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aUniversité Côte d’Azur, Institut de Chimie d

France. E-mail: veronique.michelet@univ-co
bInstitut Servier d’Innovation Thérapeutique
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catalyzed divergent cascade
cycloisomerization/[3 + 2] versus [2 + 2 + 1]
cycloaddition towards a stereoselective access to
heterohexacyclic derivatives

Emilie Gentilini,a Anäıs Bouschon,a Vincent Davenel,b Fabien Fontaine-Vive,a

Jean-Marie Fourquezb and Véronique Michelet *a

A divergent cascade cycloisomerization/[3 + 2] vs. [2 + 2 + 1]-cycloaddition via gold or silver catalysis has

been reported in 1,1,1,3,3,3-hexafluoroisopropan-2-ol (HFIP). The reaction was independently optimized

for both metals leading to two hexacyclic derivatives comprising a bicyclo[3.2.1]octane unit and

respectively a benzoxazinone or a N-oxo-indolinone pattern. The unique influence of HFIP was

demonstrated via 19F and 31P NMR analyses. This process, involving the formation of C–C, C–O, and

C–N bonds and of three stereogenic centers led to privileged scaffolds in a context of the search for

increased molecular diversity of drug-candidate libraries. The versatility of this methodology was

demonstrated by the synthesis of 25 different hexacyclic scaffolds (yields up to 98%). Gram-scale

synthesis as well as post-functionalization reactions illustrated the versatility and interest of these

catalytic transformations. DFT calculations were performed to rationalize the proposed mechanism of

this cascade reaction.
Introduction

Regarding the relevance of complex heterocycles in biologically
active molecules but also the recent concept of “Escape from
Flatland”,1 designing new and sustainable methods for access
to poly-heterocyclic derivatives appears to be still very chal-
lenging. In this context, catalytic cascade cycloisomerization
processes offer an access to diverse and complex scaffolds,
while maintaining atom economy andmild reaction conditions.
Among these cascade reactions, the cycloisomerization of o-
(alkynyl)nitrobenzene derivatives drew our attention, as in
recent years, in addition to the classic reactivity leading to the
anthranil or isatogen units,2 different intra-3 or intermolecular4

metal-catalyzed cascade reactions have been reported (Fig. 1). In
2011, Liu and co-workers reported a gold-catalyzed intermo-
lecular nitroalkyne redox cyclization/[2 + 2 + 1]-cycloaddition
leading to an azacyclic compound in a stereoselective manner
(Fig. 1A).5 In comparison with the literature on these gold-
catalyzed transformations, studies on the catalytic activity of
silver compounds are relatively scarce.6 For example, a sequen-
tial silver-catalyzed oxidative cyclization of 2-alkynylanilines has
been reported by Arcadi and our group leading to anthranil
e Nice, Valrose Park, 06108, Nice Cedex 2,
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derivatives (Fig. 1B).7 Hexauoroisopropanol (HFIP) is a power-
ful solvent widely used for stabilizing charged intermediates,8

but more recently used in organometallic chemistry, particu-
larly in gold catalysis.9 Its strong hydrogen-bonding ability and
high polarity was a key feature for accelerating reaction rates
and improving selectivity. The combination of 1,1,1,3,3,3-
hexauoroisopropanol (HFIP) with gold complexes has proven
highly effective in catalytic cycloisomerization reactions leading
to heterocycles (Fig. 1C).9

While combination of HFIP with silver catalysts in cyclo-
isomerization reactions is limited,10 the synergistic effects
observed in gold catalysis suggest that exploring HFIP's role in
silver-catalyzed processes could be a promising area for future
research. Following our interest in organometallic atom-
economical transformations,11 we therefore embarked in this
study and anticipated that this synergy would facilitate the
activation of alkynes in the case of silver complexes as for gold
catalysts. Additionally, HFIP is known to improve the solubility
of substrates and to create a network closed to water network,
which would be an asset and would hopefully contribute to high
regio- and stereoselectivity in the resulting products.12

On the other hand, designing methods for selectively
synthesizing different products from the same starting mate-
rial, only by modifying the reaction conditions and/or the
catalysts, is challenging but represents also a valuable tool for
divergent synthesis.13 In this context, starting from a 1,6-cyclo-
hexenylalkyne scaffold, we envisaged to explore the reactivity of
Chem. Sci., 2025, 16, 17611–17620 | 17611
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Fig. 1 (A) Gold-catalyzed cyclizations of nitroalkyne scaffolds. (B) Metal-dependent synthesis of heterocyclic structures. (C) Access to
heterohexacyclic derivatives via gold or silver catalysis in the presence of HFIP. (D) HFIP for activation of gold complexes. (E) Natural bioactive
products incorporating a pseudoindoxyl unit.
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such substrates while adding an o-nitrophenyl on the alkyne
(Fig. 1D). Considering the potent reactivity of nitroalkynes
derivatives but also of 1,6-enynes, we expected an intra-
molecular cascade reaction involving these three functions. We
wish therefore to report therein a divergent synthesis of two
hexacyclic derivatives via a silver or gold-catalyzed cyclo-
isomerization and [3 + 2] or [2 + 2 + 1] cycloaddition cascade
reaction (Fig. 1D).

Starting from the same compound, and by switching from
gold to silver catalysts, we designed two unprecedented selective
methods leading to complex scaffolds bearing respectively
a benzoxazinone and a N-oxo-indolinone units. These struc-
tures represent privileged scaffolds in a search for increased
molecular diversity of drug-candidate libraries.
Results and discussion

The 1,6-enyne derivatives were prepared through a four-step
sequence starting from ethyl 4-oxocyclohexane carboxylate
1.11a,14 Aer triation, a Suzuki–Miyaura coupling was per-
formed (yields from 64% to 98%) to reach derivatives 3a to 3i
17612 | Chem. Sci., 2025, 16, 17611–17620
(Scheme 1). The substrate 3j was obtained via an iron-coupling
using MeMgBr and 10 mol% of Fe(acac)3 in a THF/NMP
mixture, according to a procedure described by Fürstner's
group.15 Derivatives 3a to 3j were then engaged in a prop-
argylation reaction with yields from 28% to 94% and subse-
quently in a Sonogashira cross-coupling, leading to the desired
starting 1,6-enynes 5a to 5z (26 derivatives) with yields ranging
from 46% to 98% (Scheme 1). The substitution on the aromatic
ring R2 was highly diversied with electron-withdrawing and
electron-donating groups. Similar modications were designed
for group R1 (see SI for details). We also introduced relevant
heterocycles such as an indole (5i), a nitroquinoline (5v) and 2-
nitrothiophenes (5w, 5x). We then initiated our study with 1,6-
enyne 5b bearing a para-methoxyphenyl as model substrate.

Regarding the different functions, ve products were initially
observed, bicyclic derivatives 6 and 7 coming from respectively
the 6-endo and 5-exo cycloisomerization of the enyne moiety,
product 8b obtained aer the classical nitroalkyne cycliza-
tion15,16 and hexacycles 9b and 10b resulting from the
cycloisomerization/[3 + 2] or [2 + 2 + 1]-cycloaddition cascade
reaction (Table 1).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of starting materials.
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Regarding the complexity and the similarity of these two
products 9b and 10b, their structures were unambiguously
conrmed by X-ray diffraction of derivatives 9b and 10b,
bearing a para-methoxyphenyl as aromatic ring (Fig. 2).17

Due to the similarities between each product, we evaluated
ratios between the ve products by 1H NMR using 3,4,5-tri-
chloropyridine as an internal standard. We evaluated the effi-
ciency of our previous conditions, eg 5 mol% of IPrAuNTf2 in
toluene at 80 °C. We obtained a selectivity of 37% for the
anthranile derivative 8b. We therefore started our investigations
by testing different solvents and observed that the use of DCE at
room temperature gave a better yield for 8b (49%) and 10b
(26%) (Table 1, entry 2). We then explored the impact of the
ligand. Switching from NHC ligand to PPh3 provided a major
selectivity (56%) for hexacycle 10b. Keeping in mind the existing
literature cited before on the difference of selectivity between
the use of silver and gold catalysts on similar transformations,7

we wondered if silver catalysts were suitable in our reaction. We
rst employed AgNO3 but unfortunately, no conversion was
observed (Table 1, entry 4). Rewardingly, using 5 mol% of
AgNTf2 in DCE at room temperature led to the formation of
product 9b as major product despite a modest yield and
a partial conversion (Table 1, entry 5). Increasing the tempera-
ture to 80 °C allowed a total conversion with a better yield of
55% for 9b (Table 1, entry 6). Different silver salts had been
tested such as AgSbF6, AgOTf, Ag2CO3 (Table 1, entries 7 to 9),
but none of them gave satisfying results. Interestingly, the use
© 2025 The Author(s). Published by the Royal Society of Chemistry
of AgBF4 led to a total selectivity for hexacycle 9b with a yield of
56% (Table 1, entry 10). Further optimizations in different
solvents did not give satisfactory results, as no reaction
occurred in toluene or acetonitrile (Table 1, entries 11–12) and
a mixture of 8b and 9b was observed in nitromethane (Table 1,
entry 13). We performed the cyclization in HFIP and observed
a better yield of 67% (Table 1, entry 14). To determine if this
result was solely due to the protic nature of HFIP or to its
properties,8 we also conducted the reaction in MeOH, iPrOH,
tBuOH and TFE, but no reactivity was detected (Table 1, entries
15–18). Considering the unstable aspect of silver salts, we
envisaged to use a ligand to increase the efficiency of the reac-
tion, unfortunately the addition of 20 mol% PPh3 resulted in
a total loss of reactivity (Table 1, entry 19).18 Finally, increasing
the catalytic charge from 5 to 10 mol% (Table 1, entry 20)
allowed to reach a yield of 78%, giving us our nal conditions
for the formation of 9b: 10 mol% of AgBF4 in HFIP at 40 °C.

With these successful conditions for 9b in hands, we then
came back to some optimization that would allow the formation
of hexacycle 10b. The best result obtained so far was 43% yield
using 5 mol% of PPh3AuNTf2 in DCE at room temperature
(Table 2, entry 1). We started the optimization by performing
the reaction in different solvents, but once again, no better
results were obtained in nitromethane, acetonitrile, chloroform
or methanol (Table 2, entries 2 to 6). We mentioned earlier the
growing interest on the use of HFIP for transition-metal catal-
ysis and this applies particularly to reactions involving gold
complexes. HFIP demonstrated indeed an ability to activate
gold chloride species. It has been shown that the acidic prop-
erties of HFIP weaken the Au–Cl bond by creating a network of
hydrogen bonds, enabling the generation of the active cationic
gold form.9 Regarding the drawbacks of the use of additives
such as silver salts but also the great solubility of [AuCl(L)]
complexes in this solvent, HFIP appeared to be very suitable for
methodologies involving gold catalysis. In this context, we
performed the reaction in HFIP, using rst the active species
PPh3AuNTf2 which led to a yield of 48% for 10b (Table 2, entry
7). Switching to the usually unreactive chloride form, PPh3AuCl,
gladly provided a full selectivity for 10b with a yield of 56%
(Table 2, entry 8). We already observed at the beginning of the
optimization that NHC ligands favored the formation of 8b, so
the chloride forms of such complexes (IPrAuCl and SIPrAuCl)
were also engaged in HFIP (Table 2, entries 8 and 9). A slight
difference was observed and a yield of 50% was obtained for 8b
using SIPrAuCl in HFIP at rt (entry 10). Considering the higher
ease of use of this catalyst, these conditions were kept as nal
ones in order to target the anthranile scaffold of product 8.

Concerning the access to hexacyclic scaffold 10b, we then
explored the effect of other phosphine ligands. We selected two
phosphine-based ligands and one phosphite. JohnPhos and the
phosphite-ligand based complex (Table 2, entries 11 and 13)
gave similar results, a mixture of all the ve products with
a slight selectivity around 30% for 10b (with a conversion of
84% for the phosphite) while dppm (Table 2, entry 12) provided
a selectivity of 40% for the desired hexacycle. With the best
result with triphenylphosphine gold(I) chloride in hand, we
nally investigated the effect of the temperature (Table 2,
Chem. Sci., 2025, 16, 17611–17620 | 17613
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Table 1 Optimization of reaction targeting hexacycle 9b

Entry [M] T (°C) Solvent 6a(%) 7a(%) 8ba(%) 9ba(%) 10ba(%)

1 IPrAuNTf2 80 Toluene 4 5 37 Traces 13
2 IPrAuNTf2 rt DCE — — 49 3 26
3 PPh3AuNTf2 rt DCE 3 3 6 21 43
4b AgNO3 rt DCE — — — — —
5c AgNTf2 rt DCE — — 6 31 12
6 AgNTf2 80 DCE — — 8 55 —
7 AgSbF6 80 DCE — — — 37 —
8d AgOTf 80 DCE — — — 43 —
9b Ag2CO3 80 DCE — — — — —
10 AgBF4 80 DCE — — — 56 —
11 AgBF4 80 Toluene — — — — —
12b AgBF4 80 MeCN — — — — —
13b AgBF4 80 MeNO2 — — 19 27 —
14 AgBF4 40 HFIP — — — 67 —
15b AgBF4 40 MeOH — — — — —
16b AgBF4 40 iPrOH — — — — —
17b AgBF4 40 tBuOH — — — — —
18b AgBF4 40 TFE — — — — —
19b,e AgBF4 40 HFIP — — — — —
20f AgBF4 40 HFIP — — — 78 —
21f AgBF4 80 DCE — — — 65 —
22g — 80 DCE — — — — —

a Determined by 1H NMR. b 0% conversion. c 66% conversion. d 62% conversion. e Addition of 20% of PPh3.
f 10 mol% of [Ag]. g Addition of

10 mol% of HNTf2, only degradation of starting material was observed.

Fig. 2 X-ray diffractions of 9b (left) and 10b (right).
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entries 14 and 15) but we observed lower activity at lower or
higher temperature. A control experiment without gold species
was performed and no reaction was observed (Table 2, entry 16).
Thus, we nally chose as nal conditions for 10b the use of
5 mol% of PPh3AuCl in HFIP at room temperature.

Interactions between metal complexes and HFIP had also
been investigated via NMR studies: with 19F NMR for AgBF4
(Fig. 3, le) and 31P NMR for PPh3AuCl (Fig. 3, right).
17614 | Chem. Sci., 2025, 16, 17611–17620
Both signals (in green) showed an upeld signal in presence
of HFIP compared to the one of the complexes alone (in red).
This result supports the existence of an interaction between the
complex used — either gold or silver — and HFIP, potentially
leading to the formation of a network between these species.
This could also explain the particular selectivity observed when
HFIP is used as the solvent.

With selective conditions for each of the desired products in
hand, we then started to evaluate the scope and the limitations
of our reactions, by rst targeting hexacycle 9b bearing a bicyclo
[3.2.1]octane and a benzoxazinone units (Scheme 2).

We began by the modication of the R1 group. Our model
substrate was with a p-methoxy-phenyl, so we rst ran the
reaction with a phenyl substituent that led to the exact same
yield of 78% (9a, 9b). Switching to p-tolyl (9c) or 3,4-di-
methoxyphenyl (9f) aromatic rings provided the desired
compound inmodest yields. Unfortunately, we could not isolate
product 9d, where R1 was a p-uorophenyl group. The synthesis
of starting materials bearing electron-withdrawing groups on R-
position was somewhat complicated, however, the silver-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Optimization of reaction targeting hexacycle 10b

Entry [M] Solvent 6a(%) 7a(%) 8ba(%) 9ba(%) 10ba(%) Convb(%)

1 PPh3AuNTf2 DCE 2 4 6 21 43
2 PPh3AuNTf2 Toluene 6 6 — 18 41
3 PPh3AuNTf2 MeNO2 2 — — 16 18 76
4 PPh3AuNTf2 MeCN 1 — 5 11 10 69
5 PPh3AuNTf2 CHCl3 4 — — 18 20 90
6 PPh3AuNTf2 MeOH — — — — — 0
7 PPh3AuNTf2 HFIP — — — 4 48
8 PPh3AuCl HFIP — — — — 56
9 IPrAuCl HFIP — — 47 7 17
10 SIPrAuCl HFIP — — 50 6 20
11 L1AuCl HFIP 8 4 14 8 30
12 L2Au2Cl2 HFIP 6 4 6 — 40
13 L3Au2Cl2 HFIP 3 — 9 8 28 84
14c PPh3AuCl HFIP — — — 11 36 90
15d PPh3AuCl HFIP — — — — 50
16 None HFIP — — — — — 0

a Determined by 1H NMR. b Conversion when not full. c Reaction performed at 0 °C. d Reaction performed at 40 °C.

Fig. 3 Interactions of AgBF4 and PPh3AuCl with HFIP in 19F NMR (left)
and 31P NMR (right).
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catalyzed cyclization step provided compound 9e in a good yield
of 65%. The para position for substitution seemed to be crucial,
with no reaction occurring for example with 9g, while an
excellent yield of 98% was obtained for 9h bearing 3,4,5-tri-
methoxyphenyl as R1. We started to perceive the limitation of
our catalytic system with N-Boc-indole instead of the phenyl
group (9i). With a methyl group in position R1, the desired
compound 9j was also not observed, but another product was
isolated (Scheme 6, vide infra). We continued our investigations
by modifying the aromatic ring bearing the nitro group. Adding
a uor in meta position led to hexacycle 9k with a fair yield of
65%. The inuence of electronic properties of the aromatic
substituent (R2) was also evaluated: the presence of an electron-
© 2025 The Author(s). Published by the Royal Society of Chemistry
donating group led to a loss of reactivity, as no conversion was
observed for 5o, 5q and 5s. In contrast, the introduction of
electron-withdrawing groups proved to be effective, with yields
ranging from 48% to 76%. The steric hindrance was also
studied, using methylester in ortho (9t) and para (9l) positions
as substituents on the R2 aromatic ring. We obtained the cor-
responding products with respectively 74% and 76% yields,
indicating that the ortho position is as well tolerated as the para.
We were pleased to observe that the reaction conditions were
also suitable with halogen substituents (9m, 9n), allowing to
envisage cross-couplings as further post-functionalization. The
use of larger aromatic systems such as naphthalene provided
product 9u, which could not be cleanly isolated from several by-
products. Replacing the phenyl ring by a quinoline one also
proved successful, with 50% yield for the compound 9v while
the introduction of a thiophene unit didn't allow the synthesis
of hexacyclic compounds 9w and 9x. Regarding the excellent
yield obtained using 3,4,5-trimethoxyphenyl as R1 group (9h),
we wondered if it was compatible with more decorated R2

aromatic rings. Finally, compounds 9y and 9zwere isolated with
slightly better yields than their respective p-methoxyphenyl
substituted analogs (72% yield for 9y compared to 65% for 9n
and 50% yield for 9z compared to 48% for 9r).

To investigate the scope of the formation of product 10, we
selected diverse substrates and explored their reactivity using
triphenylphosphine gold chloride as catalyst. These conditions
appeared unexpectedly to be more challenging compared to
those optimized derivative 9 (Scheme 3). Indeed, only seven out
of the twelve derivatives led to the desired corresponding
Chem. Sci., 2025, 16, 17611–17620 | 17615
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Scheme 2 Scope and limitations of the synthesis of derivatives 9.

Scheme 3 Scope and limitations of the synthesis of derivatives 10.
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compounds. In the case of 10e and 10i, a mixture of starting
material and the anthranile derivatives 8, resulting solely from
the cyclization of the nitro moiety with the alkyne, was
observed. Rewardingly, we were pleased to observe that
switching p-methoxyphenyl to 3,4-dimethoxyphenyl as R1 led to
the formation of hexacycle 10f with 89% yield, and 3,4,5-tri-
methoxyphenyl provided 10h with 32% yield. Remarkably,
substitution with a methyl group was also suitable with these
conditions and led to compound 10j with a yield of 15%. Con-
cerning R2 substituent, adding an ester moiety in para position
decreased the yield to 13% (10l) while adding a Cl atom led to
a 40% yield (10y). Replacing the phenyl by a quinoline ring (10v)
provided a modest yield of 21%. Example 10k was, for its part,
17616 | Chem. Sci., 2025, 16, 17611–17620
observed on the crude 1H NMR spectra but unfortunately could
not be isolated from several by-products.

To fully complete our study and get a vast array of products,
the formation of anthranile scaffold 8 was also investigated,
using the conditions described in Table 2, entry 10. Six 1,6-
enynes were engaged in presence of 5 mol% of SIPrAuCl in HFIP
at room temperature (Scheme 4). Switching from p-methoxy-
phenyl (8b, 50% yield) to a phenyl (8a) or a 3,5-dimethoxyphenyl
(8c) allowed the formation of desired compounds with a similar
yield of 51%. Concerning R2, three different positions (C3, C4,
C5) and substituents were investigated. The introduction of
a uor atom provided compound 8k with a yield of 56% while
a methoxy in C5-position led to 8s with a slightly lower yield of
44%. For its part, bromo-substituted anthranile derivative 8m
was obtained with a satisfying yield of 69% (Scheme 4).

Concerning the mechanism of the reaction, different path-
ways could be envisaged (Schemes 5 and 6). Bicyclo[3.2.1]non-
ene 6 and bicyclo[3.2.1]octene 7 resulted respectively from the
cycloisomerization of the 1,6-enyne moiety under a 6-endo or
a 5-exo pathway, as already described by our group.11a Anthra-
nile derivative 8 was obtained by cyclization of the nitroalkyne
framework. Such reactivity has been well described in the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Scope and limitations of the synthesis of derivatives 8.

Scheme 5 Proposed mechanism of the reaction.
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literature,3 so we could easily assume that the addition of the
nitro group onto the gold-activated alkyne occurred via a 6-endo-
dig process leading to compound 8 via the a-oxo-gold-carbene
intermediate C (Scheme 5). Regarding hexacyclic derivatives 9
and 10, based on the literature,3,5 we envisaged that the nitro
function could be added via a 5-exo-dig route allowing the
formation of a-oxo-metal-carbene intermediate F. The passage
through such intermediate had been proven thanks to an
intramolecular trapping on substrate 5j (Scheme 6). Indeed, in
presence of AgBF4, the cyclization of 5j did not lead to the ex-
pected hexacyclic derivative 9j but product 11 was isolated with
a yield of 82%. In the presence of PPh3AuCl, 10j was synthesized
with a yield of 15% but 11 was also obtained as a major product
(46% yield).

This product resulted from the intramolecular trapping of
intermediate 5j-F by the alkene of the cyclohexene scaffold
(Scheme 6). These results demonstrated the existence of a-oxo-
silver-carbene and a-oxo-gold-carbene as intermediates for the
synthesis of hexacyclic derivatives 9 and 10.

Then, two different routes could be proposed for the subse-
quent intramolecular cyclization of metal carbenoid F. Indeed,
depending on the heteroatom of the nitroso group involved in
the coordination, the a-oxo-metal-carbene F could cyclize to
form either a ve-membered ring with a coordination of the
nitrogen, or a six-membered ring with a coordination of the
oxygen atom. We investigated via DFT calculations the different
free energies of these intermediates in the presence of gold and
silver complexes in order to rationalize the selectivity between
the two metals. Interestingly, in the case of a silver catalyst, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
coordination of oxygen, leading to the six-membered ring
intermediate G-Ag appeared to be the most stable species.
Intermediate I-Ag, corresponding to nitrogen-coordination had
a higher free enthalpy of 27.1 kcal mol−1 (Scheme 5, G-Ag vs. to
I-Ag).19 Nevertheless, while using triphenylphosphine gold
chloride as catalyst, the formation of the ve-membered ring
was favored by a difference of 13.8 kcal mol−1.

These results and some data from the literature provide
strong support to propose the following mechanism. In the
presence of a silver catalyst, the second cyclization occurring is
a [2 + 2 + 1] cycloaddition between the alkene, the nitroso
moieties and the carbon bearing the gold complex as depicted
in Scheme 7.20 This [2 + 2 + 1] cycloaddition proceeded rst by
the coordination of the oxygen atom, leading to the six-
membered ring G. Aer a keto–enol tautomerism generating
enolH, a [3 + 2] cycloaddition step would allow the N-cyclization
to furnish benzoxazinone derivative 9. In the case of tri-
phenylphosphine gold chloride as catalyst, the coordination of
the nitrogen atom of the nitroso would be preferred, leading to
pseudoindoxyl scaffold I (Scheme 5). We assumed that the
demetallation would then occur, leading to the metal-free
Chem. Sci., 2025, 16, 17611–17620 | 17617
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Scheme 8 Formation of 9 via a [2 + 2 + 1] cycloaddition.

Scheme 6 Intramolecular trapping of a-oxo-metal-carbenes.
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nitrone J. Finally, the intramolecular [3 + 2] cycloaddition could
be performed via a O-cyclization leading to derivative 10.

In order to unveil the existence of the potential enol inter-
mediate H (Scheme 5), we added a chiral ligand to perform the
reaction. The use of (S)-DM-SEGPHOS led to an induction of
chirality (21% of enantiomeric excess), conrming the presence
of the metal during the [3 + 2] cycloaddition step (Scheme 8). In
another hand, the use of gold complexes bearing chiral ligands
didn't show any chirality induction, suggesting the formation of
metal-free nitrone J (Scheme 5).

Under these conditions, a mixture of products 9b and 10b
was obtained; chiral induction was only observed for compound
9b, suggesting that only its formation was inuenced by the
metal. The conversion was full, indicating that the reaction did
not involve kinetic resolution.

Then, the value of this divergent process catalyzed by either
gold or silver could also be established by performing a scale-up
and some post-functionalization experiments (Scheme 9). The
gram-scale transformation of 5b was performed on 3 mmol and
led to 9b in 56% and 10b in 52% yield respectively (Scheme 9,
(a)). Rewardingly, compounds 9b and 10b were subjected to
several post-functionalization reactions to access new and
original structures (Scheme 9, (b)). Carboxylic acids compounds
12 and 13 were obtained from respectively 9b and 10b using
LiOH with both 98% of yields.

The reduction of the ester and the ketone of compound 10b,
using LiAlH4, led to compound 15 in 96% yield. These two
modications greatly enhanced the substrate's capacity to form
hydrogen bonds, a characteristic commonly observed in
Scheme 7 Formation of 9 via a [2 + 2 + 1] cycloaddition.

17618 | Chem. Sci., 2025, 16, 17611–17620
biologically active molecules.21 Compound 9b was also sub-
jected to a non-optimized HWE reaction, leading to the corre-
sponding (E)-alkene 14 in 24% yield. Finally, a wide range of
bicyclo[3.2.1]octyl amides have shown biological activities, as
drugs for central nervous system diseases or anxiety disorders,22
Scheme 9 Gram-scale experiments and post-functionalization
reactions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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but also as adenosine receptor antagonists23 and thus have been
patented in the last decade. In this context, we demonstrated
that peptidic couplings were efficiently possible starting from
compound 12, to reach three bicyclo[3.2.1]octyl amides in good
to quantitative yields (Scheme 9(c), 16, 17, 18).

By using different kind of amines, we can provide an access
to a huge number of molecules with potential biological activity.
The reaction is completely diastereoselective and occurred
under mild conditions.
Conclusion

In summary, we have developed a divergent synthesis of hetero-
hexacyclic derivatives via a silver or gold-catalyzed cascade
cycloisomerization/[3 + 2] or [2 + 2 + 1] cycloaddition in HFIP.
We designed and optimized selective conditions for the
formation of two different families of complexes scaffolds,
bearing both a bicyclo[3.2.1]octane unit and respectively
a benzoxazinone or a pseudoindoxyl moiety. We showed that
interactions of HFIP with silver and gold were relevant making
HFIP a key player in this study. The starting 1,6-enyne deriva-
tives were conveniently synthesized through efficient, and high-
yielding reactions, including two palladium-catalyzed cross-
coupling reactions. The core framework of these products was
assembled via a [3 + 2] or [2 + 2 + 1] cycloaddition involving a-
carbonyl carbenoids, nitroso intermediates, and internal
alkenes. We showed that depending on the metal, a ve-
membered or a six-membered ring intermediate was favored,
followed by a N- or a O-cyclization leading to two different
hexacyclic derivatives. DFT calculations and control experi-
ments were also carried out to support the proposed mecha-
nism. Finally, we signicantly increased the molecular
complexity of our scaffolds, by the creation in a single step of 3
stereogenic centers and 3 cycles via the formation of C–C, C–O
and C–N bonds. These building blocks contain key units
commonly found in various biologically active natural products
and could also be valued by several post-functionalizations. In
a context of enhancing molecular diversity and complexity in
chemical libraries, the tridimensional character of our
compounds is currently investigated via PMI (principal moment
of inertia) analysis and will be described in due course.
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d’Innovation Thérapeutique for a PhD grant to E.G and for
some HRMS and NMR analyses. We are grateful to MS3U-
FR2769 platform (Sorbonne Université) for HRMS analyses
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d’Azur's Center for High-Performance Computing (OPAL infra-
structure) for providing resources and support.

Notes and references

1 (a) F. Lovering, J. Bikker and C. Humblet, J. Med. Chem.,
2009, 52, 6752–6756; (b) F. Lovering, Med. Chem. Commun.,
2013, 4, 515; (c) J. Meyers, M. Carter, N. Y. Mok and
N. Brown, Future Med. Chem., 2016, 8, 1753–1767.

2 (a) N. Asao, K. Sato and Y. Yamamoto, Tetrahedron Lett.,
2003, 44, 5675–5677; (b) X. Li, T. Vogel, C. D. Incarvito and
R. H. Crabtree, Organometallics, 2005, 24, 62–76.

3 (a) P. Patel and C. V. Ramana, Org. Biomol. Chem., 2011, 9,
7327; (b) L. W. Chen, J. L. Xie, H. J. Song, Y. X. Liu,
Y. C. Gu and Q. M. Wang, Org. Chem. Front., 2017, 4, 1731–
1735.

4 (a) S. Zhou, Q. Liu, M. Bao, J. Huang, J. Wang, W. Hu and
X. Xu, Org. Chem. Front., 2021, 8, 1808–1816; (b) G. Chen,
Y. Wang, J. Zhao, X. Zhang and X. Fan, J. Org. Chem., 2021,
86, 14652–14662; (c) P. S. Dhote and C. V. Ramana, Org.
Lett., 2019, 21, 6221–6224.

5 A. M. Jadhav, S. Bhunia, H.-Y. Liao and R.-S. Liu, J. Am. Chem.
Soc., 2011, 133, 1769–1771.

6 Silver in Organic Chemistry, ed. M. Harmata, Wiley, New
Jersey, 2010.

7 (a) A. Arcadi, M. Chiarini, L. Del Vecchio, F. Marinelli and
V. Michelet, Eur. J. Org Chem., 2017, 2017, 2214–2222; (b)
A. Arcadi, M. Chiarini, L. Del Vecchio, F. Marinelli and
V. Michelet, Chem. Commun., 2016, 52, 1458–1461.

8 Selected reviews:(a) I. Colomer, A. E. R. Chamberlain,
M. B. Haughey and T. J. Donohoe, Nat. Rev. Chem., 2017, 1,
0088; (b) H. F. Motiwala, A. M. Armaly, J. G. Cacioppo,
T. C. Coombs, K. R. K. Koehn, V. M. Norwood and J. Aubé,
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