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ABSTRACT: Here, first-ever an a-selective Csps—H bond functionalization of primary aliphatic alcohols with 1,4-naphthoquinones
yielded Csp2—Csp2 coupled products is reported, driven by blue-LEDs light in photo-catalyst, metal, base, reagent free conditions. In
this transformation, cleavage of three C-H bonds (two sp3-C-H, one sp>-C-H, and one O-H) and four new bonds formed, leading to

fluorescent 2-acylated-1,4-naphthohydroquinones.

Quinones are widespread in bacteria, plants, and even in the hu-
man body.! Naphthoguinones are essential members of the qui-
none family. They can generate reactive oxygen species such as
superoxides (0,~) and hydroxyl radicals? (HO") and strongly in-
duce cancer cell death by oxidizing DNA base pairs or/and li-
pids.® Substituted 2-acylated-1,4-naphthohydroquinones also
show good cytotoxicity towards various cancer cells.®® Naph-
thoquinones serve as valuable and multifaceted precursors for
constructing biologically active natural products, such as Elu-
therin, Isoetherin, Deoxyfrenolicin, and Frenolicin (Chart 1).*
Furthermore acylated quinones serve as useful key intermedi-
ates for pharmaceutically active molecules, such as Shikonin,
Alkannin, and Deoxyshikonin.®
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Chart 1. Various pyranonaphthoquinones with acylated quinone
cores

Aliphatic alcohols are widely available and are mainly used for
C-0 coupling reactions. Coupling of the sp*-C-H bond over -O-
H and often the site-selective functionalization of non-activated
aliphatic alcohols are attractive yet, bit challenging.® Many
strategies have been developed for functionalizing the sp3-C-H

bond of alcohols selectively; however, halogenating reagents or
transition metals are required to activate the C-H bonds.’

Further, the direct formation of carbon-carbon bonds by the
coupling of sp?-C-H and sp3-C-H is an attractive area,® particu-
larly in the presence of O-H, -CO,H, NH, functional groups as
preferential C-C coupling has to be achieved over favourable C-
O/N heteroatom coupling reaction. In recent times, research has
shifted towards the execution of light-induced greener protocols
for constructing carbon-carbon and carbon-heteroatom bonds.*
10| _ei and co-workers have used photocatalysts for various pho-
toredox transformations in organic synthesis, namely acetaliza-
tion of aldehydes with alcohols,® oxidant-free oxidative C-
H/N-H cross-coupling between arenes and azoles,”" and oxida-
tive activation of o-C-H bond of alcohol.® Also Kénig and co-
workers developed cooperative asymmetric organophotoredox
catalysis for intermolecular a-alkylation of aldehydes,'® and
metal-free methods using photocatalyst for direct C—H aryla-
tion of heteroarenes with aryl diazonium salts,*° and photocar-
boxylation of benzylic C—H bonds. %

Earlier light-mediated synthesis of 2-acylated-1,4-naphthohy-
drogquinone have been reported from 1,4-naphthoquinone and
aldehyde using benzene, fluorinated solvent, ionic liquid
(Scheme 1).1*

Scheme 1. Photo acylation of naphthoquinones
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Recently our group has studied the anticancer activity of the
some organoselenium compounds.? Next, we envisioned con-
structing naphthoquinones (potent ROS generator)*® substituted
organoselenium from diaryl diselenide and naphthoquinones.
Serendipitously, coupling of the sp3-C-H bond of ethanol sol-
vent with the sp2-C-H bond of naphthoquinone was realized in
the reaction. Here in continuation of our work on C-C cou-
pling,®¢ particularly light-induced coupling reactions,®%" we
report the site-selective functionalization of the sp®-C-H bond
of primary aliphatic alcohols with the sp?-C-H bond of naph-
thoquinone for the synthesis of fluorescent Cspo—Cspz coupled 2-
acylated-1,4-naphthphydroquinones under blue light irradia-
tion.

For the optimization of the reaction condition, 4-phenyl-1-bu-
tanol was chosen as a primary aliphatic alcohol (to monitor the
other side product easily) along with 1,4-naphthoquinone in
various solvents under the blue light irradiation (for blue light
irradiation, a household setup box was fabricated using blue
LED strips of 240 watts, for setup, See SI, page S3).

Table 1. Optimization of reaction conditions.

o OH O

VR OO
R ———
O‘ * Ho)k/\/Ph inert, rt, 18 h

OH
1a
Entry Solvent / Additive / Catalyst Yield? (%)
1 Trifluorotoluene 15
2 Benzene 18
3 CH:Cl: 22
4 THF 23
5 EtOAc 30
6 CHsCN 48
7 Acetone 60
8 Acetone / Eosin Y 10
9 Acetone / BQ trace
10 Acetone / PQ trace
11 Acetone / Benzophenone trace
120 Acetone NR
13¢ Acetone 20

The reactions were carried out using 1.26 mmol of naphthoquinone
and 2.52 mmol of alcohol in 5 mL of solvent at room temperature
under an inert atmosphere in a household fabricated blue-LEDs box
for 18 h. 2 Percentage isolated yield. ® Reaction was carried out in
the dark. ¢ Reaction was carried out in sunlight for 3 days. The op-
timal reaction condition was highlighted in bold.

Various solvents were screened under the reaction conditions
(entries 1-7) at room temperature. When triflourotoluene, ben-
zene, CH,Cl,, THF, and ethyl acetate solvents were tested (Ta-
ble 1, entries 1-5), the desired sp>-C-H and sp?-C-H coupled
product 1a was obtained with 15, 18, 22, 23, and 30% vyields,
respectively. When the reaction was performed in CH3;CN and
acetone, a noticeable increase of 12% in the yield of the desired
product 1la was observed (Table 1, entries 6-7). Acetone was
found to be superior, and a 60% yield of 1a was observed (Table
1, entry 7). This reaction was also performed in a UV reactor
(mercury vapor lamp, 450 watts); nonetheless, nearly the same
yield of 1a was realized (~62% vs. 60% using blue-LED light).
Next, photo-catalysts (20 mol %), namely Eosin Y, benzoqui-
none (BQ), phenanthrene-9,10-dione (PQ), and benzophenone
were explored under the light irradiation conditions, less or no
formation sp?>-CH and sp?-CH coupled product 1a was ob-
served, disappointingly, (Table 1, Entry 8-11). The reaction was
performed in the dark using the optimized conditions (entry 7);
no desired product 1a was perceived (Table 1, entry 12). More-
over, the optimized reaction was also performed under sunlight,
which provided less yield (10%) under similar time (18 h), and
a longer duration (3 days) is needed to obtain C-C coupled prod-
uct 1a in 20% yield (Table 1, entry 13).

After screening of the conditions, the substrate scope with re-
spect to various aliphatic alcohols was explored. As shown in
Scheme 2, a variety of simple aliphatic ethanol to n-decanol un-
derwent Csp;—Csp2 coupling to afford respective 2-acylated-1,4-
naphthohydroquinones 1b-1j in 54-58% yields as crystalline
solids. The structures 1d and 1e are also studied by single-crys-
tal XRD. After exploring the normal straight-chain aliphatic al-
cohols, 2° (isopropanol and phenyl-2-ethanol) and 3° (‘BuOH)
alcohols were tested under the blue-LEDs irradiation, C-C cou-
pling of isopropanol, 2-phenylethanol and tert-butanol with
naphthoquinone could not be realized which suggest that the
two a-C-H bonds are necessary to get C-C coupled product.
Next, B-substituted 2-methylpropan-1-ol, 2-methylpentan-1-ol
and 2-ethylhexan-1-ol alcohols were also successfully coupled
with 1,4-naphthoquinone to afford respective 1k, 1m, and 10 in

Scheme 2. Blue light driven site selective functionalization

of a-C-H of primary aliphatic alcohols with 1,4-Naphtho-
quinone
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52-53% yields under the optimized blue-LED irradiated condi-
tion. Encouraged by the coupling of B-substituted 2-methylpro-
pan-1-ol, 2-methylpentan-1-ol and 2-ethylhexan-1-ol alcohols,



chiral B-substituted (S)-(-)-2-Methyl-1-butanol was explored,
coupled product 1p was obtained with retention of the chirality.
y-Substituted alcohols also successfully coupled provided the
desired C-C coupled acylated naphthoquinones 11, 1n, and chi-
ral  (S)-1-(1,4-dihydroxynaphthalen-2-yl)-3-methylpentan-1-
one (1q). Single-crystal XRD of 1q reveals that it crystallized
in orthorhombic P2,2;2; chiral space group with Flack parame-
ter 0.2, which is close to zero and suggestive of enantiomeric
purity of the sample.

The reaction of benzyl alcohol with naphthoquinone was no-
ticed to be sluggish and afforded a complex reaction mixture.
The reaction of CH3;OH with naphthoquinone seems to enable
1,4-dihydroxy-2-naphthaldehyde, however, it reacted further
with methanol leading to functionalization of all three sp3-C-H
bonds of methanol to afford the methyl ester 2 in 45% vyield
(Scheme 3).

Scheme 3. The reaction between 1,4-Naphthoquinone and
methanol in blue LEDs light. Structure of 2 is established by
single X-ray crystal structure
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Next, diols were explored, the reaction of ethylene glycol failed
to give desired C-C coupled product (Scheme 4). The reaction
of 1,3-propanediol, 1,4-butanediol, 1,5-pentanediol, 1,6-hex-
anediol, and 1,7-heptanediol give desired Csp-Csp2 coupled
products 3a-3e in 37-43% yields, respectively. Mono-function-
alized naphthoquinone 3d is studied by single-crystal XRD. In-
terestingly, a-C-H bonds of only OH functionality reacted with
naphthoquinone, and a-C-H bonds of second OH didn’t react
further with naphthoquinone either intramolecularly or intermo-
lecularly.

Scheme 4. Blue light-driven mono-selective functionaliza-
tion of a-C-H of primary aliphatic diols with 1,4-naphtho-
quinone
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'H NMR of synthesized alcohol coupled naphthoquinones 1a-
3e showed a characteristic peak at  >13 ppm for hydroxy group
(sharp singlets, locked in an intramolecular -C=0...H-O- hy-
drogen bond) and second -OH shows at 4.5-5.5 ppm (brs). The
synthesized 2-acylated-1,4-naphthohydroquinones la-3e are
fluorescent and shows emission spectra in the range of 516-525
nm and absorption in the range of 382-397 nm (ESI, page S22-
$110).

Scheme 5. Control experiments for mechanistic study
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In the mechanistic understanding, we suspected that alcohol
might be oxidized to an aldehyde under the reaction conditions,
and then could lead to C-C coupled acylated naphthoquinones
as reported earlier by Moodly et al.,*** Oelgemoller et al.'*" and
Kraus et al.*%% The reaction of butanal with naphthoquinone
was studied under the optimized reaction condition, which af-
forded only a trace of C-C coupled product 1d (eq 1, Scheme
5). Next, several alcohols namely n-prop-, n-but-, n-pent-, iso-
butanols, which used here as coupling partners has been ana-
lysed by GC to observe if any respective aldehydes are present.
The GC analysis of the alcohols do not indicate the presence of
the respective aldehyde. This suggests that the alcohols are in-
deed the coupling partner with naphthoquinone under the blue-
light irradiated conditions.

As in the reaction, two hydrogen atoms were rearranged, two
hydrogen atoms were removed, and the reaction was conducted
under oxidant free conditions. GC-TCD analysis of the gas in-
volved (if any) during the course of the reaction, does not show
any change in the concentration of the gases, particularly, hy-
drogen gas evolved from reaction was not observed, which sug-
gests the coupling of sp?-C-H bond of naphthoquinone with sp-
C-H bonds of alcohol does not proceed dehydrogenative path-
way.

Further, a reaction in the presence of a radical quencher
TEMPO shows the formation of TEMPO-quinone adduct laa
as observed in mass spectrometry [observed m/z (M+H)* =
315.1829, calcd. 315.1834]. Next, the reaction was performed
in the presence of radical scavengers: 2,6-di-tert-butylphenol
(DTBP), vitamin E, KI, and 2,6-di-tert-butyl-4-methylphenol
(BHT), the formation of the desired 2-acylated-1,4-naphthohy-
droquinone la was also not observed (eq 3, Scheme 5).

Further, blue-LEDs light irradiated reaction mixture of naph-
thoquinone and 4-phenyl-1-butanol was monitored by EPR at
various time intervals (Figure 1). The reaction mixture in
CH3CN under dark conditions was noticed to be EPR silent (a,
Figure 1).
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Figure 1. EPR spectra of the reaction mixture at different time in-
tervals



Upon Blue LEDs light irradiation, the reaction mixture shows a
singlet with g value of 1.94 (Figure 1). The second-and third-
time irradiation of the same reaction mixture again showed a
singlet signal in the EPR spectrum, suggesting that the continu-
ous irradiation of the reaction mixture is necessary to achieve
the maximum conversion.

In this mechanistic pathway (Scheme 6), irradiation of naphtho-
quinone yields triplet excited state biradical 1.2* Which abstract
hydrogen of a-C-H bond of the alcohol (because of weak
BDE around 100 kcal/mol) forming a radical pair 11.* Then
carbon centred radical in quinone of 11 would rearrange to rad-
ical pair 111. Subsequent, radical-radical cross-coupling shall
provide 4-hydroxy-2-(1-hydroxyalkyl)naphthalen-1(2H)-one
1V, which undergo hydrogen atom transfer to biradical I, form-
ing the oxygen centred radicals VA and V1. Then intramolecu-
lar 1,5-HAT and hydrogen abstraction by VA would furnish de-
sired alcohol coupled 2-acylatednaphthol,4-hydroquinone 1
and naphthalene-1,4-diol VIl which converted back naphtho-
quinone upon the oxidation.'*d Naphthalene-1,4-diol V11 could
not be isolated from the reaction mixture, however, confirmed
by *H NMR study of the reaction mixture, conducted in an
NMR tube using CD3CN.

Scheme 6. A plausible mechanism of the C-C coupling reac-
tion between 1,4-naphthoquinones and aliphatic alcohols
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In summary, we have unravelled a blue light mediated coupling
of sp®-CH bond of alcohols selectively with naphthoquinones
under reagents, base, metal free conditions for the synthesis of
biologically important fluorescent 2-acylated-1,4-naphthohy-
droquoinones. The green process, good yields and low costs
chemicals can be utilized for synthesizing precursor for biolog-
ically and pharmaceutically active molecules. Currently, efforts
are being made to transform readily available alcohols into fine
chemicals under light irradiated conditions.
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