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Abstract

An unprecedented, caged 2H-benzo-dioxo-pentacycloundecane (BDPC) framework was
serendipitously obtained in a single transformation v/a triple-dearomative photocycloaddition of
chromone esters with furans. This caged structure was generated as part of an effort to access a
tricyclic, oxygen-bridged intermediate enroute to the dihydroxanthone natural product nidulalin
A. Reaction scope and limitations were thoroughly investigated revealing the ability to access

a multitude of synthetically challenging caged scaffolds in a two-step sequence. Photophysical
studies provided key mechanistic insights on the process for formation of the novel caged scaffold.
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INTRODUCTION

Nidulalin A 11 and nidulaxanthone A 22 (Figure 1) belong to the dihydroxanthone natural
product family. We have recently reported total syntheses of 1 and 2 involving use of

allyl triflate for chromone ester activation followed by vinylogous addition to access the
nidulalin A scaffold in a four-step sequence which also employs ketone desaturation using
Bobbitt’s oxoammonium salt.3 An initial approach to target monomer 1 involved use of
chromone ester 3 as a substrate for Diels-Alder cycloaddition with furan to produce the
intended cycloadduct 4 (Figure 2) followed by base-mediated carbon-oxygen bond cleavage
to dienone 5 and subsequent demethylation. Herein, we report studies on the photochemical
reactivity of chromone ester substrates such as 3 with furans which led to the serendipitous
discovery of a novel, triple-dearomative photocycloaddition to produce an underdeveloped,
caged scaffold architecture.

RESULTS AND DISCUSSION

After unsuccessful trials with thermal cycloaddition of chromone ester 3 with furan, we
envisioned that photomediated triplet Diels Alder reaction*® of chromone ester 3% may be
employed to initiate the planned synthetic sequence illustrated in Figure 2. Interestingly,
employing a 370 nm LED light source and 4:1 MeCN/furan as a mixed solvent system
(0.025 M), we unexpectedly obtained the novel caged compound 6 as the exclusive product
with no evidence of Diels-Alder cycloadducts or sy, anti-[2+2]-cycloaddition products
(Table 1, entry 1). Compound 6 contains the dioxo-pentacycloundecane caged-scaffold
which to the best of our knowledge has a single precedent in the literature’ from the work
of West and coworkers as a minor product (7, 5% yield) (Figure 3A). The reaction pathway
from 3 and furan to 6, an intermolecular triple-dearomative cycloaddition, is unprecedented
in the literature.

Polycyclic caged compounds have been widely used in medicinal chemistry®-17

and their intriguing structures often present challenges from a synthetic chemistry
standpoint10:13.14,16.18.19 (Figyre 3B). For example, cubane 8 is a monoamine oxidase

B (MAO-B) inhibitor? and requires a 15-step synthesis; 10 NGP1-01 914 is a
pentacycloundecane derivative with broad bioactivity®-13.15.16.18 and requires a five-step
synthesis; tromantadine 10?1 is an adamantane derivative with antiviral activity and is
synthesized in five steps. In comparison, caged compound 6 bearing the 2H-benzo-dioxo-
pentacycloundecane (BDPC) moiety is synthesized in a one-step process from a chromone
ester substrate and was found to be the only product in the reaction (Figure 3A).

In terms of reaction development, use of 254 nm mercury lamp largely resulted in furan
polymerization along with the desired transformation (Table 1, entries 2). Conducting
reactions at a higher concentration in MeCN (Table 1, entries 3 & 4), or in the non-polar
solvent toluene (Table 1, entry 5) resulted in the production of the chromone homodimer
11 as minor product.22 Use of the protic solvent trifluoroethanol (TFE) totally mitigated
reactivity and led to recovered chromone ester 3 (Table 1, entry 6).23:24 Switching the light
source from a 370 to 390 nm LED light source resulted in slower reactions (Table 1, entry
7). Employing the triplet photosensitizer thioxanthone (TX) using 427 nm photoirradiation
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instead resulted in the production of the chromone-furan [2+2]-syn adduct 12 (Table 1, entry
8). In order to increase light penetration and further improve conversion on a larger scale,
we employed a flow photoreactor setup 122 which vastly improved reaction efficiency and
delivered the caged product 6 in 95% conversion within 3 h on a 75 mg reaction-scale (Table
2, entry 2) which compares to a 67% conversion using batch conditions over 70 h on a

50 mg reaction scale (Table 2, entry 1). Further optimization using a 365 nm LED light
source with a lower loading of furan (7:1 MeCN/furan) using the flow photoreactor setup 11
(Figure 4) developed by Beeler and coworkers?®:26 led to a 92% conversion of 3to 6in 2.5 h
residence time on a 100 mg reaction-scale (Table 2, entry 6).

Due to the instability of caged compound 6 in acidic environments which ultimately led

to retro-[2+2]-[2+2] to chromone ester 3, we further functionalized scaffold 6 in order

to stabilize the structure (Figure 5). We found that exposure of 6 to silica gel afforded

the retro-[2+2] cycloadduct 12 along with chromone ester 3 as an inseparable mixture,
thereby reinforcing the lability of the caged scaffold with its adjacent dienol ether moiety.
Hydrogenation of 6 (Pd/C, H2) afforded the methyl enol ether 13 in 46% yield from 3 as a
stable compound. Treatment of 6 under singlet oxygen conditions (Rose Bengal B, O, green
LED) led to the endoperoxide 14 which was isolated as a stable, tan solid in 58% yield

from 3. The intriguing hydrogenated 2,7-dioxa-1,2b-methanobenzo[1,4]cyclobuta[1,2,3-
cd]cyclobuta] ghpentalene framework of 14 was unambiguously confirmed by single

X-ray crystallographic analysis (Figure 6). Kornblum-DelLaMare rearrangement?’ of 14
employing triethylamine (Et3N) as base with exclusion of light led to clean conversion

of 14 to enedione 15 in 61% yield. Finally, Diels-Alder cycloaddition of 6 with dimethyl
acetylenedicarboxylate (DMAD) afforded diester 16 in 42% yield (Figure 5). It should be
noted that DMAD and singlet oxygen were sufficiently small in size to react with the
congested dienol ether moiety of 6 in comparison to other dienophiles evaluated (e.g. maleic
anhydride and benzoquinone). Moreover, Diels-Alder cycloaddition exclusively took place
from the top face of caged compound 6 adjacent to the “ledge” provided by the diene and
the adjacent cyclobutane ring. Based on examination of substrate and product structures, the
excellent stereoselectivity for reactions affording products such as 14 and 16 may be due

to the electrostatic repulsion of the oxygens (shown in red) in substrate 6 (Figure 7) with
oxygenated reaction partners such as singlet oxygen and DMAD.28:29

With optimized conditions in hand, we next explored the substrate scope of heterocyclic
reaction partners using optimized batch or flow conditions (Table 3, vide infra). Furan
substrates including 2-substituted and 2,5-disubstituted furans 17 — 20 participated as
reaction partners to afford the corresponding caged compounds (0t shown), with lower
conversions observed upon increasing steric hindrance (entries 1 — 4). The caged compounds
obtained were further functionalized to the stable derivatives 21 — 23, 25 — 26 using previous
developed conditions (c¢f. Figure 5). Use of 2-methylfuran 17 as reaction partner afforded a
1:1 mixture of isomeric enol ethers 21 and 22 (34% yield, inseparable) after hydrogenation
(Table 3, entry 1). The corresponding caged compound from 3 and 2,5-dimethylfuran 18
afforded methyl enol ether 23 in 27% yield after hydrogenation (Table 3, entry 2). The
caged compound 24 derived from 2-trimethylsilyl furan 19 was found to be very labile under
mild acidic conditions and readily afforded the retro-[2+2] cycloadduct 25 in 49% yield by
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treatment in CDCl3 (50 °C) (Table 3, entry 3). 2-Trimethylsilyl-5-methylfuran 20 afforded
the corresponded caged compound as single regioisomer, likely due to the steric hindrance
and blocking effect of the trimethylsilyl (TMS) group.3 Similar to the production of 25
from 24, cyclobutane-opening product 26 was isolated in 35% yield after treatment with
CDCl3 (50 °C) (Table 3, entry 4).

Mechanistically, we believe that cyclobutane edge protonation31:32 in the presence of
adventitious D-CI may open the cyclobutane ring of 24 to a transient cation 27 which is
stabilized by the silicon B-effect33:34 followed by elimination and aromatization to afford
product 25 (Figure 8B). Originally, we considered that 25 may be converted back to 24

via dearomative [2+2]-cycloaddition as DFT computational analysis (’'SCAN-3C/CPCM
(CH,Cl,)) of 25 showed a close distance between the corresponded alkene and the two
carbons of the arene (Figure 8C). However, all attempts including photoirradiation 25 using
a 365 nm LED or a white LED in MeCN or thermolysis failed to deliver 24 but instead led
to recovery of starting material which indicated an irreversible process for formation of 25
(Figure 8A).

Regarding additional substrate scope, use of 3-substituted, 2,3-disubstituted or 3,4-
disubstituted furans (cf; Table S5)2° failed to deliver the desired corresponding caged
compounds in all cases, likely due to increasing steric hindrance of the 3-furyl substituents.
We also found that A~(methoxycarbonyl)pyrrole 28 could serve as reaction partner with

3 to afford the corresponded caged nitrogen-containing scaffold in lower conversion with
elongated reaction time (53% conversion, 78 h in batch). Fortunately, the corresponding
endoperoxide 29 from this caged intermediate could be isolated in 27% yield (vide supra,
Table 3, entry 5). Unfortunately, thiophene substrates and electron-rich, A-substituted
pyrroles such as A“methyl and A-trimethylsilyl pyrrole failed to deliver related caged
compounds under similar conditions (cf. Table S5).2°

We next explored substrate scope using various chromone substrates 30 — 34 (Table 4)
which involved processing of the corresponding crude, caged products using conditions
developed in Figure 5. Switching the methyl group of chromone 3 into a hydrogen (30) or
a methoxy group (31) did not interfere with the formation of caged products. Accordingly,
endoperoxide 35 was generated in 45% yield from 30 using flow conditions followed

by endoperoxidation (Table 4, entry 1). We also found that diene 36 from dimethoxy
chromone ester substrate 31 was a relatively stable caged product on silica gel and could be
isolated in 35% yield together with 10% of the hydrolyzed methoxy enone 37 produced

by acid hydrolysis on silica gel (Table 4, entry 2). Thermolysis of 36 with DMAD

afforded the cycloadduct 38 in 54% yield (Table 4, entry 3). Interestingly, the hydrolysis
product 3-methoxy cyclohex-2-enone 37 was isolated as the exclusive product in 23%

yield from crude 36 using Rose Bengal B/O, conditions; we did not observe the expected
endoperoxide as in other cases (Table 4, entry 4). Rose Bengal-catalyzed demethylation and
photocatalytic hydrolysis of enol ethers have been reported in the literature.3%:36 Switching
the peri-methoxy group of 3 into a peri-benzyloxy (32) or a peri-methoxymethyl group (33)
led to similar results in comparison to substrate 3 affording endoperoxides 39 and 40 in 36%
and 47% yields, respectively, using batch conditions followed by endoperoxidation (Table
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4, entries 5 & 6). Switching the ester moiety of 3 into an amide (34) resulted in similar
reactivity; the corresponding caged compound was further reduced to enol ether 41 in 50%
yield using Pd/C/H, (Table 4, entry 7). Unfortunately, switching the Ry substituent of 3
from methoxy to other functional groups (e.g. H, OH, or OAc) or changing the R, group
of 3 from an ester into other functional groups (e.g. H, Ph or CN) failed to deliver the
corresponding caged products (cf. Table $6).2°

To gain additional insight into the formation of caged compound 6 and its derivatives, we
performed a detailed photophysical investigation using the key reaction partner 3. Chromone
ester 3 absorbs light below ~390 nm and shows two peaks at 325 nm and 274 nm with
molar absorptivities of 6728 and 18117 M~1cm™1, respectively (Figure 9A, blue line).
Addition of furan to solutions of 3 did not cause significant changes in absorbance above
300 nm indicating that no ground state EDA complexes3’ are formed between 3 and furan.2®
Having ascertained that the reaction does not proceed v7a ground state EDA complex
formation, the excited state properties of 3 were further investigated.2> Photoexcitation of

3 at 330 nm generated weak fluorescence (Figure 9A, dotted green line). The energy of

the lowest singlet excited state of 3 (78.1 kcal/mol~1) was estimated from the intercept of
the absorption and fluorescence spectra (Figure S4).25 The low fluorescence quantum yield
(<0.005), determined by comparison to the standard (9,10-diphenylanthracene),38 indicates
fast singlet excited state deactivation processes including intersystem crossing (ISC) into
the triplet state. Phosphorescence studies were performed to investigate the formation and
energy of triplet states. Figure 9A (green line) shows the phosphorescence spectrum of

3at 77 K in an EtOH matrix and has a lifetime of 137 ms. The energy of the triplet

state was determined from the highest-energy peak (63.5 kcal/mol). These point to the

ree® nature of the lowest triplet excited state. It is possible that the nie* triplet state is

close in energy to the wre* triplet state resulting in intermixing. Such a scenario for 3is
similar to the excited state features of enone derivatives.3? This may be a key reason why
the fluorescence quantum yield was low in 3 coupled with a strong phosphorescence. As
shown above, the photoreaction proceeded efficiently in the presence of TX 42 as triplet
sensitizer.40 We then determined the bimolecular quenching rate constant of TX triplet states
by 3 using laser flash photolysis. Laser excitation (Agx = 355 nm, pulse width = 7 ns)

of an argon-saturated solution of TX in acetonitrile generated a triplet transient absorption
centered at ~620 nm*! which was quenched by 3 (Figure 9B). The bimolecular quenching
rate constant was determined from the slope of the plot of the inverse triplet lifetimes vs.
the concentration of 3 which gave a close to diffusion-controlled rate constant (kg = 3.54 (+
0.2) x 10°9 M1 s71; Figure 9C). The quenching of triplet excited states by 3 may proceed
by energy or electron transfer. As the triplet energy of the sensitizer thioxanthone 42 (TX

= 64 kcal/mol)*! and the chromone (3 = 63.5 kcal/mol) are close,2° one can anticipate
energy transfer from the sensitizer to the chromone ester substrate. By using the Rehm-—
Weller equation, we also evaluated the viability of photoinduced electron transfer (PET)
playing a role under sensitized conditions. Inspection of the Table (Figure 9E) revealed an
endergonic electron transfer from excited sensitizer 42 (3TX*) to chromone 3 as well as
triplet excited chromone (33*) to sensitizer 42 (TX). Due to the highly endergonic nature of
electron transfer in the reaction of TX triplets with 3 and the close to diffusion-controlled
rate constant of 3TX* quenching by 3, energy transfer is the most likely pathway for
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the reaction generating triplet-excited states of 3. In addition, the photoexcited oxidative
potential of 3 was calculated to be —1.13 eV by use of the Rehm-Weller approximation
which is insufficient to oxidize furan (Eqy = +1.80 eV). As was previously mentioned,
N-methyl pyrrole (Eqox = +1.09 eV) with feasible oxidative potential by the photoexcited
state of 3, failed to deliver the corresponding caged compound with 3 but rather returned
starting material. As a result, only the triplet excited state of substrate 3 appears to be
involved in the formation of caged scaffold 6.

As we established the formation of triplet excited state of 3 upon direct irradiation through
photophysical studies, we propose a mechanism for the formation of the caged photoproduct
6 (Figure 10). As a working hypothesis, we believe that the triplet excited chromone 3[3]*

is generated upon direct irradiation of 3. This is reasonable as we observed a very weak
fluorescence of 3 with low quantum yields. The triplet-excited chromone 3[3]* subsequently
reacts with furan to generate a triplet biradial species 43 (Figure 10). This triplet diradical
43 undergoes dearomative cyclization leading to 44 followed by intersystem crossing (ISC)
to form the zwitterionic intermediate 45. This intermediate 45 undergoes cyclization to

46 (Figure 10) which may subsequently ring-open to carbonyl ylide#243 47 (Figure 10)
followed by intramolecular (3+2) cycloaddition*243 to the caged cycloadduct 6 (Figure

10, Pathway A). An alternative mechanism (Figure 10, Pathway B) can be envisioned for
the formation of 6 that features the tautomeric, dearomatized triplet diradical intermediate
48 generated from the triplet excited chromone 3[3]* which is reminiscent of diradical
intermediates observed and proposed in oxa-di-rt.-methane rearrangements of substrates
including cyclohexadienones.** The diradical intermediate 48 may react with furan in a
stepwise fashion (as it occurs in a triplet manifold) to form a triplet biradical 44. This triplet
biradical 44 intersystem crosses to the zwitterionic species 45 enroute to the formation

of cycloadduct 6. A point to note is that diradical intermediate 48 can also intersystem

cross to an oxyallyl cation type species (similar to the intermediates proposed by West and
co-workers)’ followed by formal addition of furan to form intermediate 46.

To validate and further study the proposed mechanism depicted in Figure 10, we carried out
the series of control studies detailed in Figure 11A/B). In the first experiment (Figure 11A),
we employed triplet energy transfer by utilizing thioxanthone 42 (Et = 64 kcal/mol) as

the triplet photosensitizer to generate triplet excited chromone 3[3]* that was established to
have a triplet energy of ~63.5 kcal/mol (Figure 11A). Sensitized irradiation of chromone

3 under energy transfer conditions with thioxanthone 42 in the presence of furan in
acetonitrile (MeCN/furan = 4:1) resulted in the formation of [2+2]-photoproduct 12. To
rationalize the formation of [2+2]-photoproduct 12 under triplet sensitization, we subjected
the caged photoadduct 6 to sensitized irradiation with thioxanthone 42 and were able to
observe the formation of [2+2]-photoproduct 12. This is due to the fact that 6 features

a diene chromophore®® that likely has a triplet rere* excited state with energy similar to

that of thioxanthone 42. Specifically, triplet-excited 6 generated upon energy transfer from
thioxanthone*6 undergoes B-cleavage resulting in the formation of the [2+2]-photoproduct
12. Alternatively, an electron transfer from the diene 6 to the excited thioxanthone followed
by cleavage of the dienyl-cation resulting in the formation of the [2+2]-photoproduct

12, cannot be ruled out. In the second of experiments (Figure 11B), the cyclopropyl
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chromone radical clock substrate 49 was subjected to direct irradiation which resulted in

the formation of aldehyde 50, albeit in 11% yield. The formation of 49 can be rationalized
by intramolecular H-atom abstraction from the triplet excited chromone 3[49]* to generate
diradical 51 which may be followed by spirocyclization to intermediate 52 and elimination/
rearomatization. The latter experiment once again reinforces that the triplet excited state of 3
and related chromone esters have rere* character intermixed with the higher lying nre* triplet
excited state as observed in our photophysical studies.

CONCLUSION

In summary, we serendipitously discovered and synthesized an unprecedented caged
architecture bearing the 2H-benzo-dioxo-pentacycloundecane (BDPC) scaffold in a single
transformation from photoirradiation of chromone esters and furans via a triple-dearomative
cycloaddition process. Flow photoreactors were employed for reaction scale-up and a series
of subsequent functionalizations of the caged scaffold were developed in a one-pot, two-step
manner. Overall, 25 caged compounds were prepared in yields ranging from 27 — 58%
encompassing variations of both chromone and heterocycle substrates. Photophysical studies
provided key mechanistic insights on the process for formation of this caged scaffold. We
believe that the novel compounds produced in this study should provide further impetus for
research on the rapid synthesis of caged structures for use in drug discovery and medicinal
chemistry. Further studies on the chemistry of the caged BDPC architecture as well as
biological evaluation of the scaffolds are currently in progress and will be reported in due
course.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Dihydroxanthone natural products.
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Figure2.
Original synthetic plan for the synthesis of nidulalin A v7a cycloaddition of a chromone ester
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(A) Structural comparison of a precedented caged compound vs. BDPC 6. (B) Select
bioactive caged scaffolds in medicinal chemistry.
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Figure 4.
Pictures of flow photoreactor setup 11.26
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Figure5.
Production of a novel caged compound and further functionalization chemistry.
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Figure®6.
X-ray crystal structure of 14.
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Figure7.
Map of electrostatic potential (MEP) of BDPC 6.
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(A) Irreversible retro-[2+2]-cycloadduct 25 formation facilitated by cyclobutane edge

CDCl3, 50 °C
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protonation. (B) Proposed mechanism for formation of 25. (C) DFT structure of compound

25 (r’SCAN-3C/CPCM (CH,Cly)).

JAm Chem Soc. Author manuscript; available in PMC 2024 June 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Jietal. Page 19
A) 0.6+ B C 6
) a, " Dbaarbance ) ) kg = 3.54 (£ 0.2) x109M1 s
0.5 H --:Fluorescence
N —Phosphorescence|
o 0.4 z 8 5
(8] . 3 & \li),
c . 3 &
@ 0.3+ s - a 2
£ . S5 5 -
o : T @ <
2 0.2 . S 9 e
< H e < -
3 g =l
0.1+ .
0.0- T T T T T T T T T T
300 400 500 600 700 800 0 40 80 120 160
Wavelength (nm) Time (us) Quencher (uM)
D
E ) Photo-induced electron  AGeeT
s = 78.1 keal/mol 80 OMe0 Entry  transfer (PET) (kcal/mol)
Er = 63.5kcal/mol & 601 | 1 eT from chromone 3 to 20.0
= 137ms (77K) £ 409 me 0" COOMe BxeledEfioxanthons
3 204 3 2 eT from excited thioxanthone
o oz to chromone 3 .7
T 3 eT from excited chromone 3
.20-2/ Blank to thioxanthone 196
T T T 4 eT from thioxanthone to 1.4
-2 -1 0 1 2 excited chromone 3. '
Potential (V)
Figure9.

(A) UV-Vis absorption spectrum in EtOH at rt (blue); fluorescence spectrum in EtOH (Mg
=325 nm) at rt (dotted; green); time-resolved phosphorescence spectrum recorded 5-55 ms
after pulsed excitation at 325 nm in EtOH glass at 77 K (solid; green). (B) Thioxanthone
triplet decay traces (A absorbance) monitored at 620 nm measured by laser flash photolysis
(Aex = 355 nm, 7 ns pulse width) in the absence and presence of different concentrations of
3in argon saturated CH3CN solutions. (C) Determination of the bimolecular quenching rate
constant kq of quenching of thioxanthone triplet states by 3 using the kinetic data shown in
(B). Plot of the inverse triplet lifetime vs. concentration of 3. (D) CV experiment for 3. (E)

Free energy for electron transfer under sensitized conditions.
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(A) Proposed mechanism for the formation of 6. (B) DFT computations of oxirane 46

(r’SCAN-3C/CPCM (CH,Cl,)). (C) DFT computations of carbonyl ylide 47 (’'SCAN-3C/
CPCM (CH,Cly)).
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(A) Mechanistic studies involving thioxanthone 42. (B) Radical clock experiment to probe
HAT.
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Table 2.

Reaction optimization in flow to access caged compound 6.

OMe O H o) H
MeCN:furan (0.025 M)  H Howme
| light source, flow o
Me O "COsMe MeO,C o) Me
3 6

Entry  Reactionsetup  Ratioof MeCN:furan®  Residencetime(h)  Conv. (%)P

1€ Batch 4:1 70 67
2d Setup | 41 3 95
3d Setup | 7:1 3 70
46 Setup 11 12:1 2 81
5¢ Setup 1l 7:1 1 62
6€ Setup 1l 71 2.5 92

aMeCN and furan were degassed for 20 min before use.

bConversion based on crude 1H NMR analysis in neutralized CDCI3. In all cases, only 3 and 6 were observed. CDCI3 was neutralized by passing
directly through a short basic Al203 column.

650 mg scale, batch setup using a 370 nm Kessil lamp.
d75 mg scale, Flow photoreactor setup 1.25

9100 mg scale, Flow photoreactor setup 11 (Figure 426).25
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