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† Electronic supplementary informa
10.1039/d1sc07124f

Cite this: Chem. Sci., 2022, 13, 2783

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 21st December 2021
Accepted 9th February 2022

DOI: 10.1039/d1sc07124f

rsc.li/chemical-science

© 2022 The Author(s). Published by
palladium- and enantioselective
rhodium-catalyzed [3 + 2] spiroannulations†

Wen Wei,a Alexej Scheremetjewa and Lutz Ackermann *ab

Despite indisputable progress in the development of electrochemical transformations, electrocatalytic

annulations for the synthesis of biologically relevant three-dimensional spirocyclic compounds has as of

yet not been accomplished. In sharp contrast, herein, we describe the palladaelectro-catalyzed C–H

activation/[3 + 2] spiroannulation of alkynes by 1-aryl-2-naphthols. Likewise, a cationic rhodium(III)

catalyst was shown to enable electrooxidative [3 + 2] spiroannulations via formal C(sp3)–H activations.

The versatile spiroannulations featured a broad substrate scope, employing electricity as a green oxidant

in lieu of stoichiometric chemical oxidants under mild conditions. An array of spirocyclic enones and

diverse spiropyrazolones, bearing all-carbon quaternary stereogenic centers were thereby accessed in

a user-friendly undivided cell setup, with molecular hydrogen as the sole byproduct.
Introduction

Spirocycles feature inherent three-dimensionality and represent
a distinct structural scaffold. This privileged motif has been
increasingly utilized in drug discovery, among others.1 Thus,
spirocyclic building blocks with an all-carbon quaternary center
feature a higher fraction of sp3 hybridization (Fsp3), which was
recently regarded as a new parameter for drug-likeness.2 In
addition, spirocycles with spirouorenyl naphthalenone (SFNP)
structures exhibit broad applications in organic optoelectronic
materials (Fig. 1a).3 However, the synthesis of all-carbon spiro
skeletons is not only associated with increased synthetic efforts,
but has also been limited by broadly applicable and robust
methods.4 Transition metal-catalyzed C–H functionalization5

has emerged as an increasingly efficient tool to construct spi-
rocyclic compounds.6 Enol/enolate-directed ruthenium-,7

rhodium-8 or palladium-catalyzed9 oxidative [3 + 2]/[3 + 3]/[4 + 1]
annulations via C–H functionalization10 were thus reported.
Similarly, transition metal-catalyzed C–H activation/
dearomatization tandem processes of naphthols11 and
phenols12 also proved to be viable (Fig. 1b). Despite the indis-
putable advances, the use of stoichiometric amounts of chem-
ical oxidants has been necessary for the regeneration of the
active catalyst. In the past few years, electricity has been
recognized as an efficient tool for the assembly of two-
dimensional ring scaffolds.13 In sharp contrast,
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electrocatalytic methods are, thus far, unfortunately not avail-
able for the synthesis of 3D spirocyclic rings.14 Within our
program on sustainable electrocatalytic C–H functionaliza-
tions,15 we have now developed the rst electrocatalytically-
enabled spiroannulation (Fig. 1c). Notable features of our
strategy include (a) unprecedented electrooxidative C(sp2)–H
Fig. 1 (a) Representative examples of spirocyclic compounds. (b)
Methodologies for synthesis of spirocyclic compounds. (c) Electro-
oxidative spiroannulations.
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activation/dearomatization by versatile palladium catalysis, (b)
enantioselective [3 + 2] spiroannulation with a chiral rhodium
catalyst, (c) electricity as a benign oxidant in lieu of stoichio-
metric chemical oxidants, (d) mild reaction conditions for high
chemo- and enenatio-selectivity, (e) and an operationally-
convenient undivided cell setup.
Results and discussion
Optimization of the reaction conditions

We initiated our studies by probing different catalysts, among
which only Pd(OAc)2 performed with encouraging catalytic
efficacy. The desired dearomatization product 3aa was thereby
obtained in 50% yield. Aer considerable optimization of the
supporting electrolyte (entries 6–13, for details see ESI†), we
were pleased to nd that the desired transformation was effi-
ciently realized with NMe4Cl and 2.0 equivalents of substrate
1a in an undivided cell setup (entry 13). Replacing the elec-
trolyte NMe4Cl by n-Bu4NOAc led to a slight increase of the
yield (entry 14). The conversion decreased signicantly, when
the catalyst loading was reduced (entry 16). Remarkably, the
optimal result was obtained without K2CO3, affording the
product 3aa in 87% yield (entry 17). Furthermore, control
experiments showed the indispensability of the electricity
(entries 18) (Table 1).
Table 1 Optimization of reaction conditionsa

Entry Catalyst Supporting electrolyte Yieldb/%

1 [RuCl2(p-cymene)]2 n-Bu4NOAc Trace
2 [RhCp*Cl2]2 n-Bu4NOAc Trace
3 [Cp*Co(CO)I2] n-Bu4NOAc Trace
4 [Cp*Co(MeCN)3](SbF6)2 n-Bu4NOAc Trace
5 Pd(OAc)2 n-Bu4NOAc 50%
6 Pd(OAc)2 n-Bu4NPF6 37%
7 Pd(OAc)2 n-Bu4NBF4 45%
8 Pd(OAc)2 NMe4Cl 46%
9 Pd(OAc)2 KCl 25%
10 Pd(OAc)2 n-Bu4NI 33%
11 Pd(OAc)2 Et4NClO4 44%
12 Pd(OAc)2 n-Bu4NClO4 39%
13c Pd(OAc)2 NMe4Cl 71%
14c Pd(OAc)2 n-Bu4NOAc 79%
15c,d Pd(OAc)2 n-Bu4NOAc 64%
16c,e Pd(OAc)2 n-Bu4NOAc 25%
17c,f Pd(OAc)2 n-Bu4NOAc 87%
18c,f,g Pd(OAc)2 n-Bu4NOAc 15%

a Reaction conditions: 1a (176 mg, 0.4 mmol), 2a (70 mg, 0.4 mmol),
catalyst (10 mol%), supporting electrolyte (1.0 equiv.), base (2.0
equiv.), DMF (4.0 mL) at 100 �C, 16 h, under air. b Yield of isolated
product. c Using 1a (0.8 mmol), 2a (0.4 mmol). d 8 h. e Using Pd(OAc)2
(5 mol%). f Without K2CO3.

g Without current.

2784 | Chem. Sci., 2022, 13, 2783–2788
Mechanistic studies and gram-scale reaction

Then, we set out to study the working mode of the electro-
oxidative palladium-catalyzed spiroannulation. First, cyclo-
voltammetric analysis (Scheme 1a) of the substrates revealed an
irreversible oxidation event of the 1-aryl-naphthalenol 1a at Ep¼
�0.3 V. Compounds 2a and 3aa were found to be stable within
the examined potential window. When employing Pt instead of
glassy carbon as the working electrode (WE) material, a strong
reduction current was observed at�1.5 V, being indicative of an
efficient proton reduction as the cathodic event to form
molecular hydrogen as the only stoichiometric byproduct (see
ESI† for more details). Next, an intermolecular competition
reaction was performed to determine the kinetic isotope effect
(Scheme 1b). Thus, a KIE kH/kD of 3.0 was observed, suggesting
that the C–H scission was involved in the rate-determining step.
Finally, the robustness of the electrocatalysis was demonstrated
by a gram-scale synthesis (Scheme 1c).
Substrate scope

With the optimal reaction conditions in hand, we explored the
generality of the approach by testing different alkynes 2
(Scheme 2). Substrates with electron-donating groups, such as
methyl and methoxy substituents, afforded products 3ab and
3ac in high yields. Alkynes with the electron-decient tri-
uoromethyl and alkoxycarbonyl groups on the tolane could
also be converted into the desired spirocycles 3ad and 3ae,
Scheme 1 (a) Cyclic voltammetry, (b) KIE study, (c) gram-scale
reaction.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Palladaelectro-catalyzed spiroannulation with alkynes 2.

Scheme 3 Palladaelectro-catalyzed spiroannulation with 1-aryl-
naphthalenol 1.
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albeit with slightly diminished yields due to the relatively low
conversion of the alkynes. However, when the halogen substit-
uents (3af–3ah) were examined, the bromoaryl-alkyne showed
an apparent drop in the yield as compared with the uoro or
chloro analogs. Next, a series of alkynes bearing substituents at
themeta- or otho-position of the arene were found to be suitable
to give products 3ai–3am. In addition, the unsymmetrical
alkyne 2n was utilized for the dearomative spiroannulation, and
the corresponding product 3an was selectively obtained, while
products 3o and 3p were not observed under otherwise identical
reaction conditions.

Subsequently, the reaction scope was further examined by
varying the substitution pattern on the naphthols 1 (Scheme 3).
An array of electron-donating groups on the arene motif was
© 2022 The Author(s). Published by the Royal Society of Chemistry
found to be compatible with the electrocatalytic process (3ba–
3bc). It is noteworthy that synthetically-useful electron-
withdrawing groups, such as cyano (3bd), acetyl (3be), formyl
(3bf), ester (3bg), nitro (3bh) chloro (3bi), and different uoro-
containing groups were tolerated well. The reaction of
substrates with meta-substituents occurred regioselectively at
the less sterically hindered position, delivering products 3bm
and 3bn in 80% and 82% yield, respectively. The chloro group
remained intact in products 3bi and 3bn, thus offering handles
for further late-stage manipulations. The electrocatalysis
enabled the transformation of ortho-uoro-substituted
substrate, affording the product 3bo in 54% yield. When
binaphthalen-2-ol was subjected to the pallada-electrocatalysis,
the spirocycle 3bp was furnished in excellent yield. An aryl-
substituent on the naphthyl ring was tolerated likewise (3bq).

Given the topical interest in enantio-selective electro-
catalyzed C–H activation,16 we explored an asymmetric electro-
oxidative palladium-catalyzed spiroannulation (Table 2). Thus,
amino acid ligand 1 and chiral phosphoric acid diester ligand 2
were inter alia initially probed (entries 1 and 2). Unfortunately,
Chem. Sci., 2022, 13, 2783–2788 | 2785
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Table 2 Optimization of enantioselective electrocatalysis

Entry 1a/1b Catalyst Additive Yield/%

1a 1a PdCl2 Ligand 1 Trace
2b 1a PdCl2 Ligand 2 Trace
3c 1a [Rh]-1 (BzO)2 Trace
4d 1b [Rh]-2 AdCO2H 67%
5e 1b [Rh]-1 (BzO)2 57%/93:7 er

a Reaction conditions: 1a (0.8 mmol, 2.0 equiv.), 2a (0.4 mmol), PdCl2
(10 mol%), ligand 1 (20 mol%), NMe4Cl (1.0 equiv.), DMF (4.0 mL) at
100 �C, 16 h, under air. b Reaction conditions: 1a (0.8 mmol, 2.0
equiv.), 2a (0.4 mmol), PdCl2 (10 mol%), ligand 2 (20 mol%), NMe4Cl
(1.0 equiv.), DMF (4.0 mL) at 100 �C, 16 h, under air. c Reaction
conditions: 1a (0.8 mmol, 2.0 equiv.), 2a (0.4 mmol), [Rh]-1
(5.0 mol%), (BzO)2 (5.0 mol%), n-Bu4NOAc (1.0 equiv.), 1,4-dioxane/
H2O (3 : 1) (4.0 mL) at 100 �C, 16 h, under air. d Reaction conditions:
1b (1.5 equiv., 0.3 mmol), 2a (0.2 mmol), [Rh]-2 (2.5 mol%), KOAc (2.0
equiv.), AdCO2H (10 mol%), MeOH (4.0 mL), at 35 �C, 6 h, under air.
e Reaction conditions: 1b (1.5 equiv., 0.15 mmol), 2a (0.1 mmol), [Rh]-
1 (10 mol%), (BzO)2 (10 mol%), n-Bu4NPF6 (3.0 equiv.), MeOH (4.0
mL), at 35 �C, 6 h, under air.

Scheme 4 Enantio-selective rhoda-electrocatalyzed spiroannulation
of pyrazolone 1b.
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no desired product was formed. As an alternative, chiral
rhodium catalyst [Rh]-1 was examined, but exhibited no cata-
lytic efficiency. Meanwhile, and inspired by a rhodium(III)-
catalyzed enantioselective spiroannulation,8c the substrate a-
arylidene pyrazolone 1b was, among others, considered for the
envisioned rhodaelectro-catalyzed oxidative formal [3 + 2]
annulation. It is noteworthy that the cationic rhodium(III)
catalyst proved effective for this electrocatalytic transformation.
Thereby, the desired biorelevant spiropyrazolone 4a could be
obtained in 67% yield (entry 4).17 Importantly, a minor adjust-
ment of the catalytic system, set the stage for an enantiose-
lective transformation. An excellent enantio-selectivity and
a high conversion were hence observed under mild reaction
conditions with the catalyst [Rh]-1 (entry 5).

Next, we investigated the functional group tolerance of the
enantioselective rhodaelectrocatalysis (Scheme 4). Halogen
groups, such as uoro and chloro substituents, proved
compatible with the rhoda-electrocatalysis (4b and 4b0). Like-
wise, different substituents at the para- or meta-position were
2786 | Chem. Sci., 2022, 13, 2783–2788
examined, featuring high catalytic performance and selectiv-
ities (4c–4e, 4c0–4e0). In addition, an unsymmetrically-
substituted alkyne was tested to afford the product 4f with
excellent yield, while no conversion was found for the enan-
tioselective electrocatalysis.

Conclusions

We have developed the rst pallada-electrocatalyzed C–H
activation/dearomative spiroannulation of 1-aryl-2-naphthols,
as well as rhoda-electrocatalyzed enantioselective [3 + 2] spi-
roannulation. The electrocatalysis provided a facile route
towards the assembly of a structurally distinct three-
dimensional spirocyclic compounds. The unprecedented elec-
trocatalysis was characterized by high chemo-selectivity as well
as ample substrate scope, forming molecular hydrogen as the
sole byproduct.
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