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ABSTRACT: A novel transition-metal-free direct synthesis of
3-substituted isocoumarin from 4-hydroxycoumarin and a
benzyne precursor is developed. This synthetic strategy
proceeds via C—O and C—C bond cleavage as well as C—O
and C—C bond formations in a single reaction vessel by simple
treatment with CsF in the absence of catalyst. This
methodology affords moderate to good yields of 3-substituted
isocoumarins and is tolerant of a variety of functional groups
including halide.

L actones and their derivatives are of growing importance as
targets for synthesis, largely because of their presence in
numerous compounds of blologlcal interest and their importance
as drugs and biological agents." Among them, six-membered
lactone derivatives, particularly isocoumarins, represent an
important class of naturally occurring lactones that exhibit a
wide range of pharmacological properties.” In fact, a large
number of isocoumarins have been isolated from plant sources
and explored for the1r potential therapeutic apphcatlons, Wthh
include antlfungal antimicrobial,* anticancer,’ antlallerglc,
anti-inflammatory,” anti-HIV,® and anticoagulant activities.
Among the variety of substituted isocoumarins, the 3-substituted
variants are significant because of their biological activities.
Typical examples of such biologically active isocoumarins are
shown in Figure 1. Among these, capillarin and artemidin have
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Figure 1. Representative biologically active 3-substituted isocoumarins.

demonstrated potent antifungal activity.”>'® Thunberginol A and
B are known for their antiallergic and antimicrobial activities."'
Reticulol and cytogenin are known as antitumor agents.'”
Moreover, synthetic isocoumarin NM-3 is highly effective in the
treatment of solid tumors and has entered clinical trials."* In
addition, y-rubromycin has been synthesized as a potential drug
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for inhibition of HIV reverse transcriptase and human
telomerase.'* On the other hand, 3-substituted isocoumarins
are also used as intermediates for the synthesis of various natural
products, such as canesin, 3-alkylisocoumarin, as well as some
alkaloids.”” The broad spectrum of pharmacological and
physiological activities has led to continued interest in the
synthesis of 3-substituted isocoumarins. In this regard, various
synthetic methods have been developed for the synthesis of these
molecules and comprehensively reviewed by Barry in 1964,
Napolitano in 1997, and Pal in 2011.7*'° The classical methods
for the synthesis of these molecules have involved multiple steps
and harsh reaction conditions. To overcome these limitations
and to achieve structurally diverse isocoumarins, palladium-
mediated annulations of 2-alkenyl or 2-allylbenzoic acids have
been developed.'” These methods still suffer from either
multistep reactions or the use of toxic organothallium and
organonickel reagents. In the late of 20th century, 2-
halocarboxylic acid was recognized as a coupling partner using
palladium as a catalyst for the synthesis of isocoumarins."® Later,
this substrate was also used as a starting material for the synthesis
of isocoumarins in an improved way with respect to catalyst and
reaction conditions.'” 2-Alkynylcarboxylic acids and their
derivatives have also been explored as efficient synthons for the
same purpose.”’ In addition to these, anhydride,”' o-
allylbenzaldehyde,** 2-formylbenzoic acid,” 1-(2-halophenyl)-
1,3-dione,** and 2,3-allenoates™ have also been reported as
important starting materials for the synthesis of isocoumarins.
Recently, a C—H activation strategy involving benzoic acids and
peresters in the presence of a ruthenium or rhodium catalyst
provided atom-economical methods for the synthesis of 3,4-
disubstituted isocoumarins.”® While there are presently a number
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of eflicient synthetic procedures to prepare these compounds,
there remain several limitations, as well. Thus, most of the
reported procedures involve multiple steps, use a transition-
metal as catalyst, and require expensive reagents/catalysts and
harsh reaction conditions. In view of these limitations, the
development of an efficient strategy for the synthesis of 3-
substituted isocoumarins is highly desirable.

4-Hydroxycoumarins are very important precursors in the
realm of organic synthesis.”” They not only are significant in
synthetic end points but also constitute the structural nucleus of
many natural products. They have been used as raw materials for
the synthesis of various heterocycles, biologically active
molecules, and natural products. On the other hand, arynes
have been successfully used as versatile reactive intermediates for
the synthesis of various synthetic compounds and natural
products.”® Recently, these reactive intermediates have been
extensively used for the atom-economic synthesis of valuable
products as they avoid transition metals and harsh reaction
conditions.”” Kobayashi and his group have used arynes as
cou%ling partners for the synthesis of 3-substituted isocoumar-
ins.” However, use of a NHC—copper complex and formation of
phthalides as side products demerits the method. In continuation
of our research on 4-hydroxycoumarin and aryne chemistry for
the synthesis of fused pyridines and coumestans,”" we envisaged
here a transition-metal-free synthesis of 3-substituted isocou-
marins from 4-hydroxycoumarins and arynes.

To achieve this challenging transformation, we optimized our
reaction conditions employing 4-hydroxycoumarin la and
benzyne precursor 2a as the model substrates to examine the
reaction. Our investigation began with the reaction of
compounds 1a (1 mmol) and 2a (2.5 mmol) in the presence
of CsF (3 mmol) as the fluoride source in acetonitrile at room
temperature. Under these reaction conditions, the desired
product 3a was obtained in 39% yield after 24 h stirring.
Interestingly, when the reaction temperature was increased to 80
°C, product 3a was obtained in 77% yield (Table 1, entry 2). In
addition, when 18-crown-6 was used as an additive, the yield of
our reaction improved under the same reaction conditions, but it
gave almost an identical result (Table 1, entries 4 and 7). As
shown in Table 1, several other fluoride sources such as KF and
TBAF were also examined for our reaction (Table 1, entries S
and 8). However, they afforded a low yield of product 3a. The
effect of solvent was also investigated. The use of THF as the
reaction medium gave a trace (~10%) amount of product 3a
under the same reaction conditions. On the other hand, desired
product 3a was not observed when DCE, dioxane, and DMF
were used as solvents (Table 1, entries 10—12). As a control
experiment, the reaction was performed in the absence of
fluoride source, and no desired product 3a was observed (Table
1, entry 13). Product 3a was initially characterized by NMR, and
finally the constitution and configuration of the product was
confirmed by X-ray crystal structure analysis (see Supporting
Information).

After the optimization process for the reaction conditions,
various 3-substituted isocoumarins were synthesized and are
presented in Table 2. As shown in Table 2, o-silyl aryl triflate 2a
was treated with a variety of 4-hydroxycoumarins bearing fluoro,
chloro, bromo, methyl, and methoxy substituents, leading to our
desired 3-substituted isocoumarins in moderate to good yields
(Table 2; 3a—3j). Both electron-rich and electron-deficient 4-
hydroxycoumarins efficiently participated in our one-pot
reaction with benzyne precursors, and the desired products
(3b—3j) were obtained in good yields. It is noteworthy that some
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Table 1. Optimization Studies”

TMS F "~ Source

OH
oW
+
[0 ]
1a

oTf Solvent
2a
F~ additive tem yield 3a
entry  solvent source (1 mmol) (°Cc (%)"°
1 CH;CN CsF rt 39
2 CH,;CN CsF 80 77
3 CH;CN CsF 80 29¢
4 CH,;CN CsF 18-crown-6 80 75
S CH,;CN KF 80 27
6 CH,;CN KF 18-crown-6 80 30
7 THF KF 18-crown-6 60 69
8 CH;CN TBAF 80 32
9 THF CsF 60 trace
10 DCE CsF 80 ND
11 dioxane CsF 80 ND
12 DMEF CsF 80 ND
13 CH;CN 80 ND

“Conditions: 4-Hydroxycoumarin (1.0 mmol), o-silyl aryl triflate (2.5
mmol), fluoride source (3 mmol); solvent (7 mL) stirred at 80 °C.
YIsolated yield. ND: Not detected. “o-Silyl aryl triflate (1 mmol),
fluoride source (1.5 mmol).

sensitive functional groups, like chloro and bromo, were
compatible with the reaction conditions, which could be used
for further functionalization of our synthesized 3-substituted
isocoumarins (Table 2; 3¢, 3d, 3j, 3m, 3n, and 3s). Moreover,
6,7-disubstituted 4-hydroxycoumarins also smoothly partici-
pated in our reaction, leading to the expected products 3h, 3i,
and 3j in good yields. Other symmetrical silyl triflates such as 4,5-
dimethoxy-2-(trimethylsilyl)phenyl trifluoromethanesulfonate
2b and 5—(trimethzrlsilyl)benzo[d][1,3]dioxol—6—yl trifluorome-
thanesulfonate 2c** were also examined as benzyne precursors
for our one-pot strategy. In this regard, silyl triflate 2b was treated
with a variety of 4-hydroxycoumarins for the synthesis of various
3-substituted isocoumarins in moderate yields with excellent
regioselectivity (Table 2; 3k—3s). Silyl triflate 2c was also treated
with 4-hydroxycoumarin for the synthesis of isocoumarin 3t in
good yield.

Silyl triflates with symmetrical substituents afforded yields of
isocoumarins relatively lower than those of unsubstituted silyl
triflate. Additionally, unsymmetrical benzyne precursor (ie., 4-
methyl-2-(trimethylsilyl)phenyl trifluoromethanesulfonate 2d)
was also used for the synthesis of various isocoumarins. Benzyne
precursor 2d was treated with 4-hydroxycoumarin and 7-chloro-
4-hydroxycoumarin to provide 3-substituted isocoumarins 3ux
and 3vx, respectively, as complex mixtures of their regioisomers
under the optimized reaction conditions (Scheme 1). The
regioisomers are not separated, and they are represented as
mixtures (see Supporting Information). Unsymmetrical benzyne
precursor 3-methoxy-2-(trimethylsilyl)phenyl trifluoromethane-
sulfonate 2e was also used for the synthesis of isocoumarin.
Under the optimized reaction conditions, benzyne precursor 2e
was treated with 7-bromo-4-hydroxycoumarin, and the desired
isocoumarin 3w was obtained in 22% vyield with excellent
regioselectivity (Scheme 2).
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Table 2. One-Pot Synthesis of Isocoumarins from 4-
Hydroxycoumarins and Benzyne Precursors”
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“Conditions: 4-Hydroxycoumarin (1.0 mmol), o-silyl aryl triflate (2.5
mmol), CsF (3 mmol), CH;CN (7 mL) stirred at 80 °C for 6 h.

Scheme 1. Synthesis of Isocoumarins from Unsymmetrical
Benzyne Precursors 2d
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Scheme 2. Synthesis of Isocoumarin 3w from Unsymmetrical
Benzyne Precursors 2e
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To further explore our synthetic strategy, two different
benzyne precursors were used in a single transformation. In
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this protocol, 7-bromo-4-hydroxycoumarin 1d (2 mmol) was
treated with benzyne precursors 2a (2.5 mmol) and 2b (2.5
mmol) in the presence of CsF (6 mmol) in acetonitrile at 80 °C.
The desired isocoumarins, 3d and 3n, along with two other
hybrid isocoumarins, 3x and 3y, were also obtained in a single
transformation (Scheme 3).

Scheme 3. One-Pot Synthesis of Isocoumarins Using Two
Different Benzyne Precursors
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A plausible reaction mechanism for the synthesis of
isocoumarin is shown in Scheme 4, based on our experiments

Scheme 4. Plausible Reaction Mechanism for the Synthesis of
Isocoumarin
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and reported mechanisms.””** We assume that in the presence of
CsF, 4-hydroxycoumarin reacts with two molecules of benzyne,
which leads to the four-membered ring intermediate B via anion
intermediate A. Intermediate B undergoes ragid rearrangement
to the corresponding ketene intermediate C,”* which might be
due to ring strain. Finally, the ketene intermediate C undergoes
ring closure to the desired six-membered isocoumarin 3a.

In summary, we have developed a novel transition-metal-free
synthetic protocol for the direct synthesis of 3-substituted
isocoumarins from 4-hydroxycoumarins by simple treatment
with CsF. A series of isocoumarins have been synthesized using
this one-pot synthetic strategy in good yields with excellent
functional group tolerance that includes halide. One of the
isocoumarin structures has been unambiguously established by
single-crystal XRD study. Importantly, this reaction strategy was
accomplished through C—O and C—C bond cleavage as well as
new C—0 and C—C bond formations in a single reaction vessel.
This efficient and convenient strategy opens a new avenue for the
rapid synthesis of 3-substituted isocoumarins from readily
available materials.
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