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- and ortho-selectivity in C–H
methylation of 1-naphthaldehydes by a tunable
transient ligand strategy†

Yujian Mao,‡ Jing Jiang,‡ Dandan Yuan,‡ Xiuzhen Chen, Yanan Wang, Lihong Hu*
and Yinan Zhang *

Methyl groups widely exist in bioactive molecules, and site-specific methylation has become a valuable

strategy for their structural functionalization. Aiming to introduce this smallest alkyl handle, a highly

regioselective peri- and ortho-C–H methylation of 1-naphthaldehyde by using a transient ligand strategy

has been developed. A series of methyl-substituted naphthalene frameworks have been prepared in

moderate to excellent yields. Mechanistic studies demonstrate that peri-methylation is controlled by the

higher electronic density of the peri-position of 1-naphthaldehyde as well as the formation of intermediary

5,6-fused bicyclic palladacycles, whereas experimental studies and theoretical calculations inferred that a 5-

membered iridacycle at the ortho-position of 1-naphthaldehyde leads to energetically favorable ortho-

methylation via an interconversion between the peri-iridacycle and ortho-iridacycle. Importantly, to

demonstrate the synthetic utility of this method, we show that this strategy can serve as a platform for the

synthesis of multi-substituted naphthalene-based bioactive molecules and natural products.
Introduction

The methylation strategy is of particular importance in access-
ing or optimizing bioactive molecules owing to the ubiquity of
methyl groups in these pharmacological entities (Fig. 1A).1 The
development of site-specic methylation has attracted signi-
cant attention in the rapid construction and late-stage func-
tionalization of complex structures.2 Although a few
regioselective methylation methods are well-developed for the
transition metal (TM)-catalyzed ortho-C–H functionalization of
benzene,3 the precise site-selectivity control on polyaromatic
ring systems (e.g. naphthalene) remains largely absent,4 due to
their possession of at least two proximal sites, the peri- and
ortho-positions (Fig. 1B).

With the help of immobilized directing groups, such as
picolinamides,5 thioethers,6 carboxylic derivatives,7 amines,8

hydrosilyls,9 carbamates,10 pyridyls,11 phosphines,12 and sulfo-
namides,13advances in peri- and ortho-C–H functionalization
have been made, but most of these ligands have been restricted
to C–H sp2 functionalization (e.g. arylation, alkenylation,
stances of Chinese Medicine, School of

edicine Nanjing, Jiangsu, 210023, China.

jucm.edu.cn

SI) available: Experimental procedures,
tails, and copies of 1H and 13C NMR

in this manuscript. See DOI:

908
alkynylation, cyanation, etc.) and suffer from extra steps for
installation and removal of directing groups (Fig. 1C). Although
the transient directing group (TDG) strategy has been conse-
quently devised to avoid using immobilized directing groups,14

TDG promoted C–H alkylation remains extremely challenging.
The only example, demonstrated by the Sorensen group,
showed that the in situ formation of Schiff bases with benzal-
dehydes and orthanilic acids promoted ortho-C–H methylation
and uorination.15 Our recent study has successfully extended
the peri- and ortho-C–H oxygenation of polyaromatic rings.16

Inspired by these discoveries, we envisioned that the precise
site-selectivity control of proximal C–H alkylation of the naph-
thalene ring might be achieved via the incorporation of TDGs
(Fig. 1D). To the best of our knowledge, we herein wish to
disclose the rst regioselective peri- and ortho-C–H methylation
of 1-naphthaldehyde via TDG catalysis. The study not only
features the site-specic metal incorporation and C–H cleavage,
but also details mechanistic driving forces by providing
consistent experimental and computational evidence.
Results and discussion
Peri-C–H methylation

Initially, we began our investigation by conducting peri-C–H
methylation of 1-naphthaldehyde. Interestingly, the desired
peri-C–Hmethylated product was detected in low yield aer a 36
h reaction that used 10 mol% of Pd(OAc)2 as the catalyst, 60
mol% of glycine (TDG1) as the TDG, 2.0 equivalents of AgOAc as
the oxidant, 2.5 equivalents of potassiummethyl triuoroborate
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Effects of TDGs on peri-C–H methylation of 1-
naphthaldehydea,b

a Experiments were performed under the following reaction conditions:
1a (0.3 mmol), CH3BF3K (1.05 mmol), Pd(OAc)2 (10 mol%), TDG (60
mol%), Cu(TFA)2-xH2O (0.6 mmol), CsOAc (0.6 mmol), HFIP : AcOH ¼
7 : 1 (1.5 mL), H2O (3.0 mmol), 90 �C, sealed tube, 36 h. b Yields were
determined by 1H NMR analysis of the crude reaction mixture using
CH2Br2 as the internal standard.

Table 2 Scope of 1-naphthaldehyde for peri-C–H methylationa,b

a Under the same conditions as in Table 1. b Isolated yields.

Fig. 1 (A) Methyl groups in natural products and bioactive molecules.
(B) Selectivity from benzene to naphthalene. (C) Peri- and ortho-C–H
functionalizations of naphthalene. (D) Regioselective C–Hmethylation
of 1-naphthaldehydes with tunable TDGs.
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as themethylating reagent, and acetic acid (0.2 M) as the solvent
(Table S1†). Striving to improve the reaction efficiency, we
examined numerous oxidants and found that Cu(TFA)2-xH2O
(ref. 17) performed better than other oxidants. Previously re-
ported F+ oxidants failed to give the C–Hmethylation product at
the peri-position.15 Next, screening of basic additives showed
that two equivalents of CsOAc gave a better yield (35%).
Surprisingly, the addition of H2O that facilitated the solubility
of triuoroborate salt improved the yield to 43%, and yet
adopting soluble methylboronate MeBF3(Bu4N) and other
methylating reagents inhibited the yield (Tables S1 and S2†).
The screening of solvents, for example, hexauoroisopropanol
(HFIP) further promoted the reaction yield to 48%, while only
traces of ortho-product 3a or bi-methylated product 4a were
detected. Subsequent optimization of TDG ligands demon-
strated that the presence of L,X-type TDGs is critical to C–H
methylation, probably because the peri-selectivity relied on the
formation of bicyclic palladacycles (Table 1). Using carbonyl as
the X-branch of the ligand (TDG1, 7, 8) preferably gave the peri-
product, whereas reactions involving the use of sulfonic acid as
the X-branch (TDG2, 5) and monodentate ligands (TDG3, 6)
were biased towards the bi-methylated product. Meanwhile,
extended L,X-TDGs (TDG4, 5, 9) triggered a higher ratio of Pd
insertion at the ortho-position, since the bicyclic palladacycle
© 2022 The Author(s). Published by the Royal Society of Chemistry
with a 5,6-fused ring has the most favorable ring strain.18

However, steric L,X-type TDGs (TDG10–12), which destabilized
the conformation of bicyclic palladacycles, reduced the
reactivity.

With the optimal reaction conditions in hand, we next
explored the scope of peri-C–H methylation (Table 2). Various
substituted 1-naphthaldehydes bearing electron-neutral,
donating and withdrawing groups were smoothly methylated in
uniformly moderate yields. Substrates with substituents in
universal positions could provide the corresponding products.
Chem. Sci., 2022, 13, 2900–2908 | 2901
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Gratifyingly, sulfonates (2e, 2f, 2t) and acrylates (2m, 2q) were
amenable with the reaction system. Previously prohibited
substrates, such as those with formidable withdrawing and
donating groups (2j, 2y), also gave the desired products. The
limitation of the method occurs only on the steric substitution
at the 7-position (2x).
Ortho-C–H methylation

Although we have detected the existence of ortho-products
(TDG3, Table 1) during the optimization of peri-C–H methyla-
tion, the yield with Pd catalyst is difficult to improve aer futile
efforts. The higher electron density at the peri-position allows
the C–H activation to inevitably occur prior to the ortho-posi-
tion. Inspired by previous studies,19 we hypothesized that
iridium may override the unnecessary activation at the peri-
position. To our delight, the ortho-C–Hmethylated product was
found dominantly when using [Cp*IrCl2]2 and TDG3, although
accompanied by a trace quantity of di-methylated 4a. Extensive
screening of solvents, oxidants, additives and methylating
reagents resulted in no yield enhancement (Tables S3 and S4†),
while thorough investigation of the TDGs implicated that
Table 3 Scope of 1-naphthaldehyde for ortho-C–H methylationa,b

a Experiments were performed under the following reaction conditions:
1a (0.3 mmol), CH3BF3K (0.6 mmol), [Cp*IrCl2]2 (5 mol%), TDG (20
mol%), AgNTf2 (0.06 mmol), AgOAc (0.75 mmol), AcOH (1.5 mL), 90
�C, N2, sealed tube, 5–10 min. b Isolated yields. c Yields were
determined by 1H NMR analysis of the crude reaction mixture using
CH2Br2 as the internal standard. d TDG28 was used instead of TDG25.
e TDG29 was used instead of TDG25, 30 min.

2902 | Chem. Sci., 2022, 13, 2900–2908
simple anilines were superior to the L,X-type ligands (Tables 3
and S3†). Finally, we identied thatmeta-EWG containing TDGs
(TDG25, 28) were the optimal ligands for ortho-C–H
methylation.

With the optimized procedure in hand, we next explored the
scope of ortho-C–H methylation. All the substituted 1-naph-
thaldehydes previously studied for peri-C–H methylation were
revisited. It was found that not only all sorts of electron prop-
erties but also universal sites of substituted naphthaldehydes
were well-tolerated to generate the expected ortho-products with
excellent yields. Although substrates with steric hindrance and
electron-donating substituents19a were found to inhibit the
reactivity, 3-aminobenzonitrile (TDG28) dramatically promoted
the reactivity of these steric (1k, 1l and 1m) and electron
donating substrates (1h and 1y). When the di-CN TDG group
was used (TDG29), the yield of 3y further increased to 71%,
indicating that the electron-withdrawing TDG is favorable for
ortho-C–H methylation. The poor convertion of peri-occupied
substrates (2a and 1ab) inspired our further study
of mechanism.
Synthetic applications to naphthalene-based derivatives and
natural products

Based on the above studies, we devoted our efforts to demon-
strating the synthetic utility of this protocol. As shown in
Scheme 1 Synthesis of diverse naphthaldehydes via sequential C–H
functionalizationsa. aReaction conditions: (a) 1a or 3a, CH3BF3K (3.5
eq.), Pd(OAc)2 (10 mol%), TDG (60 mol%), Cu(TFA)2-xH2O (2 eq.),
CsOAc (2 eq.), HFIP : AcOH¼ 7 : 1, H2O (10 eq.), 90 �C, sealed tube, 36
h. (b) 1a, CH3BF3K (2 eq.), [Cp*IrCl2]2 (5 mol%), TDG (20 mol%), AgNTf2
(20 mol%), AgOAc (2.5 eq.), AcOH, 90 �C, N2, sealed tube, 4 h. (c) 2a,
[Ru(p-cymene)Cl2]2 (5 mol%), AgSbF6 (20 mol%), 2-methyl-3-(tri-
fluoromethyl)aniline (20 mol%), 4-chlorobenzoic acid (0.5 eq.), 1-
ethyl-1H-pyrrole-2,5-dione (1.5 eq.), DCE : HFIP ¼ 5 : 1, 60 �C, N2,
sealed tube, 36 h. (d) 2a, Pd(OAc)2 (10 mol%), methyl 4-iodobenzoate
(2 eq.), 2-amino-2-methylpropanoic acid (40 mol%), AgTFA (1 eq.),
HFIP : TFA ¼ 9 : 1, 110 �C, sealed tube, 24 h. (e) 2a, [CpIrCl2]2 (4 mol%),
3-trifluoromethylaniline (40 mol%), 4-methylbenzenesulfonyl azide (2
eq.), AgPF6 (24 mol%), DCE, 100 �C, N2, sealed tube, 36 h. (f) 2a or 3a,
NCS (1.3 or 1.5 eq.), Pd(OAc)2 (10 mol%), anthranilic acid (30 mol%),
AgTFA (10 mol%), TFA (10 eq.), DCE, 60 �C, sealed tube, 24 h. (g) 3a,
Pd(OAc)2 (10 mol%), K2S2O8 (2 eq.), MeOH (20 eq.), 3-(trifluoromethyl)
aniline (40mol%), CH2Cl2, 60 �C, sealed tube, 36 h. (h) 3a, NBS (1.5 eq.),
Pd(OAc)2 (10 mol%), 2-amino-4-nitrobenzoic acid (50 mol%), AgTFA
(10 mol%), TfOH (50 mol%), DCE, 90 �C, sealed tube, 24 h.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1, methylated products 2a and 3a can be obtained on
gram scales with 48% and 81% yields respectively. Diverse di-
substituted naphthalene derivatives were achieved via sequen-
tial C–H functionalization at the proximal positions of alde-
hydes with reactive groups, such as alkyl, aryl, halogen,
sulfonamide, and alkoxy. Interestingly, 2,8-dimethyl-1-naph-
thaldehyde 4a could be obtained if the methyl group was rst
introduced at the 2-position (Table 3) rather than at the 8-
position (Scheme 1).

In our further attempt to demonstrate the synthetic utility,
several bioactive compounds20 that bear alkyl-substituted
naphthalene frameworks have been obtained efficiently
(Scheme 2). For example, the preparation of nordehy-
drocacalohastine (11), an antimicrobial eremophilane sesqui-
terpene rst isolated from Cacalia and Senecio plants,21 started
from commercially available naphthol 5. Naphthaldehyde 7 was
readily acquired by the Rieche reaction of compound 6 with
high regioselectivity. Aer protection of the phenol group with
a-bromoacetone, peri-methylation was successfully carried out
to deliver the key intermediate 9 in a yield commensurate with
the above standard conditions. Subsequent deformylation and
cyclization accomplished the synthesis of the natural product in
a total of 6 steps. Impressively, the employment of our meth-
ylation method saves 6 steps and improves the total yield 4.5-
fold (11.7% vs. 2.6%) compared with the previously reported
route.22 Meanwhile, gram methylation of 3-bromo-naph-
thaldehyde gave the ortho-methylated naphthaldehyde 13 in
80% yield. Next, treatment with the standard Bayer–Villiger
reaction and oxidation smoothly produced the key precursor
quinone 15, providing an alternative route to vitamin K.23 The
nal example was illustrated by the exchange of substitution on
4-uoronaphthaldehyde. Peri-methylation and removal of the
Scheme 2 Synthetic transformation of regioselective peri- and ortho-C

© 2022 The Author(s). Published by the Royal Society of Chemistry
formyl group gave 16. Oxidation of the existing methyl group to
another aldehyde 17 achieved ortho-methylation to form a rare
2-methyl-5-uoronaphthaldehyde in 82% yield. These serial
conversions highlighted the unique merit of our method in the
preparation of naphthalene-based natural products and bioac-
tive derivatives.
Mechanistic studies

To gain mechanistic insight into this reaction, a set of control
experiments were carried out. In the absence of a catalyst or
a TDG group, little product was detected under the standard
conditions. The addition of a radical scavenger cannot quench
the methylated products (Scheme 3, A1 and B1), indicating
a non-radical process. Slightly reversible H/D exchange
occurred at the peri-C–H position in the presence of Pd(OAc)2,
while addition of glycine increased the ratio of the deuterated
product. This observation veried the promotive effect of the
TDG (Scheme 3, A2). Equivalent mixtures of EDG (1h) and EWG
(1j) substrates under standard conditions of peri-methylation
resulted in a large ratio of product 2h, illustrating that the
electron-rich naphthaldehyde reacted faster than the electron-
decient one (Scheme 3, A3), while ortho-methylation had
a much faster rate with electron-withdrawing substitutions
(Scheme 3, B3). The stable palladacycle 19 was successfully
captured by the pyridine ligand and could be further converted
to the peri-methylated product 2a (Scheme 3, A4). Moreover,
addition of product 2a was found to inhibit peri-methylation of
1a (Scheme S1†), which may explain the moderate yields of this
conversion.

However, treatment of 1a with [Cp*IrCl2]2 in AcOD delivered
deuterated products at both peri- and ortho-positions. The
higher D-ratio at the peri-position with standard and extended
–H methylation.

Chem. Sci., 2022, 13, 2900–2908 | 2903



Scheme 3 Mechanistic studies.
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reaction times consistently showed that the peri-position is
more likely to have the metal inserted due to its higher elec-
tronic density than the ortho-position,16 and even the intro-
duction of TDG25 had no inuence on this outcome (Scheme 3,
B2). Although the rate of peri-metallation may be superior to the
rate of methylation at the ortho-position in the C–H metal
insertion step, it was found that the peri-iridacycle was readily
hydrolysed, which also explains the higher yield of the deuter-
ated product at this position. In contrast, resistance to ortho-
hydrolysis resulted in the capture of iridacycle 21 and its NTf2
ligand exchanger 22 (Scheme 3, B5). Treatment with CH3BF3K
produced iridacycle 24 and the desired ortho-methylated
product 3a in the absence of an oxidant. However, in the pres-
ence of an oxidant, ortho-iridacycle 22 was converted to peri-
iridacycle 23 when the ortho-position was occupied by the
methyl group. And peri-iridacycle 23 was readily acid hydrolyzed
to product 3a rather than successive methylation at the peri-
position. Notably, the observations that ortho-iridacycle 22 was
resistant to acid hydrolysis and peri-blocked substrates (3z and
4a, Table 3) diminished the ortho-productivity further corrobo-
rated the fact that the reactivity of and interconversion between
these iridacycles together controlled the ortho-selectivity
(Scheme 3, B4). Additionally, the poor reactivity of simple
benzaldehyde in our method showed that the methylation
2904 | Chem. Sci., 2022, 13, 2900–2908
method had unique properties in the selective activation of the
proximal C–H bonds of naphthaldehyde (Scheme S2†). Finally,
determination of the kinetic isotope effect (KIE) of the C–H
cleavage was carried out (Scheme S3†). The intermolecular KIE
of 1a and 1a-peri-D was found at 0.99 (kH/KD), which indicated
that the cleavage of the peri-C–H bond is not involved in the
rate-determining step. Similarly, the KIE of the ortho-C–H bond
was studied at a low temperature to slow the conversion for
measurement. The intermolecular KIE of 1a and 1a-ortho-D is
1.30 (kH/KD), which suggested that the cleavage of the ortho-C–H
bond may not be involved in the rate-determining step.

Computational studies

Since the control experiment suggested that the peri-pallada-
cycle directed the following methylation, the mechanism for the
palladium-catalyzed peri-C–H activation process was thus
investigated using M06-2X DFT calculations. As shown in
Fig. 2A, the transition state of TS2 possessed a lower energy
barrier (DG‡ ¼ 11.9 kcal mol�1) at the peri-position, in
comparison with the transition state TS1 guiding the ortho-C–H
insertion (DG‡ ¼ 16.5 kcal mol�1). At the same time, the lower
energy level of peri-intermediate Int3 over Int2 also indicated
that the higher electron density at the peri-position of 1-naph-
thaldehyde controlled the selectivity. In order to obtain details
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 (A) The calculated reaction energy profile of palladacycle complex formation steps. (B) IBO analysis of the palladium-assisted peri-C–H
activation of TS2.
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on the actual electron ow in the conversion, an intrinsic bond
orbital (IBO) analysis was performed (Fig. 2B).24 In the TS2
structure, the electrons in the s-orbital [aromatic C–H] interact
with the p*-orbital [C]O] of acetate to abstract a proton. The
electrons of [s(Pd–O)] become a lone pair [LP(Pd)] of the
palladium complex, and at the same time, the electrons in the
4d-orbital of palladium [LP(Pd)] form a new palladium–carbon
s-bond [s(Pd–C)] in the palladacycle intermediate. The bond
recombination occurs via a concerted mechanism.25

The mechanism of the ortho-C–H activation process with the
iridium catalyst was also investigated following the experi-
mental ndings (Fig. 3A). As anticipated, starting from the
relative zero point of the iridium-Schiff base complex, peri-
metallation had a lower energy barrier of 3.5 kcal mol�1 than
ortho-metallation. Aer C–H insertion, the peri-iridacycle was
also found to be more stable than its ortho-counterpart 22.
Subsequent transmetallation with CH3BF3K ipped over the
Gibbs energy, in which ortho-product 24 was exothermic by 7.4
kcal mol�1, 11.1 kcal mol�1 higher than that of the process that
yielded the peri-product. The addition of the Cl ligand to the
intermediates Int5 and Int6 also reversed their stability, which
was exactly validated by the isolation of iridacycle 21 rather than
peri-21. In the intrinsic bond orbital (IBO) analysis, a similar
pattern of electron ow to that of the palladacycle had been
veried (Fig. 3B).
© 2022 The Author(s). Published by the Royal Society of Chemistry
Previous ndings prove that the energy barrier of reductive
elimination is lowered at least by 15–30 kcal mol�1 by
increasing the oxidation state of iridium from product-like Ir(III)
to reactant-like Ir(V).26 We postulated that oxidatively enhanced
reductive elimination was also dominant in our ortho-methyl-
ation aer iridium was oxidized to hypervalent species by the
silver oxidant. As shown in Fig. 3C, active ortho-Ir(V) species Int7
underwent reductive elimination and coupled the methyl group
to the naphthalene ring releasing a large amount of energy (41.4
kcal mol�1), in which the energy barrier of ortho-methylation
was 14.2 kcal mol�1 (2.7 kcal mol�1 lower than that of the
unfavorable peri-methylation). Next, the iridacycle rebounded to
the peri-position to produce intermediate 23 as experimentally
observed, by continuing to release 4.9 kcal mol�1 of energy.
Overall computational calculations indicated by the energy
prole of transient states were in complete agreement with
experimental investigations and supported the regioselectivity.

Collectively, we proposed a plausible catalytic cycle that is
believed to be different from previously reported Pd(II)/(IV)15 and
Ir(I)/(III)19a catalysis (Scheme 4). Starting from the formation of
imine A or E, metal catalysts are incorporated into the activated
C–H bond and afforded a 5,6-fused bicyclic or 6-membered ring
at the peri-position. Insertion of CH3BF3K to the palladacycle
induces subsequent reductive elimination to forge precursor D.
For the iridacycle, hydrolysis and re-iridation promote the
Chem. Sci., 2022, 13, 2900–2908 | 2905



Fig. 3 (A) The calculated reaction energy profile of the formation of intermediate 24. (B) IBO analysis of the iridium-assisted ortho-C–H
activation of TS3. (C) The calculated reaction energy profile of the formation of product 23.
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Scheme 4 Possible mechanistic pathway.
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conversion of 6-membered ring F to 5-membered ring G, which
is ready to perform transmetallation with a methylated reagent.
Aer the oxidatively induced reductive elimination of iridacycle
H, ortho-methylation brings about another peri-iridation to
form intermediate I which is reactively inert to methylation. D
and I further furnish the desired products 2a and 3a by in situ
hydrolyzation, respectively. Concomitantly, the active catalysts
are regenerated for the next catalytic cycle.

Conclusions

We have developed a highly regioselective peri- and ortho-C–H
methylation of 1-naphthaldehyde by using the transient ligand
strategy. Mechanistically, capture of reaction intermediates and
isotopic exchange experiments identied variable reactive
metallacycles formed with different transient directing ligands
in the metal-insertion and methylation steps. As suggested by
DFT calculations and IBO analysis, although peri-metalation is
energetically favorable compared to ortho-metalation in both
palladium and iridium catalyses, transmetallation of CH3BF3K
with iridium(III) readily takes place on the ortho-iridacycle rather
© 2022 The Author(s). Published by the Royal Society of Chemistry
than on the peri-iridacycle, which primarily explained the
dichotomic selectivity on the two proximal positions of the
naphthalene ring. We believe that this nding would greatly
advance the future studies toward exquisite transformation
control of polyaromatic rings. Moreover, the regioselectivity and
broad utility of this method provide an unconventional tactic
for the supply of multi-substituted naphthalene-based bioactive
derivatives and natural products, thus building a stage for the
use of dual metal/TDG catalysis approaches in the creation of
molecules that are synthetically practicable and structurally
attractive.
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