Nat. Chem. 2012, 4, 603-614; b) M. Mahlau, B. List, Angew. Chem.
Int. Ed. 2013, 52, 518-533; Angew. Chem. 2013, 125, 540-556; c) K. Brak,
E. N. Jacobsen, Angew. Chem. Int. Ed. 2013, 52, 534-561; Angew. Chem.
2013, 725, 558-588.

G. L. Hamilton, E. J. Kang, M. Mba, F. D. Toste, Science 2007, 317, 496—
499.

For the use of chiral anions in Au(l) catalysis, see a) K. Aikawa, M.
Kojima, K. Mikami, Angew. Chem. Int. Ed. 2009, 48, 6073-6077; Angew.
Chem. 2009, 121, 6189-6193; b) R. L. LaLonde, Z. J. Wang, M. Mba, A. D.
Lackner, F.D. Toste, Angew. Chem. Int. Ed. 2010, 49, 598-601; Angew.
Chem. 2010, 122, 608-611; c) K. Aikawa, M. Kojima, K. Mikami, Adv.
Synth. Catal. 2010, 352, 3131-3135. Corrigendum: K. Aikawa, M. Kojima,
K. Mikami, Adv. Synth. Catal. 2011, 353, 2282-2283; d) E. M. Barreiro,
D. F.D. Broggini, L. A. Adrio, A.J. P. White, R. Schwenk, A. Togni, K. K.
Hii, Organometallics 2012, 31, 3745-3754; e) A. K. Mourad, J. Leutzow, C.

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH



EurJOC Research Article

European Journal of Organic Chemistry

Chemistry
Europe

doi.org/10.1002/ejoc.202200518 Socienes puiehing

m

[12

[13
4

[15

Eur. J. Org. Chem. 2022, €202200518 (8 of 8)

Czekelius, Angew. Chem. Int. Ed. 2012, 51, 11149-11152; Angew. Chem.
2012, 124, 11311-11314; f) D. H. Miles, M. F. Veguiillas, F. D. Toste, Chem.
Sci. 2013, 4, 3427-3431; g) S. Handa, D.J. Lippincott, D. H. Aue, B. H.
Lipshutz, Angew. Chem. Int. Ed. 2014, 53, 10658-10662; Angew. Chem.
2014, 126, 10834-10838; h) W. Zi, F. D. Toste, Angew. Chem. Int. Ed.
2015, 54, 14447-14451; Angew. Chem. 2015, 127, 14655-14659; i) M.
Spittler, K. Lutsenko, C. Czekelius, J. Org. Chem. 2016, 81, 6100-6105;
j) R. Pedrazzani, J. An, M. Monari, M. Bandini, Eur. J. Org. Chem. 2021,
1732-1736; k) for selected works on the combination of Au(l) and
asymmetric Brgnsted acid catalysis, see Z.-Y Han, H. Xiao, X.-H. Chen, L.-
Z. Gong, J. Am. Chem. Soc. 2009, 131, 9182-9183; I) X.-Y. Liu, C.-M. Che,
Org. Lett. 2009, 11, 4204-4207; m) C. Wang, Z.-Y. Han, H.-W. Luo, L.-Z.
Gong, Org. Lett. 2010, 12, 2266-2269; n) X.-F. Tu, L-Z. Gong, Angew.
Chem. Int. Ed. 2012, 51, 11346-11349; Angew. Chem. 2012, 124, 11508-
11511; o) L. Cala, A. Mendoza, F.J. Fafnanas, F. Rodriguez, Chem.
Commun. 2013, 49, 2715-2717; p) H. Wei, M. Bao, K. Dong, L. Qiu, B. Wu,
W. Hu, X. Xu, Angew. Chem. Int. Ed. 2018, 57, 17200-17204; Angew.
Chem. 2018, 130, 17446-17450.

For the role of counteranions in gold catalysis, see a) M. Jia, M. Bandini,
ACS Catal. 2015, 5, 1638-1652; b) J. SchieBl, J. Schulmeister, A. Doppiu,
E. Worner, M. Rudolph, R. Karch, A. S. K. Hashmi, Adv. Synth. Catal. 2018,
360, 2493-2502; c) D. Zuccaccia, A. Del Zotto, W. Baratta, Coord. Chem.
Rev. 2019, 396, 103-116; d) Z. Lu, T. Li, S.R. Mudshinge, B. Xu, G.B.
Hammond, Chem. Rev. 2021, 121, 8452-8477.

a) Z. Zhang, V. Smal, P. Retailleau, A. Voituriez, G. Frison, A. Marinetti, X.
Guinchard, J. Am. Chem. Soc. 2020, 142, 3797-3805; b) Y. Yu, Z. Zhang,
A. Voituriez, N. Rabasso, G. Frison, A. Marinetti, X. Guinchard, Chem.
Commun. 2021, 57, 10779-10782; ¢) Z. Zhang, N. Sabat, G. Frison, A.
Marinetti, X. Guinchard, ACS Catal. 2022, 12, 4046-4053.

A. Franchino, A. Marti, A. M. Echavarren, J. Am. Chem. Soc. 2022, 144,
3497-3500.

For a review on cascade reactions of 2-(1-alkynyl)-2-alken-1-ones, see D.
Qian, J. Zhang, Acc. Chem. Res. 2020, 53, 2358-2371.

First report: a) T. Yao, X. Zhang, R. C. Larock, J. Am. Chem. Soc. 2004, 126,
11164-11165; b) other selected gold-catalyzed versions: T. Yao, X.
Zhang, R. C. Larock, J. Org. Chem. 2005, 70, 7679-7685; c) X. Liu, Z. Pan,
X. Shu, X. Duan, Y. Liang, Synlett 2006, 1962-1964; d) seminal reports

employing other transition-metal catalysts:N. T. Patil, H. Wu, Y. Yama-

moto, J. Org. Chem. 2005, 70, 4531-4534; e) C. H. Oh, V.R. Reddy, A.

Kim, C.Y. Rhim, Tetrahedron Lett. 2006, 47, 5307-5310; f) Y. Xiao, J.

Zhang, Angew. Chem. Int. Ed. 2008, 47, 1903-1906; Angew. Chem. 2008,

120, 1929-1932; g) W.-L. Chen, J. Li, Y.-H. Zhu, L.-T. Ye, W. Hu, W.-M. Mo,

Arkivoc 2011, 381-392; h) H. Gao, J. Zhang, Chem. Eur. J. 2012, 18,

2777-2782.

Enantioselective versions: a) V. Rauniyar, Z.J. Wang, H.E. Burks, F.D.

Toste, J. Am. Chem. Soc. 2011, 133, 8486-8489; b) G. Force, Y. L. T. Ki, K.

Isaac, P. Retailleau, A. Marinetti, J.-F. Betzer, Adv. Synth. Catal. 2018, 360,

3356-3366; c) Reference 12a; d) Reference 13 (4 examples). A direct

comparison of these methods with our protocol for nine representative

products can be found in the S|, section 6.

[17] A.Franchino, A. Marti, S. Nejrotti, A. M. Echavarren, Chem. Eur. J.

2021, 27, 11989-11996.

[18] a) A. Guérinot, W. Fang, M. Sircoglou, C. Bour, S. Bezzenine-Lafollée, V.
Gandon, Angew. Chem. Int. Ed. 2013, 52, 5848-5852; Angew. Chem.
2013, 125, 5960-5964; b) W. Fang, M. Presset, A. Guérinot, C. Bour, S.
Bezzenine-Lafollée, V. Gandon, Chem. Eur. J. 2014, 20, 5439-5446.

[19] See the Supporting Information for details.

[20] For a review on flexibility as a catalyst design element, including
examples of H-bond donor catalysts, see J. M. Crawford, M. S. Sigman,
Synthesis 2019, 51, 1021.

[21] Aee% was calculated as the absolute value of the difference between
the ee obtained using a combination of AuX/AgY and the ee obtained
using AgY alone, eg Aee%g3ngs = | 72— (—41)| =113 taking the data
in Table 2.

[22] A. Franchino, M. Montesinos-Magraner, A. M. Echavarren, Bull. Chem.
Soc. Jpn. 2021, 94, 1099-1117.

=
2

Manuscript received: May 4, 2022
Revised manuscript received: June 13, 2022
Accepted manuscript online: June 23, 2022

© 2022 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH



