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Abstract: Benzocoumarin is an important structural
motif widely found in natural products and synthet-
ic molecules. Traditional methods for the synthesis
of benzocoumarins and their derivatives require
multiple steps, typically with an intramolecular
ester forming reaction to make the lactone ring as
the last step. Another major method involves transi-
tion metal-catalyzed coupling or carbon-hydrogen
bond activation reactions starting with pre-existing
aryl frameworks in the substrates. Here we report
a new strategy for the green and rapid access to
benzocoumarins and their derivatives. Our method
uses readily available unsaturated aldehydes and
coumarins as the substrates and air as the green ox-
idant. The overall reaction proceeds through
a formal [442] process to construct a new benzene
ring and thus to afford benzocoumarins in essential-
ly a single step. No metal catalysts were used; no
toxic or expensive reagents were involved. The
power of our new approach is further demonstrated
in a concise formal total synthesis of cannabinol,
a bioactive natural product.

Keywords: air oxidative aromatization; arene con-
struction; 3,4-benzocoumarins; cannabinol; cascade
reactions; transition metal-free condiitions

Benzocoumarins constitute a class of unique heterocy-
clic scaffolds widely present in naturally occurring
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compounds and synthetic molecules with interesting
bioactivities. For example, cannabinol (Figure la),
which contains a derived dibenzopyran structure from
benzocoumarin, is a family member of the cannabi-
noids!" that can interact with the G-protein coupled
receptors CB1 and CB2,” exhibiting a psychotropic
effect as well as analgestic,”’ antiemetic” and anticon-
vulsant®! properties. Notably, natural cannabinoids
shows poor selectivities in differentiating the two re-
ceptors, and synthetic analogs with better selectivities
are being actively pursued.’ Other important exam-
ples of bioactive benzocoumarin-type natural prod-
ucts include alternariol,l”’ fasciculiferol,’®! autumnar-
iol,’l and autumnariniol® (Figure 1a). In part due to
the potential utilities of these molecules, the synthesis
of benzocoumarins remains a long-standing interest in
organic chemistry. The dominating methods reported
to date require multiple steps with the formation of
the lactone ring (B ring as shown in Figure 1b) as the
key step. Transition metal-catalyzed reactions, such as
carbon-carbon couplings of two aryl rings,'”’ CO in-
sertion,'! and carbon-hydrogen bond activation,!'”
have been widely studied to form the lactone B ring
(Figure 1b). Metal-free approaches have also been ex-
plored, typically through a low yielding process in-
volving condensation of salicylaldehyde and cyclohex-
anone followed by pyran formation and aromatiza-
tion.[1%]

In contrast to the B-ring forming approaches that
involve multiple steps and catalysts/reagents that are
expensive and/or toxic, strategies that focus on the
construction of the C ring (the benzene unit) can pro-
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a) Examples of natural products containing coumarin scaffolds:
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Figure 1. Benzocoumarins and their synthesis.
vide new opportunities. Unfortunately, such ap- ing materials. Enals are commercially available or

proaches are rarely studied likely because in organic
synthesis the construction of a new benzene ring is
often avoided. In 2008, Deiters!"* developed an Ru-
catalyzed [242+2] trimerization method for the syn-
thesis 3,4-benzocoumarins. In 2010, Bodewell!™ devel-
oped an amine-catalyzed inverse electron demand
[442] Diels—Alder reaction for access to these com-
pounds.!'®!

Our laboratories are interested in new strategies
for the direct construction of aromatic rings that can
provide unusual short synthetic routes for functional
molecules. We recently report the N-heterocyclic car-
bene-organic catalyst-mediated formal [3+3] reac-
tion!"” (Figure 1c) and unsaturated aldehyde &-carbon
activation™® for the synthesis of the benzene unit."”
Here we report a new strategy for the construction of
the benzene framework as the C-ring in benzocou-
marins and their derivatives (Figure 1b and d). Our
present method uses enals and coumarins as the start-
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easily accessible; coumarins are either commercially
available or can be readily prepared in one step via
condensation of salicylaldehyde and ethyl acetoace-
tate (see the Supporting information).”” In our ap-
proach, a simple base (DBU, 1,8-diazabicy-
clo[5.4.0Jundec-7-ene) is used, and no expensive or
toxic catalysts/reagents are involved. Air is used as
the green oxidant. The utility of our method is further
demonstrated in a concise formal total synthesis of
cannabinol.

We started by using enal 1a and 3-acetylcoumarin
2a as the model substrates (Table 1). To our surprise,
under the standard [343] benzene construction condi-
tions,'”! the desired product 4a was obtained in only
31% yield, together with a “demethyl” product 3a in
48% yield (Table 1, entry 1). Use of a stronger base
such as DBU can even decrease the formation of 4a
(Table 1, entry 2). Further study showed that the
NHC catalyst was not necessary in the formation of
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Table 1. Optimization of the reaction conditions."!

o 0 2
izHo % catalyst, oxidant
+ - +
CeHs base, solvent  CeHs
rt, 12 h
1a 2a 3a
(- CH3COOH) (- CO0)
o t-Bu t-Bu /‘B
=N N CN@
~N__ N7, —
Mes-N-»N"Mes OO GN N/’kN
t-Bu t-Bu H
IMes TTBD DBU TBD
Entry Catalyst Oxidant Base Yield of 3a [%] Yield of 4a [%]
1 IMes TTBD Cs,CO;, 48 31
2 IMes TTBD DBU 43 14
3 - TTBD Cs,CO, 68 0
4 - air Cs,CO; 10 0
5 - air K,CO; trace 0
6 - air TBD 12 0
7 - air DBU 30 0
8! - air DBU 61 0
glbe] - air DBU 75 0
10bed - air DBU 80 0

81 Reaction conditions: 0.1 mmol of 1a, 0.1 mmol of 2a, 0.10 mmol of base. 0.03 mmol of IMes, 0.2 mmol of TTBD, 1.0 mL

of THF. Yields are of isolated products based on 1a.
bl With CHCI, as solvent.

[l 0.05 mmol of 1a,0.1 mmol of 2a, 0.15 mmol of DBU, 0.5 mL of CHCl,.

4 With 50 mg 4 A MS.

3a (Table 1, entry 3). And we were also delighted to
find that air could replace TTBD (3,3',5,5-tetra-tert-
butyl-[1,1"-bi(cyclohexylidene)]-2,2',5,5 -tetraene-4,4'-
dione) as a cheap and green oxidant in the reaction,
albeit in lower yield (Table 1, entry 4). Under these
air oxidation conditions, K,CO; or Et;N could barely
mediate the reaction (Table 1, entries 5 and 6). And
in such cases, the substrates (nearly all 1a and most
2a) remained unreacted. Strong bases such as TBD
(1,5,7-triazabicylo[4.4.0]dec-5-ene) and LDA (lithium
diisopropylamide) were not a suitable choice and only
low yields of 3a could be obtained due to the rapid
hydrolysis of 2a under the reaction conditions
(Table 1, entry 6) (for the result with LDA, see the
Supporting Information). After further evaluation of
the bases (see the Supporting Information) we found
that DBU could mediate the reaction with the forma-
tion of 3a in 30% yield (Table 1, entry 7). Solvents
could significantly affect the reaction yields (see the
Supporting Information) and the use of CHCl; as sol-
vent could give 3a in 61% yield (Table 1, entry 8). In
all cases, hydrolysis of 2a was the main side reaction.
When two equivalents of 2a were used, product 3a
could be obtained in 75% yield (Table 1, entry 9). The
reaction yield could be further improved to 80% by
the addition of molecular sieves (Table 1, entry 10).
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Notably, the CH; group in the ketone moiety of
substrate 2a (released as CH;COOH after the reac-
tion) could be replaced with other alkyl or aryl sub-
stituents, albeit with lower yields under the current
conditions optimized for substrate 2a (see the Sup-
porting Information). The ketone moiety of 2a could
also be replaced with an ester unit (see the Support-
ing Information)

The postulated reaction pathway of the reaction is
illustrated in Scheme 1. Deprotonation of the y-CH of
enal substrate 1a in the presence of a base gives a di-
enolate intermediate I. Michael-type addition of the
enal y-carbon of intermediate I to coumarin 2a forms
intermediate II that undergoes intramolecular aldol
reaction to form tricyclic intermediate LY Subse-
quent intramolecular acetal formation gives I'V. Elimi-
nation of an acetate!"®?! from IV affords intermediate
V that then undergoes spontaneous oxidative aroma-
tization (with air as the oxidant) to complete the reac-
tion cycle and give 3,4-benzocoumarin product 3a.

We next evaluated the scope of the substrates
(using conditions as in Table 1, entry 10). With 3-ace-
tylcoumarin 2a as the model electrophile, several rep-
resentative enal substrates were examined (Table 2).
We first studied enals with an aryl and a methyl sub-
stituent at the P-carbon (products 3a-c). Different
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J/\SHO air (oxidant)
CeHs base C6H5 e
CHCI3, rt,12h 3a
— CH3CO,H)
oxidative :
base | y-carbon aromatization [ ar
deprontonation
baseH*
) CeHs
X )
CeHs | v

(L5

elimination
//-A CH3COO~

CeHs

2a | 1,4-addition

substituents (3d, 3e) or different substituent patterns
(3f) on the P-phenyl ring of enals could all be tolerat-
ed. Replacement of the phenyl unit of the enal with
a naphthyl (3h, 3i) or heteroaryl (3g) unit worked
well too. In all cases, the E/Z mixture of the enals
could be directly used without affecting the reaction
outcomes. Notably, in addition to enals, aryl alde-
hydes bearing side alkyl substituents with an acidic
proton (such as indole-derived aldehyde) could be
used as well (3j). Next we found that enals with alkyl
substituents at the B-carbon (3k-n) could react effec-
tively as well. For example, the 3-phenyl group of 2a
could be replaced with a methyl unit to afford prod-
uct 3k in 75% yield. Enals with a single substituent at
the enal B-carbon (3l-n) could also be used. Notably,
the substituent (R") on the y-carbon of the enal led to
reduced reactivity of the enal substrate and enhanced
the difficulty of the oxidative aromatization process
(e.g., V to 3a, Scheme 1). For the reaction forming

v products 3m and 3n, an elevated reaction temperature
/ (50°C) was used; and the use of DDQ (2,3-dichloro-
acetal . . .
formation 5,6-dicyano-1,4-benzoquinone) as an oxidant was nec-
essary for the oxidative aromatization step to finally
form 3m and 3n (the reaction stopped at intermediate
V as illustrated in Scheme 1 when the reaction was
Scheme 1. Postulated pathway. carried out under air).
Table 2. Scope of aldehydes.?!
o Aair, DBU
4 AMS, CHCI,
St @(i‘\ rt, 12h
1@ O” "0 (conditions as
Table 1, entry 10)
2a

R=H, 3a, 80%;
CH; 3b,81%
OCH3 3c, 71%;
Br, 3d, 61%
Cl, 3e, 65%

3m, 61%!!

o O
m Ahoo

3i, 81%

3n, 56%!

el Reaction conditions as in Table 1 entry 10. Yields are of isolated products.
] Reaction was carried out at 50°C to give the dihydride of benzocoumarin, which successively oxidized by DDQ (1 equiv.)
in refluxing CH,Cl, to give the product, yields are total isolated yields of the two steps, see the Supporting Information

for details.
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Table 3. Scope of the 3-acetylcoumarins.[?

air, DBU 0
4 AMS, CHCI,
rt 12h

condltlons as
Table 1, entry 10)

CHO

XX
C7e
CeHs o g

CeHs

R = CHj, 30, 61%
Br, 3p, 58%

R = OCHj, 3r, 64%
NEt,, 3s, 53%

3t, 85%

[} Reaction conditions as in Table 1 entry 10. Yields are of
isolated products.

With enal 1a as a model nucleophile, several substi-
tuted 3-acetylcoumarins were then examined
(Table 3). Installing different substituents on the ben-
zene ring of substrate 2 was well tolerated (3o-t)
without further optimization of the conditions.

Our reaction provides a new approach for the rapid
synthesis of benzocoumarin-containing functional
molecules. Here we demonstrate the utility of our
method through a formal total synthesis of cannabi-
nol,'! a bioactive natural product that was found to
exhibit several interesting bioactivities®™! (Scheme 2).
Briefly, Knoevenagel condensation of aldehyde 5 and
methyl acetoacetate efficiently gave 3-acetylcoumarin
6 in 94% yield (gram scale). Reaction of 6 with 3,3-di-

O
OCHj, M _co,CHy s O
/@ECHO (1 equiv.) Ny “CHs
piperidine (10 mol%)  CsH4j (©)0.
CsHi™ " 01 " EOH, reflux 6
94% air, DBU,
(gram scale) CHO CHCl,
Ji@ (as Table 1,
HsC entry 8)
80%
CHj . CHjy
1. CHsLi, THF
OH 'O 2. TFA, CH,Cl OCHs 'O

3. HI, Ac,0

3 steps
71%
refs.[12¢.14]

Cr
C5H11 (6] Me

cannabinol

7
(1.2 gram)

Scheme 2. Synthesis of cannabinol.
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methylacrolein (enal substrate) via our formal [4+42]
benzene forming process under standard conditions
effectively gave 1.2 grams of adduct 7 in 80% yield.
Adduct 7 could be transformed to cannabinol via a 3-
step protocol (with 71% overall yield) as previously
reported.'”™¥ Our method is operationally simple
and green; and it involves shorter routes when com-
pared to previous methods. For example, Deiters’'l
elegant total synthesis of cannabionol reported in
2008 used 5 steps, including a Ru-catalyzed [24242]
trimerization process, in transforming substrate 5 to
the adduct 7 (our method involves 2 steps)!'>!5°),

In conclusion, we have developed a new approach
for the rapid synthesis of benzocoumarin derivatives.
Instead of functionalizing pre-existing aromatic
frameworks, here we construct a new benzene ring
via a formal [442] process. All substrates are com-
mercially available or easily accessible, and air is used
as a green oxidant. The utility of our method was fur-
ther demonstrated in a formal total synthesis of a nat-
ural product cannabionol. The benzocoumarin moiety
is a common scaffold in both natural products and
functional synthetic molecules. Given the operational
simplicity and high efficiency, our synthetic approach
via new benzene formation is expected to find wide
applications for both small and large scale synthesis.

Experimental Section

General Procedure for the Synthesis of 3,4-Benzo-
coumarins 3

To a dry Schlenk tube equipped with a magnetic stir bar,
were added aldehyde 1a (0.1 mmol), coumarin 2a
(0.2 mmol), 4A MS (50 mg) and DBU (0.15 mmol). Freshly
anhydrous CHCl, (0.5 mL) was added, and the reaction mix-
ture was stirred at room temperature until the aldehyde was
completely consumed (for 12 h, monitored by TLC). The re-
action mixture was concentrated under reduced pressure.
The resulting crude residue was purified via column chroma-
tography on silica gel (hexane/EtOAc) to afford the desired
3,4-benzocoumarin derivative product 3.

Acknowledgements

We acknowledge financial support by the Singapore National
Research Foundation, the Ministry of Education of Singa-
pore, Nanyang Technological University (NTU, Singapore),
China’s National Key program for Basic Research (No.
2010CB 126105), “Thousand Talent Plan”, National Natural
Science Foundation of China (No. 21132003; No. 21472028),
Guizhou Province Returned Oversea Student Science and
Technology Activity Program, and Guizhou University
(China).

asc.wiley-vch.de 711


http://asc.wiley-vch.de

Advanced
Synthesis &
Catalysis

Chengli Mou et al.

COMMUNICATIONS

References

[1] a) C.E. Turner, M. A. Elsohly, E. G. Boeren, J. Nat.
Prod. 1980, 43, 169; b) M. A. ElSohly, D. Slade, Life
Sci. 2005, 78, 539.

[2] a) W. A. Devane, F. ADysarz, M. R. Johnson, L.S.
Melvin, A.C. Howlett, Pharmacology 1988, 34, 605;
b) L. A. Matsuda, S.J. Lolait, M. J. Brownstein, A. C.
Young, T.I. Bonner, Nature 1990, 346, 561; c)S.
Munro, K. L. Thomas, M. Abu-Shaar, Nature 1993, 365,
61.

[3] B.R. Martin, A. H. Lichtman, Neurobiol. Dis. 1998, 5,
447.

[4] a) S.E. Sallan, N. E. Zinberg, E. N. Frei, New Engl. J.
Med. 1975, 293, 795; b) A. E. Chang, D. J. Shiling, R. C.
Stillman, N. H. Goldberg, C.A. Seipp, 1. Barofsky,
R. M. Simon, S. A. Rosenberg, Ann. Intern. Med. 1979,
91, 819.

[5] J. M. Cunha, E. A. Carlini, A. E. Pereira, O. L. Ramos,
C. Pimentel, R. Gagliardi, W. L. Sanvito, N. Lander, R.
Mechoulam, Pharmacology 1980, 21, 175.

[6] a) K.S. Marriott, J.W. Huffman, Curr. Top. Med.
Chem. 2008, 8, 187; b) A. Mahadevan, C. Siegel, B. R.
Martin, M. E. Abood, I. Beletskaya, R. K. Razdan, J.
Med. Chem. 2000, 43, 3778.

[7] H. Raistrick, C. E. Stilkings, R. Thomas, Biochemistry
1953, 55, 421.

[8] a) FE. R.E. Heerden, E.V. Brandt, D. Ferrira, D.G.
Roux, J. Chem. Soc. Perkin Trans. 1 1981, 2483;
b) A. P.N. Burger, E. V. Brandt, D. G. Roux, Phyto-
chemistry 1983, 22, 2813.

[9] W.T. L. Sidwell, H. Fritz, C. Tamm, Helv. Chim. Acta
1971, 54, 207.

[10] a) M. J. Sharp, V. Snieckus, Tetrahedron Lett. 1985, 26,
5997; b) G. J. Kemperman, B. T. Horst, D. V. Goor, T.
Roeters, J. Bergwerff, R. V. Eem, J. Basten, Eur. J. Org.
Chem. 2006, 3169; c) K. Vishnumurthy, A. Makriyannis,
J. Comb. Chem. 2010, 12, 664; d) J. Luo, Y. Lu, S. Liu,
J. Liu, G.-J. Deng, Adv. Synth. Catal. 2011, 353, 2604;
e) R. Singha, S. Roy, S. Nandi, P. Ray, J. K. Ray, Tetra-
hedron Lett. 2013, 54, 657.

[11] a) K. Inamoto, J. Kadokawa, Y. Kondo, Org. Lett. 2013,

15,3962; b) T.-H. Lee, J. Jayakumar, C.-H. Cheng, S.-C.

Chuang, Chem. Commun. 2013, 49, 11797; ¢) S. Luo, F.-

X. Luo, X.-S. Zhang, Z.-J. Shi, Angew. Chem. 2013,

125, 10792; Angew. Chem. Int. Ed. 2013, 52, 10598;

d) Q.J. Zhou, K. Worm, R. E. Dolle, J. Org. Chem.

2004, 69, 5147.

a) J. Gallardo-Donaire, R. Martin, J. Am. Chem. Soc.

2013, 735, 9350; b) Y. Wang, A. VGulevich, V. Ge-

[12

—_—

vorgyan, Chem. Eur. J. 2013, 19, 15836; ¢) Y. Li, Y.-I.
Ding, J-Y. Wang, Y.-M. Su, X.-S. Wang, Org. Lett.
2013, 15, 2574; d) S. Furuyama, H. Togo, Synlett 2010,
2325; e) T. Muraki, H. Togo, M. Yokoyama, J. Chem.
Soc. Perkin Trans. 1 1999, 1713.

[13] a) M. H. Rhee, Z. Vogel, J. Barg, M. Bayewitch, R.
Levy, L. Hanus, A. Breuer, R. Mechoulam, J. Med.
Chem. 1997, 40, 3228; b) P. C. Meltzer, H. C. Dalzell,
R. K. Razdan, Synthesis 1981, 985; c) R. Ghosh, A. R.
Todd, S. Wilkinson, J. Chem. Soc. 1940, 1393; d) R.
Adams, B. R. Baker, J. Am. Chem. Soc. 1940, 62, 2401.

[14] J. A. Teske, A. Deiters, Org. Lett. 2008, 10, 2195.

[15] a) I. R. Pottie, P.R. Nandaluru, W.L. Benoit, D. O.
Miller, L. N. Dawe, G.J. Bodwell, J. Org. Chem. 2011,
76, 9015; b) P. R. Nandaluru, G.J. Bodwell, Org. Lett.
2012, 14, 310.

[16] For other examples involving construction of the 3.4-
benzocoumarin C ring, see: a)K.K. Sanap, S.D.
Samant, Arkivoc 2013, 109; b) T. Kawasaki, Y. Yama-
moto, J. Org. Chem. 2002, 67, 5138; c) V. O. Iaroshen-
ko, M.S. A. Abbasi, A. Villinger, P. Langer, Adv.
Synth. Catal. 2012, 354, 803; d) V. O. Iaroshenko,
M. S. A. Abbasi, A. Villinger, P. Langer, Tetrahedron
Lert. 2011, 52, 5910; e) A. Song, X. Zhang, X. Song, X.
Chen, C. Yu, H. Huang, H. Li, W. Wang, Angew.
Chem. 2014, 126, 5040; Angew. Chem. Int. Ed. 2014, 53,
4940.

[17] T. Zhu, P. Zheng, C. Mou, S. Yang, B.-A. Song, Y. R.
Chi, Nat. Commun. 2014, 5, 5027.

[18] T. Zhu, C. Mou, B. Li, M. Smetankova, B.-A. Song,
Y. R. Chi, J. Am. Chem. Soc. 2015, 137, 5658.

[19] For selected examples for the recently developed ben-
zene construction method, see: a)J.-C. Deng, W.-Y.
Chen, C. Zhu, S.-C. Chuang, Adv. Synth. Catal. 2015,
357, 1453; b) Z. Meng, H. Yu, L. Li, W. Tao, H. Chen,
M. Wan, P. Yang, D. J. Edmonds, J. Zhong, A. Li, Nat.
Commun. 2015, 6, 6096.

[20] N.N. Karade, S.V. Gampawar, S.V. Shinde, W.N.
Jadhav, Chin. J. Chem. 2007, 25, 1686.

[21] For selected examples of formal [4+2] reactions of di-
enolate and dienophile, see: a) M.J. Kurth, E.G.
Brown, E. Hendra, H. Hope, J. Org. Chem. 1985, 50,
1115; b) A. Roy, K. R. Reddy, H. Ila, H. Junjappa, J.
Chem. Soc. Perkin Trans. 1 1999, 3001; ¢c) M. E. Jung, F.
Perez, C. F. Regan, S. W. Yi, Q. Perron, Angew. Chem.
2013, 125, 2114; Angew. Chem. Int. Ed. 2013, 52, 2060.

[22] a) A. Gazit, Z. Rappoport, J. Chem. Soc. Perkin Trans.
1 1984, 2863; b) A. M. Echavarren, J. K. Stille, J. Orga-
nomet. Chem. 1988, 356, C35.

712 asc.wiley-vch.de

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Synth. Catal. 2016, 358, 707-712


http://asc.wiley-vch.de

