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An intermolecular hydroxylation of a,f-unsaturated gold carbene intermediates, generated from readily accessible 3-propargyl-

indoles through a tandem 1,2-indole migration—-hydroxylation sequence using water as an external nucleophile, has been developed.

Under mild reaction conditions and employing gold(I) catalysts bearing bulky and electron-rich phosphine ligands, a significant

range of hydroxy-functionalized indole derivatives was synthesized in high yields. Mechanistic studies support the selective addi-

tion of water to the B-position of the electrophilic a,f-unsaturated gold carbene intermediate, whereas competing attack at the

carbene center or direct hydration of the activated alkyne was not observed.

Introduction

Gold-catalyzed reactions involving the generation of alkenyl
carbene intermediates have emerged as a powerful synthetic
tool due to their diversified transformation sites. Typical precur-
sors for these highly reactive intermediates are stabilized vinyl-
diazo compounds [1] and cyclopropenes [2] and, although
Rh-catalyzed processes are the most well-established, Au cata-
lysts have gained attention more recently [3,4]. However, it is
highly desirable to generate alkenylgold carbenes from more
easily accessible alkynes. In this sense, propargylic esters [5]
and sulfides [6] are the most prevalent reported precursors for
these intermediates, through 1,2-acyloxy and 1,2-sulfur migra-

tions, respectively. In addition, more specific substrates such as

7-alkenyl-1,3,5-cycloheptatrienes [7], 1,6-enynes with propar-
gylic alkoxy groups [8], or terminal diynes [9], have also been
reported as suitable precursors.

Alkenylgold carbenes typically present carbene reactivity, such
as cyclopropanation, C—H activation, 1,2-hydride shifts, or 1,2-
addition reactions [10-13], whereas the so-called vinylogous re-
activity at the B-position of the unsaturated gold carbene has
been scarcely explored [14-16]. In addition, these intermediates
also behave as three-carbon synthons as demonstrated by the
different and useful (3 + n) carbo- and heterocycloaddition reac-

tions described over the last few years [17].
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In this field, we have found that 3-propargylindoles, which are
readily available through the direct nucleophilic substitution of
indoles with propargylic alcohols [18], undergo a 1,2-indole
migration under gold(I) catalysis to generate a,f-unsaturated
gold carbenes I (Scheme 1a) [19]. Interestingly, these reactions
involve the cleavage and formation of C—C bonds, instead of
C-0 or C-S bonds observed in the corresponding propargylic
esters and sulfides, respectively. Electrophilic intermediates I
exhibit rich reactivity through both intramolecular and intermo-
lecular pathways. In the intramolecular manifold, highly
favored aura-(iso)-Nazarov cyclizations take place when aro-
matic groups are present at either the propargylic (R3) or the
terminal (R>) positions of the propagylindole, leading to
3-(inden-2-yl)indoles. In contrast, when no aromatic substitu-
ents are present at any of these positions (R3-R> # Ar), an alter-
native 1,2-hydride migration occurs, affording 2-indolyl-1,3-
butadienes [20,21]. Furthermore, when an alkenyl group is lo-
cated at C2 of the starting propargylindole, an intramolecular
cyclopropanation takes place, providing access to 5—8-mem-

bered polycyclic indole derivatives [22]. More recently, we

a) our previous work [19-24]:
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have found that 3-propargylindoles bearing a hydroxyalkyl sub-
stituent at C2 enable access to indole-fused cyclic ethers
through addition of the hydroxy group to the f-position of gold
intermediate I (vinylogous reactivity), which was further sup-
ported by DFT studies [23]. On the other hand, these alkenyl
gold carbenes can also participate in intermolecular reactions.
For example, their reactions with N-oxides enable carbene oxi-
dation, leading to a-indolyl a,B-unsaturated carbonyls [24].
Moreover, treatment of 3-propargylindoles with external
alkenes under gold catalysis results in intermolecular cyclo-
propanation reactions with high cis-diastereoselectivity, provid-
ing access to 3-(1-cyclopropylvinyl)indoles [22]. At this
point, considering our recent report on the tandem 1,2-indole
migration-hydroxycyclization reactions of 2-hydroxyalkyl-3-
propargylindoles [23], we wondered whether hydroxyl attack on
vinylgold carbenes I could also occur in an intermolecular
fashion, analogous to the reactivity of alkenes, which can react
with I through both intra- and intermolecular pathways. Howev-
er, hydroxyl attack on a,B-unsaturated carbene I could poten-

tially proceed through either attack at the carbene center or ad-
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Scheme 1: a) Intra- and intermolecular reactivity of a-indolylalkenylgold carbenes from 3-propargylindoles. b) Proposed work.
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dition to the B-position (vinylogous reactivity). In addition,
OH-attack could also occur directly on the gold-activated
alkyne, without participation of the indole nucleus. We herein
report our results on the gold(I)-catalyzed reactions of
3-propargylindoles with water.

Results and Discussion

3-Propargylindole 1a, readily accessible in gram quantities
through the Brgnsted acid-catalyzed direct nucleophilic substi-
tution of the corresponding propargylic alcohol with
N-methylindole [18], was selected as the model substrate for its
reaction with HyO as an external nucleophile under gold cataly-
sis. Considering our recent work on the tandem Au-catalyzed
1,2-indole migration—intramolecular hydroxycyclization reac-
tion [23], JohnPhosAu(MeCN)SbFg was chosen as the catalyst
for a preliminary study (Scheme 2). A mixture of CH,Cl, and
dioxane was employed to enhance the solubility of H,O and
promote its interaction with the reactive intermediates [25,26].
Under these conditions, and at room temperature, alcohol 2a
was selectively obtained in high yield, although prolonged reac-
tion times were required to achieve complete conversion. This
result supports a selective water attack onto intermediate a,f3-
unsaturated gold carbene I through a formal f-addition path-
way, leading to a new vinylgold complex II, which subse-
quently undergoes protodemetalation to regenerate the catalyst
and furnish 2a. Interestingly, neither the competing addition to
the carbene center pathway nor direct hydration of the activated
alkyne to form the corresponding methyl ketone, without
involvement of the indole moiety, was observed. In addition,
the resulting compound 2a belongs to the class of 3-alkenyl-
indoles, a family of functionalized indoles that exhibit rich reac-

tivity, primarily owing to their nucleophilic character [27,28].

At this stage, we decided to evaluate the reactivity of 1a with
H,O under catalysis by different gold(I) complexes (Table 1).
Although a gold complex bearing a JohnPhos ligand was
initially selected (see Scheme 2), approximately 3 days were re-
quired for complete conversion, with only ca. 30% conversion
observed after 24 h (Table 1, entry 1). Gold catalysts bearing
phosphine ligands such as MorDalPhos or DavePhos proved
unsuitable for this transformation (Table 1, entries 2 and 3), as
did IPrAuNTf, bearing an NHC ligand (Table 1, entry 4). In
contrast, gold complexes containing other phosphine ligands,
such as 7-BusP, Ph3P, and JackiePhos, afforded alcohol 2a, al-
though complete conversion was not achieved after 24 h
(Table 1, entries 5-7). Gratifyingly, gold catalysts bearing
bulkier phosphine ligands such as SPhos, XPhos and BrettPhos
(Table 1, entries 8—10) provided 2a in high yields with com-
plete conversion, the latter requiring only 3 h (Table 1, entry
10). Further increasing the steric hindrance around the metal

center by using bulkier ligands such as di-Ad-BrettPhos and
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— JothhosAu(MeCN)SbFe
0,
(5 mol %) OH
A\ CHyCl,/dioxane (1:1) A\
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A Al
Me Me
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product from 1,2-attack to
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product from H,O-attack to the
alkyne without indole participation

Scheme 2: Proof of concept.

Me,#-BuXPhos led to even higher yields of 2a (Table 1, entries
11 and 12) [29]. The enhanced performance observed with these
ligands likely arises from suppression of alternative side reac-
tions of intermediate gold carbene I due to the steric congestion
around the metal center imposed by these ligands. Other cosol-
vents, such as acetone (Table 1, entry 13), could also be em-
ployed, whereas in the absence of the oxygenated polar cosol-
vent, the reaction was not observed. Using Me4t-BuXPhos as
ligand, the effect of the presence of silver in the reaction medi-
um was also examined, revealing slightly lower efficiency
(Table 1, entry 14).

As demonstrated in our previous studies, increased nucleophi-
licity of the indole nucleus favors the initial indole attack onto
the activated alkyne and, consequently, the subsequent 1,2-
indole migration leading to the corresponding alkenylgold
carbene intermediate I. Accordingly, we decided to briefly in-
vestigate 3-propargylindole 1b, bearing a more nucleophilic
1,2-dimethylindole moiety, using the most effective catalysts
previously identified for substrate 1a (Scheme 3). These experi-
ments confirmed that the tandem 1,2-indole migration—hydroxyl
attack process is more favorable for 1b, allowing the use of a
broader range of gold complexes as catalysts with lower cata-
lyst loadings, while still providing similarly high yields of the
expected alcohol 2b.

Consequently, di-Ad-BrettPhosAuNTf, (B) and Meyt-

BuXPhosAuNTf, (C), both bearing bulky ligands, were

selected as the most active catalysts. In addition, the
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Table 1: Optimization of catalyst for the Au-catalyzed tandem 1,2-indole migration—hydroxylation of 1a.2

[Au]* (5 mol %)

\ * HO o Chidioxane (1:1) \ ©H

N h N

Me Me

1a 2a

Entry Catalyst Time (h) Conversion (%)P° Yield (%)°
1 JohnPhosAu(MeCN)SbFg 24 30 25
2 MorDalPhosAu(MeCN)SbFg 24 0 -
3 DavePhosAuNTfo 24 0 -
4 IPrAuNTf, 24 0 -
5 t-BugPAUNTf, 24 35 28
6 Ph3PAuUNTf> 24 72 38
7 JackiePhosAuNTf» 24 81 73
8 SPhosAuNTf» 24 100 64
9 XPhosAuNTfs 24 100 75
10 BrettPhosAuNTfs 3 100 75
11 di-Ad-BrettPhosAuNTfs 3 100 83
12 (Me4t-BuXPhos)AuNTf, 3 100 89
13¢ (Me4t-BuXPhos)AuNTf, 3 100 79
14 (Me4t-BuXPhos)AuCI/AgNTf, 3 100 78

@Reactions were carried out by treatment of 1a (0.1 mmol) with H,O (0.7 mmol, 13 pL) in 1 mL of CH,Clo/1,4-dioxane (1:1) for the referred time at
room temperature. °Determined by 'H NMR analysis using CH2Br as internal standard. °Carried out in 1 mL of CHoCly/acetone (1:1).

H,0 (7 equiv)
[Au]* (2.5 mol %)

N _Me CH:Cly/dioxane (1:1) A\ M‘OBH
Me Me
1b [Aul* yield (%)  2b
JohnPhosAu(MeCN)SbFg 81
BrettPhosAuNTf, 72
di-Ad-BrettPhosAuNTf, 87
Me,t-BuXPhosAuNTf, 80

aDetermined by 'H NMR analysis using
CH.Br, as internal standard.

Scheme 3: Further catalyst screening with 1b.

more readily available and less sterically hindered
JohnPhosAu(MeCN)SbF¢ (A) was also chosen for subsequent
studies. We first explored the substrate scope of 3-propargyl-
indoles 1a—w featuring different substitution patterns on the
indole nucleus (Table 2). Reactions of substrates bearing hydro-
gen, alkyl, or phenyl substituents at either the nitrogen atom or
C2-position (1la—i) proceeded efficiently, yielding the corre-
sponding tertiary alcohols 2a—i in high yields (Table 2, entries

1-9). Next, substitution on the benzenoid ring was investigated
using substrates derived from N-H, N-methyl and 1,2-
dimethylindole cores. Halogenated starting materials (F, CI, and
Br) at the benzenoid ring reacted smoothly under the optimized
conditions (Table 2, entries 10-14, 19-21, and 23). Similarly,
electron-rich alkoxy-substituted starting indoles 1o,p furnished
the corresponding alcohols 20,p in high yields (Table 2, entries
15 and 16). Moreover, electron-withdrawing substituents, such
as ester, at C5 and C6 positions were also well tolerated, as
shown by the formation of indole derivatives 2q,r,v (Table 2,
entries 17, 18, and 22).

Additionally, we explored the reactivity of other 3-propargyl-
indoles bearing different substituents at the propargylic posi-
tion, considering that aryl substituents are not suitable due to
the competing and highly favored iso-Nazarov reaction. First,
substrates 3a—c, possessing a methyl group at the propargylic
position, reacted analogously to propargylindoles 1, leading to
the corresponding hydroxy-functionalized indole derivatives
4a—c (Scheme 4). Similarly, substrates with butyl, benzyl, or
aryloxymethyl substituents at the propargylic position (3d—f)
also underwent the transformation smoothly, providing access

to the corresponding alcohols 4d—f. The presence of at least one
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Table 2: Synthesis of hydroxy-functionalized indoles 2 from functionalized 3-propargylindoles 1a—w.2

R3 — R®
R4 — + H,0 [Aul* (2..5 mol %) R4 OH
Ny R2 CH,Cly/dioxane (1:1) N)_R2
RS N f, t RS N
RS6 R? R6 R?
1 2

[Au]*: A = JohnPhosAu(MeCN)SbFg; B = di-Ad-BrettPhosAuNTf,; C = Me,t-BuXPhosAuNTf,

Entry 1 R? R2 R3 R4

1 1a Me H H H

2 1b Me Me H H

3 1c Me Et H H

4 1d Me Ph H H

5 1e H H H H

6 1f H Me H H

7 19 H Et H H

8 1h H Ph H H

9 1i Ph H H H

10 1j Me H Br H

11 1k Me Me H F

12 11 Me H H Cl
13 im Me H H Br
14 1n Me Me H Br
15 1o Me H H OMe
16 1p Me Me H OMe
17 1q Me H H COoMe
18 1r H H H COoMe
19 1s H H H H

20 1t Me H H H

21 1u Me H H H

22 1v Me H H H

23 1w H H H H

RS R6 [Aul* Time (h) 2 Yield
(%)°

H H B 3 2a 78¢
H H B 1 2b 83
H H B 3 2c 91
H H A 5 2d 70
H H c 1 2e 764
H H c 4 2f 79¢
H H B 6 2g 88
H H B 24 2h 82
H H (@ 3 2i 68
H H (@ 3 2j 74
H H A 1 2k 73
H H B 3 21 78
H H B 1 2m 81
H H A 1 2n 75
H H B 24 20 86
H H B 8 2p 71
H H B 1 2q 81
H H c 3 2r 80
Cl H B 24 2s 80
Cl H B 2 2t 83
Br H B 1 2u 79
CO,Me H (@ 3 2v 70
H Br (@ 16 2w 75

aReaction conditions: 1 (0.3 mmol), HoO (2.1 mmol, 38 pL), gold catalyst (0.0075 mmol) in 1:1 CHoClo/dioxane (3 mL) at rt. PIsolated yield of the cor-
responding alcohol 2 referred to starting indole 1 after column chromatography. 78% yield using catalyst A (t = 72 h). 972% yield using catalyst A

(t = 72 h). ®63% yield using catalyst A (t = 24 h).

cyclopropyl group at the propargylic position is primarily
related to the preparation of the starting substrates rather than to
a limitation of the gold-catalyzed transformation itself. Our syn-
thetic route to the required 3-propargylindoles relies on a
Brgnsted acid-catalyzed substitution of indoles with propar-
gylic alcohols. This process proceeds through a Sy1-type mech-
anism and therefore requires suitably activated alcohols [30].

After evaluating the reactivity of terminal alkynes 1 and 3, we
next synthesized a variety of substrates 5 based on internal
alkynes (Scheme 5). As an expected limitation, the reaction of

phenyl-substituted 3-propargylindole Sa led exclusively to the

formation of indenylindole 6, derived from a tandem 1,2-indole
migration—Nazarov cyclization sequence (Scheme 5a). Next,
alkyl-substituted alkynes Sb,c were evaluated under the opti-
mized conditions; however, no incorporation of water was ob-
served, and dienylindoles 7b,c were exclusively obtained in
high yields. In these cases, the 1,2-hydride shift pathway is
favored over intermolecular hydroxyl attack (Scheme 5b). In
contrast, when methyl-substituted substrate 5d was subjected to
the reaction conditions using JohnPhosAu(MeCN)SbFg as cata-
lyst, a ca 1:3 mixture of the corresponding dienylindole 7d and
the alcohol 8d was obtained, allowing isolation of the hydroxyl-

ated indole in moderate yield as a single geometrical isomer.
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H,0 (7 equiv)
[Au]* (2.5 mol %)
CHZCIZ/dloxane (1:1)

[Au]’r A = JohnPhosAu(MeCN)SbFg
B = di-Ad-BrettPhosAuNTf,
C = Meyt-BuXPhosAuNTf,

n-Bu
OH
@%;:4
N

d (C, 24 h, 74%)

Op Tol
\ Me

4f (A, 16 h, 80 °C, 52%)

OH R2 [Aul*t (h) yield

\ R2 4aMe A 5 70%
\ 4b H B 3 79%
4c Ph B 1 61%

4e (A, 48 h, 68%)

Scheme 4: Substrate scope: variation of the propargylic position.

— R H,0 (7 equiv)
[Au]* (2.5 mol %)
N—Me CH,Cl,/dioxane (1:1)
N rt, t
I‘\/Ie [Au]*: A = JohnPhosAu(MeCN)SbFg
B = di-Ad-BrettPhosAuNTf,
C = Meyt-BuXPhosAuNTf,
(a) 5a(R' = b) 5b (R" = n-Bu)
R1 = C- C3 5)
Al1h
\ R2
Me
\ Me
7b (R2 = n-Pr, R3 = H; 75%)
(85%) Me ¢ (R%=R3 = -(CHy),-; 90%)
(c)
Me ™\
5d A >N ., OH
(R'=Me) 48h N\
A\ Me
\B orC N Me N
24 h \ N
Me Me
5d 7d 1:3 8d (47%)

Scheme 5: Limitations and reactivity of methyl-substituted alkyne 5d.

Surprisingly, the starting material was recovered upon using
catalysts B or C with bulkier ligands, showing the unsuitability

of these complexes for substrates bearing internal alkynes.

Beilstein J. Org. Chem. 2026, 22, 1221-1228.

Other gold catalysts tested, such as BrettPhosAuNTf, and
IPrAuNTf,, resulted in incomplete conversion together with
lower yields and selectivity, whereas XPhosAuNTf, led to
appreciable decomposition.

At this point, we performed the reaction of 1b with D,O, ob-
taining the corresponding deuterated indole derivative 2b-D as a
ca. 3:1 mixture of E/Z diastereoisomers, thus supporting our
initial mechanistic proposal involving intermediates I and II
(Scheme 6a). In addition, the scalability of the developed

o3¥

2b-D (E/Z= 3.2.1, 71%)

a) reaction with D,0:

o

Me R= c-C3Hs

D,0 (7 equiv)
di-Ad-BrettPhosAuNTf,
(2.5 mol %)
CHCly/dioxane (1:1)
rt, 5h

,D R Al R
u
= [Au] R
R OD2 oD
N Me
N
\
Me

b) 3 mmol-scale reactions:

H,0 (7 equiv), rt
i : OH
CH,Cly/dioxane (1:1) Q R2
for 1b: JohnPhosAu(MeCN)SbFg N
(1 mol %), 4 h R

for 1e: Me4st-BuXPhosAuNTf, 2b (R'=
(1 mol %), 24 h e(R'=

1b or 1e

R2—Me 84% 0.79 g)
R2 = H; 66%; 0.50 g)

c) reactions of C2-oxymethyl functionalized indoles 1x-z:

R R
a
— OH O
N \ \
N OH N oH N
Me Me Me
1% (R = c-C3Hs) 2x 9a (80%)

a: di-Ad-BrettPhosAuNTf; (2.5 mol %),
CHjCly/dioxane (1:1), rt, 1 h

H,0 (7 equiv)
Me4t BuXPhosAuNTf,
(2.5 mol %)
A\ CH,Cly/dioxane (1:1),
N oTBs 6h(for1y) N  OTBs

R 8 h (for 12) R

rone 205

THF, rt §
2x

Scheme 6: Further experiments: deuteration, gram-scale and competi-
tive inter- vs intramolecular reaction.

H,0 (7 equiv)

1y (R' = Me)

z(R'=H) 87%)
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process was demonstrated through the synthesis of 2b and 2e on
a 3 mmol scale. Notably, the catalyst loading could be reduced
to 1 mol % while maintaining good efficiency (Scheme 6b). In
addition, we decided to investigate whether hydroxyl attack
onto intermediate carbene I is favored through an inter- or intra-
molecular pathway. To this end, C2-hydroxymethyl-substituted
indole 1x was subjected to the Au-catalyzed reaction in the
presence of H,O. Under these conditions, the reaction led ex-
clusively to the tetrahydropyrano[3,4-b]indole 9a, with no
traces of diol 2x, the product expected from the intermolecular
reaction with water (Scheme 6¢). As anticipated, protection of
the C2 hydroxy group in indoles 1y,z enabled the formation of
the corresponding alcohols 2y,z via water incorporation. Subse-
quent TBAF-mediated desilylation of 2y furnished diol 2x,

which was not accessible directly from 1x.

Finally, other external nucleophiles, such as alcohols or amines
and amides, were evaluated to test if they exhibit analogous be-
haviour to that of water. Gratifyingly, treatment of 1a with
MeOH, using JohnPhosAu(MeCN)SbFg¢ as the catalyst,
afforded the methoxy-functionalized indole derivative 10a in
high yield. Among the other nucleophiles examined, EtOH pro-
vided the corresponding ethoxy-functionalized indole 11a,
albeit in low yield, whereas allyl alcohol, benzyl alcohol,
ethyleneglycol, acetic acid, as well as p-toluidine and p-toluene-
sulfonamide, did not afford the corresponding functionalized
products under the standard reaction conditions. Analogously,
N-H indole 1f afforded the corresponding indole derivative 10f
(Scheme 7).

___JohnPhosAu(MeCN)SbFg
- (5 mol %). OR
A\ ROH (2 equiv) AN
N CH,Cly, 1t, 6 h (R = Me), N
Ve 16 h (R = Et) Ve
1a 10a (R = Me, 80%)

no reaction for R = allyl, benzyl,
CH,CH,0OH, COCH3;

11a (R = Et, 29%)

1f + MeOH JohnPhosAu(MeCN)SbFg OMe
(5 mol %) A\ Me
CH,Cly, 1, 24 h N
H 10 (73%)

Scheme 7: Alcohols as external nucleophiles. Synthesis of methoxy-
functionalized indoles 10.

Conclusion
To sum up, we have developed a gold(I)-catalyzed tandem 1,2-

indole migration—water attack reaction of 3-propargylindoles

Beilstein J. Org. Chem. 2026, 22, 1221-1228.

that exploits water as an external nucleophile. This transformat-
ion provides straightforward access to a synthetically useful
range of hydroxy-functionalized indole derivatives through the
selective intermolecular addition of water to the B-position of
o,B-unsaturated gold carbene intermediates. Gold(I) complexes
bearing bulky and electron-rich phosphine ligands proved to be
excellent catalysts for this transformation. Notably, the reaction
proceeds under mild conditions and is compatible with a variety
of substitution patterns on both the indole core and the propar-
gylic moiety. Mechanistic studies, including D,O-labeling and
intramolecular competition experiments, strongly support the
intermediacy of o,B-unsaturated gold carbene species and the
preferential vinylogous attack of water. Furthermore, the practi-
cality of the methodology was demonstrated through gram-scale

reactions.

Supporting Information

Experimental procedures and spectroscopic data for all new
compounds. Copies of "H NMR and !3C NMR spectra for

new compounds.

Supporting Information File 1
Experimental and analytical data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-22-98-S1.pdf]

Supporting Information File 2

NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-22-98-S2.pdf]

Funding

L. R. and M. S. thank the Junta de Castilla y Le6n (Consejeria
de Educacién) and the Fondo Social Europeo for predoctoral
and postdoctoral contracts, respectively. S. S.-P. thanks the
Ministerio de Ciencia, Innovacién y Universidades and
“NextGenerationEU”/PRTR EU for a Ramén y Cajal contract
(RYC2021-031533-1). We gratefully acknowledge the Minis-
terio de Ciencia, Innovacién y Universidades (PID2023-
148198NB-C21/AEI/10.1039/501100011033) and the Junta
de Castilla y Leén and FEDER (BU028P23) for financial
support.

Author Contributions

Lorena Renedo: investigation; methodology. Marta Solas: in-
vestigation; methodology. Samuel Sudrez-Pantiga: funding
acquisition; writing — review & editing. Roberto Sanz: concep-
tualization; funding acquisition; supervision; writing — original

draft; writing — review & editing.

1227


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-22-98-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-22-98-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-22-98-S2.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-22-98-S2.pdf

ORCID® iDs

Roberto Sanz - https://orcid.org/0000-0003-2830-0892

Data Availability Statement

Data generated and analyzed during this study will be openly available in
https://doi.org/10.5281/zen0do0.21673176 following an

Zenodo at

embargo period of two months from the date of publication.

References

1. Lépez, E.; Gonzalez-Pelayo, S.; Lépez, L. A. Chem. Rec. 2017, 17,
312-325. doi:10.1002/tcr.201600099

2. Archambeau, A.; Miege, F.; Meyer, C.; Cossy, J. Acc. Chem. Res.
2015, 48, 1021-1031. doi:10.1021/acs.accounts.5b00016

3. Bernardo, O.; Garcia-Martinez, P.; Santamaria, J.; Lépez, L. A.
Synthesis 2024, 56, 3728-3740. doi:10.1055/a-2343-1001
See for a review.

4. Vicente, R. Chem. Rev. 2021, 121, 162-226.
doi:10.1021/acs.chemrev.0c00151

5. Leon Rojas, A. F.; Kyne, S. H.; Chan, P. W. H. Acc. Chem. Res. 2023,
56, 1406—1420. doi:10.1021/acs.accounts.3c00057

6. Peng, L.; Zhang, X.; Zhang, S.; Wang, J. J. Org. Chem. 2007, 72,
1192-1197. doi:10.1021/jo0618674

7. Mato, M.; Garcia-Morales, C.; Echavarren, A. M. ChemCatChem 2019,
11, 53-72. doi:10.1002/cctc.201801201

8. Gaydou, M.; Miller, R. E.; Delpont, N.; Ceccon, J.; Echavarren, A. M.
Angew. Chem., Int. Ed. 2013, 52, 6396—6399.
doi:10.1002/anie.201302411

9. Shu, C.; Shi, C.-Y.; Sun, Q.; Zhou, B.; Li, T.-Y.; He, Q.; Lu, X;;
Liu, R.-S.; Ye, L.-W. ACS Catal. 2019, 9, 1019-1025.
doi:10.1021/acscatal.8b04455

10.Johansson, M. J.; Gorin, D. J.; Staben, S. T.; Toste, F. D.
J. Am. Chem. Soc. 2005, 127, 18002—18003. doi:10.1021/ja0552500

11.Yuan, T.; Ryckaert, B.; Van Hecke, K.; Hullaert, J.; Winne, J. M.
Angew. Chem., Int. Ed. 2021, 60, 4070-4074.
doi:10.1002/anie.202012664

12.Loépez, E.; Suarez, T.; Ballesteros, A.; Lépez, L. A. Eur. J. Inorg. Chem.
2017, 225-228. doi:10.1002/ejic.201600836

13.Yan, J.; Tay, G. L.; Neo, C.; Lee, B. R.; Chan, P. W. H. Org. Lett. 2015,
17, 4176—-4179. doi:10.1021/acs.orglett.5b01935

14.Pagar, V. V.; Jadhav, A. M,; Liu, R.-S. J. Am. Chem. Soc. 2011, 133,
20728-20731. doi:10.1021/ja209980d

15.Zhang, C.; Li, H.; Pei, C.; Qiu, L.; Hu, W.; Bao, X.; Xu, X. ACS Catal.
2019, 9, 2440-2447. doi:10.1021/acscatal.8b04144

16.Rada, M. S.; Bystrov, D. M.; Carriola, D. N.; Wherritt, D.; Doyle, M. P.
ACS Catal. 2024, 14, 16618—16623. doi:10.1021/acscatal.4c05839

17.L6pez, E.; Bernardo, O.; Lépez, L. A. Tetrahedron Lett. 2022, 109,
154156. doi:10.1016/j.tetlet.2022.154156

18.Sanz, R.; Miguel, D.; Alvarez-Gutiérrez, J. M.; Rodriguez, F. Synlett
2008, 975-978. doi:10.1055/s-2008-1072584

19.Sanz, R.; Miguel, D.; Rodriguez, F. Angew. Chem., Int. Ed. 2008, 47,
7354-7357. doi:10.1002/anie.200802660

20.Sanz, R.; Miguel, D.; Gohain, M.; Garcia-Garcia, P.;
Fernandez-Rodriguez, M. A.; Gonzalez-Pérez, A.; Nieto-Faza, O.;
de Lera, A. R.; Rodriguez, F. Chem. — Eur. J. 2010, 16, 9818-9828.
doi:10.1002/chem.201001162

21. Alvarez, E.; Miguel, D.; Garcia-Garcia, P.;
Fernandez-Rodriguez, M. A.; Rodriguez, F.; Sanz, R.
Beilstein J. Org. Chem. 2011, 7, 786—793. doi:10.3762/bjoc.7.89

Beilstein J. Org. Chem. 2026, 22, 1221-1228.

22.Renedo, L.; Solas, M.; Hernandez-Ruiz, R.; Suarez-Pantiga, S.;
Sanz, R. Org. Lett. 2025, 27, 8662—-8667.
doi:10.1021/acs.orglett.5c02596

23.Renedo, L.; Solas, M.; Silva Lépez, C.; Suarez-Pantiga, S.; Sanz, R.
Org. Lett. 2026, 28, 4922—4927. doi:10.1021/acs.orglett.6c00991

24.Renedo, L.; Alvarez, E.; Solas, M.; Suarez-Pantiga, S.;
Fernandez-Rodriguez, M. A.; Sanz, R. Adv. Synth. Catal. 2024, 366,
2079-2089. doi:10.1002/adsc.202301457

25. Virumbrales, C.; Suarez-Pantiga, S.; Solas, M.;
Fernandez-Rodriguez, M. A.; Sanz, R. Org. Biomol. Chem. 2018, 16,
2623-2628. doi:10.1039/c80b00406d

26.Sanjuan, A. M.; Martinez, A.; Garcia-Garcia, P.;
Fernandez-Rodriguez, M. A.; Sanz, R. Beilstein J. Org. Chem. 2013, 9,
2242-2249. doi:10.3762/bjoc.9.263

27.Nishikata, T.; Noda, Y.; Fujimoto, R.; Sakashita, T. J. Am. Chem. Soc.
2013, 735, 16372—-16375. doi:10.1021/ja409661n

28. Xue, J.-H.; Shi, M.; Yu, F.; Li, X.-Y.; Ren, W.; Fu, L.-N.; Guo, Q.-X.
Org. Lett. 2016, 18, 3874-3877. doi:10.1021/acs.orglett.6b01880

29.Wang, Y.; Ji, K;; Lan, S.; Zhang, L. Angew. Chem., Int. Ed. 2012, 51,
1915-1918. doi:10.1002/anie.201107561

30.Sanz, R.; Miguel, D.; Martinez, A.; Gohain, M.; Garcia-Garcia, P.;
Fernandez-Rodriguez, M. A; Alvarez, E.; Rodriguez, F.

Eur. J. Org. Chem. 2010, 7027-7039. doi:10.1002/ejoc.201001055

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement

(https://www.beilstein-journals.org/bjoc/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.22.98

1228


https://orcid.org/0000-0003-2830-0892
https://doi.org/10.5281/zenodo.21673176
https://doi.org/10.1002%2Ftcr.201600099
https://doi.org/10.1021%2Facs.accounts.5b00016
https://doi.org/10.1055%2Fa-2343-1001
https://doi.org/10.1021%2Facs.chemrev.0c00151
https://doi.org/10.1021%2Facs.accounts.3c00057
https://doi.org/10.1021%2Fjo0618674
https://doi.org/10.1002%2Fcctc.201801201
https://doi.org/10.1002%2Fanie.201302411
https://doi.org/10.1021%2Facscatal.8b04455
https://doi.org/10.1021%2Fja0552500
https://doi.org/10.1002%2Fanie.202012664
https://doi.org/10.1002%2Fejic.201600836
https://doi.org/10.1021%2Facs.orglett.5b01935
https://doi.org/10.1021%2Fja209980d
https://doi.org/10.1021%2Facscatal.8b04144
https://doi.org/10.1021%2Facscatal.4c05839
https://doi.org/10.1016%2Fj.tetlet.2022.154156
https://doi.org/10.1055%2Fs-2008-1072584
https://doi.org/10.1002%2Fanie.200802660
https://doi.org/10.1002%2Fchem.201001162
https://doi.org/10.3762%2Fbjoc.7.89
https://doi.org/10.1021%2Facs.orglett.5c02596
https://doi.org/10.1021%2Facs.orglett.6c00991
https://doi.org/10.1002%2Fadsc.202301457
https://doi.org/10.1039%2Fc8ob00406d
https://doi.org/10.3762%2Fbjoc.9.263
https://doi.org/10.1021%2Fja409661n
https://doi.org/10.1021%2Facs.orglett.6b01880
https://doi.org/10.1002%2Fanie.201107561
https://doi.org/10.1002%2Fejoc.201001055
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.22.98

	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Funding
	Author Contributions
	ORCID iDs
	Data Availability Statement
	References

