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Electronically mismatched Diels—Alder reaction between two electron-
deficient components is synthetically useful and yet underdeveloped under

thermal conditions. Herein, a photoinduced formal [4 + 2] cycloaddition of
enone with a variety of electron-deficient dienes is described. Key to the suc-
cess of this stepwise methodology relies on a C - C bond cleavage/rearran-
gement of the cyclobutane based overbred intermediate via diversified
mechanistic pathways. Based on this annulation method, total synthesis of
lucidumone is achieved in nine steps.

Target-oriented synthesis of biologically important natural products
with ever-increasing efficiency has attracted significant research
interest in the synthetic community'®. In this context, new transfor-
mations have always been in high demand for computer-aided synth-
esis planning, providing diverse annulation strategies to facilitate
efficient access to molecular complexity. Among the most efficient
annulation strategies, Diels-Alder cycloaddition is of considerable
importance and has been widely used in natural product synthesis® ™.
To secure a synthetically useful reaction efficiency, the state-of-the-art
reaction partners are usually an electron-rich diene and an electron-
deficient dienophile, while the electronically mismatched variants
require harsh conditions under thermal conditions. In 2011, Yoon and
co-workers reported a radical cation Diels-Alder reaction of anethole
derivatives with electron-rich diene under visible light irradiation™.
Using an inverse design, they also realized the intramolecular radical
anion hetero-Diels-Alder cycloaddition of tethered bis(enones)®.
Nonetheless, the [4 + 2] cycloaddition between two electron-deficient
components is largely underdeveloped (Fig. 1a)'*".

The inherent challenge within this closed-shell process under
thermal conditions lies in their energetically mismatched frontier
molecular orbitals and the nature of an entropy reduction event, as
well as the elusive control of reaction selectivity. In this regard, an
open-shell radical path would render a reliable choice for the highest-
occupied molecular orbital (HOMO) activation of dienophiles'®>.
Through direct photoexcitation or triplet-triplet energy transfer under
visible light irradiation, the overbred intermediate (usually the [2 +2]
cycloadduct) is formed, which we speculate would undergo a strain-

release-driven rearrangement?* to deliver the [4 + 2] cycloadductina
stepwise manner (Fig. 1b). In this work, we describe an operationally
easy protocol, namely, the formal [4 +2] cycloaddition of indenone
and electron-deficient dienes for the rapid access to 6/5/6 indanone
fused skeleton, which exists widely in bioactive natural products, such
as cephanolide A*, lucidumone®, dysambiol®, etc.

Results

Reaction development

At first, the exploration of this intermolecular [4 +2] cycloaddition
employing indenone 1 and diene 2 as two electron-deficient compo-
nents was investigated (Table 1). As expected, the [2 + 2] cycloadduct 3
was generated in one hour with a 94% yield. Interestingly, the dia-
stereomeric ratio (d.r.) of 3 increased as the extension of reaction time
(Table 1, entries 1-5), indicating a reversible cleavage and formation of
C4’ - C5’ bond in 3 under irradiation. In fact, the homolytic opening of
this cyclobutane-based overbred intermediate 3 through direct pho-
toexcitation could lead to the formation of diradical species A (Fig. 2,
path a) and subsequent cyclization via the connection of C5" and C7’ to
deliver 4, albeit with low efficiency (Table 1, entries 2-5). Given a
vinylogous donor-acceptor cyclobutane character of 3, we then turned
to an alternative pathway for the C-C bond cleavage/
rearrangement” >, Through the introduction of a catalytic amount of
Lewis acid, such as Lil, LiBF4, Cu(ClO4), and Ce(OTf); (Table 1, entries
6-9), a heterolytic cleavage of C4’ - C5’ in 3 was realized through a
dipolar, zwitterionic pathway (Fig. 2, path b), affording the exo-
selective [4 +2] cycloadduct 4 with moderate yields (21% to 59%). The
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Fig. 1| Overview of this work. a Four types of Diels-Alder cycloaddition. b This work: formal [4 + 2] photocycloaddition of two electron-deficient olefins and its synthetic
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Table 1| Optimization and control experiments of the formal [4 + 2] photocycloaddition®

[e]
Me  CO,Et MeCN
O’ : P co,et 395 nm LEDs
OMe
1 2

(CCDC: 2290150) (CCDC: 2290151)
Entry Conditions Yield of 3° Yield of 4°
1 irradiation for 1h 94% (1.4:1d.r.) trace
2 irradiation for 6 h 89% (2.7:1d.r.) 5%
3 irradiation for 12 h 92% (4.8:1d.r.) 6%
4 irradiation for 24 h 84% (9.3:1d.r.) 10%
5 irradiation for 72 h 68% (>20:1d.r.) 24%
6 with 10 mol% Lil, 24 h 20% (19:1d.r.) 50%
7 with 10 mol% LiBF,4, 24 h 48% (15:1d.r.) 21%
8 with 10 mol% Cu(ClO,),, 3h trace 40%
9 with 10 mol% Ce(OTf)3, 3 h 0 59%
10 with 10 mol% Mg(ClOy,),, 3h 0 85%
m° 455 nm instead of 395 nm LEDs 0 67%
12° without light 0 0
13° without light, 180 °C 0 0

aReaction conditions: 1 (0.2 mmol) and 2 (0.6 mmol) in MeCN (2 mL) under irradiation with 395 nm LEDs at room temperature under argon.
bYields and d.r. were determined by HPLC analysis of the crude reaction mixture using anisole as an internal standard.
©10 mol% Mg(ClO,), was used, the reaction time was 3 h. Ce(OTf); Cerium(lll) trifluoromethanesulfonate.
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Fig. 2 | Proposed mechanism and mechanistic studies. p-TsOH<H,O p-toluenesulfonic acid monohydrate.

relative configuration of 3 and 4 was determined by their X-ray dif-
fraction analysis, respectively. To our delight, 4 was obtained in 85%
yield when Mg(ClO,4), was used (Table 1, entry 10). A slight decrease in
the reaction efficiency was observed when an alternative LED source
centered at 455 nm (430-485 nm wavelength) was employed (Table 1,
entry 11), presumably because of the relatively weaker absorption of 1
at the longer wavelength. Moreover, control experiments showed that
light was essential for this cycloaddition reaction since neither 3 nor 4
could be detected when the reaction was conducted in the dark or
even at higher temperatures (Table 1, entries 12-13).

Mechanistic studies

To probe the crucial rearrangement mechanism, UV-vis experiments
and control experiments were first investigated (See Supplementary
Information for more details). Both indenone substrate 1 and the
overbred intermediate 3 were able to harvest photons upon illumina-
tion with a narrow-band LED centered at 395 nm (380-420 nm wave-
length), allowing secondary excitation a feasible path for the
homolytic cleavage of C4’ - C5 bond. Experimentally, the pure inter-
mediate 3 was subjected to irradiation in the absence of Lewis acid
(Fig. 2, eq 1). While the cycloadduct 4 was formed in 16% yield, a
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byproduct 5, identified as the dimer of indenone 1, was detected
simultaneously. In addition, the cross experiment showed [2+2]
cycloadduct 6 was obtained in 17% yield (Fig. 2, eq 2). Consequently,
the in-situ generated diradical species A triggered the desired rear-
rangement to form the C5 -C7 bond, along with the cleavage of
C2' - C3 as a competitive path to regenerate indenone 1. On the other
hand, trapping of the zwitterionic intermediate B in the presence of
external Bronsted acid was realized as the fact that the demethylation
product 7 was isolated in 20% yield (Fig. 2, eq 3). In light of these
findings, the diversified cleavage of C4’ - C5’ in both paths contributes
together to the rearrangement of a cyclobutane-based overbred
intermediate.

Reaction scope

Next, we explored the substrate scope of this Lewis acid-assisted
photocycloaddition. As shown in Fig. 3, a negligible electronic effect
of the Cé6-substituents on the phenyl ring was observed, since the
corresponding [4 +2] cycloadducts (8-13) were obtained in good
yields (78%-91%). Notably, the functional group prone to single
electron reduction, such as acyl-substituted aryl bromide (10),
stayed inert in this photocycloaddition protocol. Removal of the
methyl enol ether functionality of the enone substrate resulted in a
dramatic decline of reaction efficiency, affording the cycloadducts
(14-22) in 55%-81% yields. In these cases, an alternative LED centered
at 370 nm (355-385 nm wavelength) was used instead to facilitate the
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o Cl o o
COZEt COEL 1o COEt 1o COEt
/ / / y
Mo CO2Et i  COgEt F| CO,Et cl f  COgEt L i CO.Et
o 20, 66% ! 21,57% [l 22, 60% P!
8, R=F,89% 14, R = H, 64% [
b) o [¢] 0
9,R=Cl,91% 15, R =Cl, 57% [
10, R = Br, 89% 16, R = F, 60% 1! COEt 1o COEt e COEt e
11, R = Me, 85% 17, R = Br, 55% [°] / Y, /
_ o _ o [b B B z
12, R=Ph, 78% 18, R = Me, 61% 1! B, COHEt {10 COE iy COoE
13, R = CO,Me, 78% 19, R = OMe, 81% 1! 23, 87% 1) 24, 61% 1] 25, 55% ]
o
0 o
Ph
CO,Et s
3 CO,Et Me 2 Me
7 7 \. Me
: : : H
H =g COEL H
OMe CO2EL Ohc OMe ™2 TMSH,CO COEt EtO,C COEt EtO,C ot
26, 81% 27, 84% 28, 86% 29, 56% [b172 30,77% 2
o o) o 0 0
Ph Ph
Ph Me ‘ Me ‘ Me
‘ O A O , FC—Z_ D Me NC—Z_ i Me
P F Ph" MeO,C Ph"
EtO,C EtO,C
EtO,C CO,Et EtO,C CO,Et EtO,C CO,Et X Lot X Coet

31 58% > 2011 dr. [ 32, 57%, >20:1 d.r. [

33, 51%, >20:1 d.r. [

35, 58%, 12:1 d.r. [

34, 65%, 10:1 d.r. [

diene scope !

(CCDC 2346629)
&m ecozEt &m eCOgEt
36, 70% 37, 78%
o)

o) o)
Et Et
G0 i-Pr COEt  1as
/
Z ., CO,Et Z ., CO,Et E10.C
OMe OMe > COLEt
38, 75% 39, 70%

A 42, 65% 43, 70% 44, 65% 45,72%
(ccDe 2.29(51.48) >20:1d.r. CF3 >20:1dr. F >20:1d.or. CO,Me >20:1d.r. OMe
(o] @] (o]
o O CO,Me
y 0 Qo
OMeoogme EneCOMe EpeCOMe
47, 65%, > 20:1 d.r. . . . _ e
~20:1 dor. (CCDC 2290149) 48, 89%, > 20:1 d.r. 49, 63%, > 20:1 d.r. 50, 74%, 9:1 d.r.

Fig. 3 | Substrate scope. Reaction conditions: enone (0.2 mmol), 10 mol%
Mg(ClOy4),, and a diene (0.6 mmol) in MeCN (2 mL) in the presence of 395 nm
LEDs at room temperature under argon, a single isomer was detected unless

noted otherwise. a Diene 2 was used. b 370 nm LEDs were used. ¢ 10 mol%
Cu(NTf,), was used instead. d Enone 1 was used. Cu(NTf,), Copper(ll) bis(tri-
fluoromethanesulfonyl)imide.
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Fig. 4 | Synthetic route toward lucidumone. Reagent and conditions: (a)
Mg(ClO,), (0.1 equiv.), diene 52 (3 equiv.), MeCN, 395 nm LEDs, 35 °C, 86%, exo/
endo =2.5:1. b TMSOTf (3 equiv.), Et3N (3 equiv.), DCM, rt; then KF (1.2 equiv.),
acetone, rt, 67%. ¢ m-CPBA (1.2 equiv.), NaHCO; (2.5 equiv.), 0 °C, DCM; then
Pb(OAc)4 (3 equiv.), K,CO5 (6 equiv.), toluene, O °C to rt, 63%. d 56 (2 equiv.), "BusP
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(2.2 equiv.), ‘BuSH (5 equiv.), tungsten lamp, THF, rt, 85%. e TPP (0.1 equiv.),
Co(acac); (3 equiv.), CF3SO3H (3 equiv.), MeCN, 455 nm LEDs; then 6 M aq. HCI,
MeOH, 60 °C, 68%, single isomer at C4'. TMSOTTf trimethylsilyl tri-
fluoromethanesulfonate, m-CPBA 3-chloroperbenzoic acid, Pb(OAc), Lead(IV)
acetate, "BusP tributyl phosphine, ‘BuSH tert-butyl mercaptan.

efficient secondary excitation of the overbred intermediate. In
addition, B-arylated or alkylated indenones were able to undergo the
photocycloaddition smoothly, affording the [4+2] cycloadducts
(23-25) in moderate to good yields. In the case where chemoselec-
tivity is an issue, the [4 + 2] cycloaddition occurred predominantly at
the enone motif (26), leaving the phenylacetylene functionality
intact. The reaction was also found to be compatible with several
sensitive groups, such as phenol ester (27) that could be easily
hydrolyzed, and a-TMS-substituted ethers (28) that fragment with
cleavage of the silyl group via photoinduced electron transfer
(PET)*°*, Moreover, 2-methylidene and even fully substituted inde-
none could be compatible with this photocycloaddition, delivering
the cycloadducts 29 and 30 in 56% and 77% yield, respectively.
Besides indenone, the cycloaddition of acyclic enones, such as
chalcone (31) and its derivatives (32-35), could also proceed
smoothly with excellent exo selectivity.

Pleasingly, this mild and easy-handling cycloaddition protocol
proved to bear good tolerance to a variety of electron-deficient
dienes, rendering rather robust access to 6/5/6 indanone fused
scaffolds. For example, alternating the steric hindrance at C3 of the
1,1-diester substituted 1,3-dienes by changing Me to H, Et, Pr, and
OTBS, no significant decrease of the yield for 36-39 was observed.
Moreover, the reaction showcased perfect diastereoselectivity
control when a non-terminal diene was used, yielding 40 as a single
diastereomer. We reasoned the diastereoselectivity was determined
prior in the kinetically controlled [2+2] photocycloaddition
process, which usually occurred regioselectively at the more
electron-rich and less hindered terminus of the diene. Although as
many as three stereocenters were formed, the cycloaddition of 1,2-
disubstituted diene with aryl functionality could also provide the
thermodynamically more stable cycloadducts (41-46) pre-
dominantly as elucidated by the X-ray crystal structure of 41. Aside
from linear dienes, 1,3-cyclohexadiene bearing electron-withdrawing
groups (47-50) could also work well when indenone 1 was used,
enabling a rapid assembly of the rigid [2.2.2] ring system. Different
from the state-of-the-art Diels-Alder reaction, the exo-cycloadduct
becomes predominant in all cases of this photoinduced process.
Notably, the reaction of the 2-pyrone derivative (47) was also realized
at ambient temperature, circumventing the loss of CO, upon vigor-
ous heating conditions®* ¢, and accordingly making this formal
[4 + 2] photocycloaddition protocol amendable for developing cas-
cade Diels-Alder reactions.

Synthetic application

To demonstrate the synthetic potential of this simple and
photocatalyst-free protocol, total synthesis of lucidumone”™*, a
unique polycyclic meroterpenoid isolated from the fruiting bodies of
Ganoderma lucidum, was achieved as depicted in Fig. 4. As expected,
the [4 +2] photocycloaddition of indenone 51 with diene 52 proceeded
smoothly, furnishing 53 in 86% yield, albeit a dramatic decline of the
exo/endo selectivity to 2.5:1 (See supplementary information for more
optimization details). The configuration of the major isomer was
confirmed by X-ray crystallography. We reasoned in this odd case that
a dipole-dipole interaction of the carbonyl groups caused the poor
diastereoselectivity (1.2:1d.r.) of the corresponding overbred inter-
mediate and, accordingly, a moderate exo selectivity for the [4 + 2]
cycloadduct. Importantly, no significant decrease in the yield was
observed when this photocycloaddition was performed on a gram
scale in a 250 mL quartz glass apparatus, facilitating the accumulation
of compound 53 for further manipulations. Inspired by the indepen-
dent work of Dong*>** and Martin**, attempts using an aromatization-
promoted deacylation strategy were first made to remove the extra
acetyl group at C6'. However, the acetyl group at this position was left
intact under the condensation conditions with the excess amount of
2-aminobenzamide or 2-pyridyl hydrazine due to the large steric hin-
drance. To solve this problem, site-selective deacylation at C6” was
performed via a three-step process. Firstly, selective enol silylation was
realized through indiscriminate protection with the excess amount of
TMSOTf and release of the less hindered acyl group at C3’ using
potassium fluoride. Next, a successive oxidative cleavage of the enol
silyl ether 54 using m-CPBA and Pb(OAc), in one pot succeeded in
providing the acid 55 in 63% yield. Finally, the advanced intermediate
55 was decarboxylated® in the presence of disulfide 56 and tributyl-
phosphine, affording the desired compound 57 in 85% yield. After the
successful assembly of the indanone fused tetracyclic ring system, a
photocatalytic oxidative alkoxymethylation*® was designed to install
the ether ring and C4’-OH in a single operation. Thus, annulation of 57
was achieved in the presence of oxygen as a radical trapping agent,
providing lucidumone in 68% yield. Notably, only five steps were
required leveraging this photoinduced annulation relay from 51 (9
steps as the longest linear sequence from succinic anhydride).

In summary, a formal [4+2] photocycloaddition between two
electron-deficient olefins has been developed. A strain-release-driven
rearrangement of the overbred intermediate occurred via diversified
pathways to deliver the corresponding [4 + 2] cycloadduct with excellent
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exo selectivity. Given the flexible substrate scope, this photocatalyst-free
protocol provided a robust cycloaddition paradigm that would other-
wise be difficult to achieve. With the assistance of two other photo-
induced reactions featuring a Barton decarboxylation and an oxidative
alkoxymethylation of a spatially proximate double bond, the application
of this photocycloaddition methodology to the facile synthesis of luci-
dumone is accomplished. More synthetic applications and the enantio-
selective variant of this reaction are under investigated in our lab.

Methods

General photoreaction procedure

In an 8 mL vial, a solution of enone (0.2 mmol, 1.0 equiv.), diene
(0.6 mmol, 3 equiv.) and Mg(ClO,4), (0.02 mmol, 0.1 equiv.) in MeCN
(2.0 mL) was degassed by Argon sparging for 10 min, then irradiated
with 395 nm LED at ~ 10 cm away from the light source (to maintain the
reaction temperature below 35 °C). After the enone substrate was fully
consumed, the LED lamp was turned off, and the reaction mixture was
concentrated under reduced pressure. The residue was purified by
flash column chromatography on silica gel to afford the desired [4 + 2]
cycloadducts.

Data availability

The X-ray crystallographic data for structures reported in this study
have been deposited at the Cambridge Crystallographic Data Center
(CCDC) under deposition numbers 2344341 (for 53), 2290150 (for 3),
2290151 (for 4), 2346629 (for 32), 2290149 (for 47), 2290148 (for 41),
and 2357505 (for 5). Copies of these data can be accessed free of
charge via https://www.ccdc.cam.ac.uk/structures/. All other data
supporting the findings of this study are available within this article
and its Supplementary Information file. Data supporting the findings of
this manuscript are also available from the authors upon request. The
experimental procedures and characterization of all new compounds
are provided in Supplementary Information.
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