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Ruthenium-catalyzed three-component tandem
remote C—H functionalization of naphthalenes:
modular and concise synthesis of multifunctional
naphthalenest

Mao-Gui Huang,}? Yue-Liu-Ting Fu,i? Jia-Wei Li® and Yue-Jin Liu@*2

The prevalence of naphthalene compounds in biologically active natural products, organic ligands and
approved drugs has motivated investigators to develop efficient strategies for their selective synthesis.
C-H functionalization of naphthalene has been frequently deployed, but mainly involves two-
component reactions, while multiple-component C—H functionalization for the synthesis of naphthalene
compounds has thus far proven elusive. Herein, we disclose a versatile three-component protocol for
the modular synthesis of multifunctional naphthalenes from readily available simple naphthalenes, olefins
and alkyl bromides via P(m)-assisted ruthenium-catalyzed remote C—H functionalization. This protocol
not only tolerates various functional groups, but can be applied to many natural product and drug
derivatives, and can involve a three-component reaction with two different bioactive molecules.
Mechanism studies indicated that the utilization of tertiary phosphines as auxiliary groups is the key to

rsc.li/chemical-science

Naphthalene and its derivatives frequently occur in natural
products and functional materials." They also play prominent
roles in ligands (BINAP) as well as pharmaceuticals such as the
commercial drug Naproxen (Fig. 1A).> Traditional preparation
of substituted naphthalene derivatives is achieved through
intermolecular or intramolecular annulation reaction from
complex multiple-step synthesized substrates.® In contrast, the
C-H activation technique has in recent years emerged as an
increasingly viable alternative for late-stage functionalization,
avoiding the use of complicated starting materials.® In this
context, C-H functionalization of naphthalenes has seen
remarkable development (Fig. 1B).> Chemists have in recent
years successfully achieved selective C-H functionalization of
naphthalene rings from adjacent C2 and C8 positions, as well as
remote C4, C5, C6 and C7 positions with different strategies.®
Despite these advances, the present methods are limited to two-
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achieving the three-component free-radical reaction.

component coupling reactions that yield structurally uncom-
plicated naphthalenes. Conceptually, the direct functionaliza-
tion of naphthalene molecules through multi-component
reactions (MCRs) would be more attractive because it could
efficiently synthesize valuable complicated naphthalene deriv-
atives from multiple inexpensive and abundant starting mate-
rials, in particular those difficult to prepare using traditional
methods (Fig. 1C).

MCRs of olefins constitute one of the most important
organic reactions for constructing complex molecules from
simple raw materials.” Remarkable advances have been made in
metal-, light- and electricity-initiated MCRs of alkenes with
different coupling reagents.® In these reactions, the other two
components usually need to be prefunctionalized to enable the
success of reactions and control the selectivity. Deployment of
MCRs involving the coupling of olefins with non-
prefunctionalized substrates via C-H activation is a more
attractive strategy for efficiently synthesizing complicated
molecules. Although a few elegant works have been reported
using nonprefunctionalized aromatic compounds,’ it remains
a significant challenge to develop MCRs of substituted naph-
thalenes with more subtle C-H bonds (up to 7), especially for
those C-H bonds at remote positions.

Very recently, we reported the first remote C5-
functionalization of naphthalenes® via ruthenium-catalyzed -
activation.’ We found, while carrying out mechanism studies,
that owing to the strong electron-donating effect of tertiary
phosphine, the P(ur)-coordinated cyclicoruthenium
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d) This work: Three-component C5-H tandem functionalization of naphthalene with ruthenium catalysis
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Fig. 1

intermediate could react with bromoalkanes to trigger forma-
tion of alkyl radicals under mild conditions and finally produce
two-component C5-functionalized products. Inspired by this
study, we assumed that the three-component radical reaction of
alkenes with naphthalenes and alkyl bromides may be achieved
using a strategy involving phosphine-assisted™ ruthenium-
catalyzed d-activation. Yet, achieving an MCR C-H functionali-
zation of naphthalene is a great challenge, as it does not only
require controlling the chemical selectivity of two-component
coupling reactions, but also controlling the sequence selec-
tivity and site selectivity of multi-component reactions, such as
by (1) inhibiting C8-hydrogenarylation of alkenes with naph-
thalenes as previously reported,” (2) overcoming two-
component C5-functionalization of naphthalenes with alkyl
bromides,* and (3) avoiding radical polymerization of olefins.
Thus, whether the three-component remote C-H tandem
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1 excellent remote site-selectivity — high chemoselectivity —

complex and valuable products

Important naphthalene-containing molecules and their synthesis via C—H functionalization of naphthalene.

reaction of naphthalenes with simple olefins and alkyl
bromides could be realized is still not determined.

In the current work, we tested the above speculation by
developing a three-component reaction of naphthalenes with
olefins and alkyl bromides, with this reaction involving P(ui)-
assisted Ru-catalyzed remote C5-H activation (Fig. 1D). The
reaction features excellent chemoselectivity and high remote
C5-site selectivity. This achievement provides a concise and
modular protocol for the synthesis of complicated and valuable
1,5-disubstituted naphthalenes from simple and inexpensive
materials and corresponding synthesis of a series of natural
products and drugs. Moreover, this three-component strategy
can be expanded to involve polycyclic aromatic hydrocarbons
(PHAs) for synthesizing challenging and complex PHAs.

We initiated our studies of three-component reactions with
commercially available naphthalene 1a, olefin 2a and fluo-
roalkyl bromide 3a. After extensive investigation of various

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Investigation of directing groups®
Bn
PPhyH e PPhy H
2 B [RuCly(p- cymene PPh, CO,Me
gl peol
+ BrCF,COEt — >
CO,Me + B2t NaOAc (2.0 eq.) OO
PhCF3, 80 °C COzEt CF,CO,Et
1a 2a 3a o 4a 5 (C5-product) 6 (C8- product)
Entry Variation from the optimal conditions Yield (%) of 4a Yield (%) of 5 Yield (%) of 6
1 No 85° <5 <5
2 Cy,P- instead of Ph,P- 0 0 0
3 Ph,N- instead of Ph,P- 0 0 0
4 PhO- instead of Ph,P- 0 0 0
5 Py instead of Ph,P- 0 0 0
6 PA instead of Ph,P- 0 0 0
7 CH,=CHCO,Me instead of 2a <5 <5 56
8 BrC(CHj;),CO,Et instead of 3a <5 67 <5
9 Without [RuCly(p-cymene)], 0 0 0
10 With Pd(OAc), instead of [RuCl,(p-cymene)], 0 0 0
11 With Rh(Cp*)Cl, instead of [RuC1,(p-cymene)], 0 0 0

¢ Reaction conditions: 1a (0.10 mmol), 2a (0.30 mmol), 3a (0.30 mmol) 5 mol% [RuCl,(p- cymene)]z, NaOAc (2 equiv.), 1 mL PhCF;, 80 °C in sealed

Schlenk tubes, 12 h, under argon. Yields were determined using 'H NMR, R=H or Bn.

reaction parameters (Table 1), the desired three-component C5-
tandem product (4a) was obtained in 85% yield with excellent
site-selectivity (C5/C8 > 95:5) and chemoselectivity (C5/C5" >
95:5) when the reaction was assisted by the phosphine group
and used [RuCl,(p-cymene)], (5 mol%) and NaOAc (2.0 equiv.) at
80 °C in (trifluoromethyl)benzene (see ESIT for detailed opti-
mization) (entry 1). Other assisting groups such as Cy,P-,
Ph,N-, PhO- and pyridine, as well as bidentate quinoline amide
were also tested, but they were all ineffective for this reaction
(entries 2-6), demonstrating the key role of the phosphine
group in this transformation. Notably, only C8-hydroarylation
product 6 was obtained when methyl acrylate was used (entry
7), proving the key role of alkene for the three-component
tandem reaction of naphthalenes. When 2-bromoisobutyrate
was selected as the coupling reagent (entry 8), the two-
component C5-functionalized product 5 was obtained. This
result may have been due to the tertiary alkyl radical having
attacked the naphthalene faster than its having attacked the
olefin. No product was detected without addition of [RuCl,(p-
cymene)], or with palladium and rhodium catalysts instead of
[RuCl,(p-cymene)], (entries 9-11), indicating the significant and
unique ruthenium catalytic activity for this three-component
remote C5-tandem reaction.

With the optimized conditions in hand, we probed the
versatility of the three-component C5-tandem reaction of
naphthalenes, olefins and alkyl bromides (Scheme 1). First, the
olefin scope was investigated. Modified 2-benzylacrylate esters
were evaluated and it turned out that electron-donating alkoxyl
(3b) and electron-withdrawing ester (3c), acetyl (3d), and
formyl (3e) groups were tolerated, affording the desired prod-
ucts 4b-e in 82-84% yields, respectively. Furthermore, an array

© 2025 The Author(s). Published by the Royal Society of Chemistry

b Isolated yield.

of 2-alkylacrylate esters could be converted smoothly into the
corresponding products 4f-i, 4m in moderate to good yields.
Moreover, acrylamide and styrenes (3j-1) were also accepted
and delivered the products in 51-65% yields with excellent
regio- and chemoselectivity levels (>20:1). However, mono-
substituted and cyclic olefins were not suitable for the three-
component reaction of naphthalenes. Next, we turned our
attention to the scope of alkyl bromides. A variety of bromo-
difluoroacetates were applicable to the reaction and generated
the desired products 40-u in 50-89% yields, respectively.
Additionally, a series of bromodifluoro acetamides underwent
the reaction in the standard conditions, delivering products
4v-4ab, respectively, in 48-63% yields. Pleasingly, we also
found that monofluoroalkyl and secondary alkyl bromides
could be employed as the alkylating reagents, affording prod-
ucts 4ac and 4ad in good yields without diastereocontrol of the
newly formed consecutive chiral centers, which proved these
reaction to involve a radical addition process. Substituted
naphthalenes and even anthracene were also investigated,
giving the corresponding products 4ae-4ai in 38-76% yields,
respectively. Given the excellent applicability of the three-
component tandem transformation, diversification of bioac-
tive molecules via this strategy was investigated (Scheme 2).
Reactions with modified bromodifluoroacetate and bromo-
difluoro acetamide derived from piperitol, dehydroabietylamine,
vitamin E, etc. could proceed under the standard conditions, and
afforded the corresponding products 7a-f in 40-75% yields.
Moreover, diverse acrylate ester and acrylamide species were well
tolerated, affording the coupling products 7g-1 in moderate to
good yields. Notably, modified alkyl bromides and diverse
acrylate esters turned out to be suitable and reacted with
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Scheme 1 Scope of three-component C5-tandem functionalization of naphthalenes with olefins and alkyl bromides. ?Reaction conditions: 1
(0.10 mmol), 2 (0.30 mmol), 3 (0.30 mmol), 5 mol% [RuCly(p-cymene)l,, NaOAc (2 equiv.), 1 mL PhCFs3, in sealed Schlenk tubes, 12 h, 80 °C, under
argon; selectivity was determined using 3P NMR. *Oxidized by H,O.
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Scheme 2 Reaction with natural products and drugs. ?Reaction conditions: 1 (0.10 mmol), 2 (0.30 mmol), 3 (0.30 mmol), 5 mol% [RuCly(p-
cymene)l,, NaOAc (2 equiv.), 1 mL PhCFs, in sealed Schlenk tubes, 12 h, 80 °C, under argon, selectivity was determined by **P NMR. ?Oxidized by
H,0,.
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naphthalene 1a in one pot smoothly to give 7m—q in 36-
this strategy may provide
a serviceable way for achieving post-functionalization and
modification of bioactive molecules in drug development and

yields, respectively. Therefore,

innovation.

To prove the practicability of this protocol, a scaled-up
reaction, specifically on a 3 mmol scale, was conducted;
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58% here, a mass of 1.37 g (75% yield) of product 4a was obtained
(Fig. 2a). The product 4a could be further converted into
valuable lactone product 8 via selective reduction of the ester
group and a subsequent intramolecular esterification reaction
(Fig. 2a).
Additionally, the product could be transformed into
complicated and otherwise synthetically challenging fluorine-

a) Gram-scale reaction and transformations of multifunctional product 4a PPh; POPh,
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Fig. 2 Synthetic applications.
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containing ketone 10 through hydrolysis and intramolecular
Friedel-Crafts acylation steps (Fig. 2a) (see ESI{ for detailed
conditions). In consideration of the unique activity of phos-
phine ligands in Pd-catalyzed Suzuki-Miyaura cross-couplings
(SMCs), control experiments were conducted (Fig. 2b). In
comparison with the formation of C(sp?)-C(sp?), the C(sp*)-
C(sp®) SMCs involving alkyl borons proved to be more chal-
lenging and less developed, as a result of the C(sp®)-Pd bond
being more unstable thermodynamically.

We assumed that the modification of 1-naphthphosphine at
the C5 position may enhance the stability of palladium inter-
mediates, thereby improving the catalytic efficiency. Therefore,
we tested the effect of product 4a on palladium-catalyzed
Suzuki-Miyaura coupling of alkylboronic acids and aryl
bromides with low catalyst loading. As shown in Fig. 2b, using
4a as the ligand, we obtained up to 99% yield of product (11a) in
the coupling of bromobenzene (6a) with n-butylboronic acid
(7a) at a concentration of 100 ppm of palladium catalyst. The
good reactivity of product 4a was shown in the Suzuki cross-
coupling reaction, probably owing to that the bulky and
strong electron-donating alkyl substituent was introduced at
the C-5 position of naphthalene phosphine, increasing the
electron cloud density at the center of the P atom and
promoting the catalytic activity of the palladium catalyst.
However, only a low yield (20%) was observed using unmodified
1-naphthphosphine (1a), which indicated the importance of C5
substitution of 1-naphthphosphine. Other widely used
commercial phosphine ligands, including dppb, PCy;, and
XPhos, were also tested. However, these ligands gave only low to
moderate yields (10-70%) with 0.01 mol% of Pd(OAc),. Then we
investigated the scope of aryl bromides with n-butylboronic acid
(7a) using 4a as ligand. Surprisingly, not only substituted bro-
mobenzenes (11b-f) but the heterocycle bromide quinoline
(11g) also could undergo the Suzuki-Miyaura coupling, gener-
ating the product in 70-99% yields, respectively. These results
demonstrated the high performance of our C5-alkylated phos-
phines, which may have a wide application in the field of metal
catalysis.

To shed light on the mechanism of this reaction, free radical
verification experiments were first carried out (Fig. 3). When
including 1.0 equivalents of radical trapping agent (TEMPO),
the reaction was completely inhibited and a radical adduct
product of 2a and TEMPO was observed (Fig. 3a) (see ESI{ for
detailed information), indicating that the reaction involved
a radical process. Next, we conducted controlled experiments of
auxiliary groups. The results showed that the diphenylamine
(Ph,N-) group and phenoxy (PhO-) group did not promote the
three-component reaction, proving the key role of the tertiary
phosphine auxiliary group in this design (Fig. 3b). Excitingly,
Int A prepared using our previous method could react with 2a
and 3a stoichiometrically under standard conditions and
furnish product 4a in 20% yield. Moreover, examination of the
catalytic reaction of Int A also suggested that it might be a viable
intermediate for this transformation (Fig. 3c). Then, the kinetic
isotope effect (KIE) of this transformation was investigated.
High (1.9) and low (1.1) values of KIE were observed for the C5
and C8 positions, respectively (Fig. 3d), suggesting C5-H bond

© 2025 The Author(s). Published by the Royal Society of Chemistry
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activation to be the rate-determining step of this ruthenium-
catalyzed three-component C5-functionalization of naphtha-
lene. Next, an H/D exchange experiment of 1a was conducted
with CD;OD. A high level of deuterium was found at the C8
position of the product (55%) and recovered raw materials 1a
(56%), but the C5-H bond was not deuterated (Fig. 3e). This
result showed that C8-H activation was reversible while acti-
vation of the C5-H bond was an irreversible process. At last,
a competition experiment was carried out (Fig. 3f). The results
showed the electron-donating group to be more conducive than
to the reaction.

Based on the above results and previous literature,*” a plau-
sible process was derived, and is shown in Fig. 3g. According to
this process, first substrate 1la coordinates with [RuCl,(p-
cymene)], to generate ruthenium complex A, which then
undergoes C8-H activation to form the five-membered cyclo-
metalated complex Int A. Next, Int A is oxidized by alkyl
bromides 2 via single-electron transfer to form trivalent ruthe-
nium complex B and releases the first alkyl radical R, which is
trapped by olefin 3 to form secondary alkyl radical species C.
Subsequently, radical C attacks the para-position of the Ru-C8
bond of intermediate B to generate intermediate D. Then,
intermediate D generates the C5-functionalized intermediate E
via a dehydroaromatization process. Finally, intermediate E
undergoes protonation reactions to afford product 4 and
regenerates the catalyst [RuX,(p-cymene)],. During this process,
insertion of alkene into the Ru-C bond in intermediate Int A
followed by a protonation process could deliver the C8-alkylated
by-product 6. Moreover, the alkyl radical may attack the para-
position of the Ru-C bond in intermediate B, producing C5-
alkylated by-product 5.

In summary, we have developed the first three-component
tandem reaction of naphthalenes with olefins and alkyl
bromides by using a phosphine-coordinated ruthenium cata-
Iytic system. This system overcomes the otherwise favorable
two-component reaction, offering a modular and concise
strategy for accessing complex and valuable multifunctional
naphthalenes with high chemoselectivity and site-selectivity.
Notably, this protocol features a broad substrate scope, wide
functional group tolerance, mild reaction conditions and high
universality including disubstituted olefins and trisubstituted
olefins. The multifunctional products not only can serve as
highly efficient ligands in Suzuki-Miyaura coupling reactions,
but can also be further converted into fluorinated naph-
thohexacyclic ketones and fluorinated hexacyclic intra-
molecular lipids. Moreover, the synthetic value of this
methodology was demonstrated by the synthesis of a series of
complicated products including many natural products and
drugs, which may contribute to research and discovery of new
drugs containing naphthalene. Mechanistic studies disclosed
that the C5-H bond activation is the rate-determining step in
this three-component radical tandem naphthyl C5-
functionalization, which is different from the previous two-
component C5-functionalization. Further research on devel-
oping new types of multi-component C-H functionalization
reactions is underway in our laboratory.
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