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An iodine radical mediated cascade [3 + 2] carbocyclization of ene-vinylidenecyclopropanes with thiols
and selenols via photoredox catalysis has been reported in this paper. With this visible light-induced
photocatalytic protocol, an efficient synthetic methodology for the rapid construction of sulfur- and sel-
enium-containing polycyclic derivatives in moderate to good yields has been realized with broad sub-
strate scope. Mechanistic investigations were also performed using control experiments, deuterium label-
ing and Stern—Volmer analysis as well as DFT calculations, suggesting that this cascade cyclization reac-
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tion stems from an iodine radical addition to the allenyl moiety of ene-vinylidenecyclopropane along with
a cascade cyclization. Then, the reaction proceeds through a cyclopropane-ring opening pathway along
with a HAT process and an intramolecular substitution. Further transformation of the obtained product
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Introduction

Sulfur-containing polycyclic compounds play a significant bio-
active role in natural products, pharmaceuticals and polymeric
materials." Moreover, in the field of life sciences, disulfide
bonds can enhance the stability of polypeptides and realize
biological functions of proteins.'® For example, gliocladine C
is a fungal metabolite that possesses a unique molecular struc-
ture and potent activities against parasites, viruses, bacteria
and cancer cells (Scheme 1a).> With regard to selenium, which
is in the same main group as sulfur, selenium-containing com-
pounds generally exhibit more potent biological activity than
their sulfur-containing counterparts.® In addition, a promi-
nent feature of selenium compounds is the fact that they are
more easily absorbed by cancer cells, although the mechanism
of selective selenium uptake in cancer cells is still not comple-
tely understood.* For instance, f-lapachone-selenide can exert
submicromolar inhibitory activity toward tumor cells but weak
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cytotoxic activity toward normal cells (Scheme 1a).*?
Considering the above factors, the design and synthesis of
chalcogen-containing polycyclic compounds have attracted
great interest in recent years.’

The synthesis of complex polycyclic molecules has always
been a momentous research subject in synthetic chemistry,
especially for the preparation of multiple cyclic systems within
one step.® As an eco-friendly and cost-effective accelerator,
iodine and its derivatives present undisputed advantages in
most cases, including being easily operated and metal-free, as
well as affording economies of resource, time, and labor. It is
well known that the coordination between the electrophilic
iodine cation and the unsaturated bond can generate the
corresponding iodinium ion,” which would be subsequently
attacked by other unsaturated groups within the molecule, trig-
gering a cascade cyclization reaction to obtain the iodocycliza-
tion products (Scheme 1b).” For example, our group reported a
novel cascade process for the synthesis of 3,3'-diphenyl-1,1"-
spirobi[indene] derivatives from propargyl alcohol-tethered
alkylidenecyclopropanes in the presence of I,.”° In addition,
Liang’s group presented iodine promoted cascade cycloisome-
rization of 1-en-6,11-diynes for the easy preparation of tetrahy-
drobenzo[flisoquinolines.” On the other hand, recently with
the rapid development of visible light-induced photocatalysis
in organic synthesis, iodine and its derivatives have been
widely utilized in a variety of photo-induced transformations.®
It has been known that I can be oxidized by photosensitizers
through a SET process to form the iodine radical; moreover, I,
can also undergo a homolytic cleavage reaction through photo-
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Scheme 1 Chalcogen-containing cyclic compounds, previous work
and this work.

excitation to give the iodine radical.’* Thus, the in situ gener-

ated iodine radical tends to be subsequently captured by unsa-
turated groups, leading to an intramolecular cascade cycliza-
tion reaction (Scheme 1c).

We previously investigated a series of cyclization reactions of
ene-vinylidenecyclopropanes (ene-VDCPs)’ with radical-based
reagents under different conditions, providing a variety of nitro-
gen-containing heterocycles.”® In view of the aforementioned
research circumstances, we wish to report in this paper a novel
iodine radical mediated cascade [3 + 2] carbocyclization of ene-
vinylidenecyclopropanes via photoredox catalysis upon visible
light irradiation, delivering sulfur- or selenium-containing poly-
cyclic derivatives under mild conditions (Scheme 1d).

Results and discussion

We first utilized substrate 1a as the model substrate for the
initial investigation and subsequently optimized the reaction
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Table 1 Optimization of the reaction conditions?

Ph H
_):-_J\] TBAI (2.0 equiv)
TsN [Ir(dtbpy)ppy]PFe (3.0 mol%)

+ TsN
MeCN (0.01 M), 12 h, Ar

30 W bule LED Ph

1a 2a 3aa

a

Entry’ Variation from the standard conditions 3aa, Yield” [%)]
1 None 78 (73)°
2 [lr(dFCF;ppy),dtbpy]PFs as PC 62

3 4CzIPN as PC 64

4 fac-1r(ppy); as PC 55

5 DCM instead of MeCN 47

6 Acetone instead of MeCN 51

7 DMF instead of MeCN 0

8 2.0 ml MeCN instead of 10.0 ml MeCN 60

9 0.2 equiv. TBAI instead of 2.0 equiv. TBAI 50

10 Kl instead of TBAI 53

11 TBAB instead of TBAI 58

12 Disulfide instead of thiol 0

13 Without light 0

14 Without photocatalyst 0

15 Without TBAI 0

“Reaction was carried out with 1a (0.1 mmol), 2a (2.0 equiv.), TBAI
(2.0 equiv.), [Ir(dtbpy)ppy.]PFs (3.0 mol%) in MeCN (10.0 mL) at
ambient temperature using 30 W blue LED irradiation for 12 hours.
b1H NMR yield using dimethyl terephthalate as an internal standard.
“Isolated yield.

conditions. The results are presented in Table 1. After several
initial experimental examinations, the optimal reaction con-
ditions were identified as the following: ene-vinylidenecyclo-
propane (ene-VDCP) 1a (0.2 mmol, 1.0 equiv.) was used as the
substrate, 4-methylbenzenethiol 2a (0.4 mmol, 2.0 equiv.) was
employed as a reagent, TBAI (0.4 mmol, 2.0 equiv.) was used
as an additive, and Ir[(dtbbpy)ppy.]PFs was utilized as a photo-
sensitizer in acetonitrile (MeCN) (10.0 mL) under irradiation
with a 30 W blue LED for 12 h, affording the desired product
3aa in 78% NMR yield and 73% isolated yield (Table 1, entry
1). In addition, other photosensitizers such as Ir
[(dFCF;ppy),dtbbpy]PFs, 4CzIPN, and Ir(ppy);PFe afforded 3aa
in moderate yields of 55%-64% (entries 2-4) (see Tables S1-S7
in the ESIt for more information). We further examined
solvent effects in this photochemical transformation and
found that the use of other solvents, such as DCM, acetone
and DMF, afforded 3aa in lower yields ranging from 0% to
47%, demonstrating that the best solvent choice for the reac-
tion was MeCN (entries 5-7) (see Table S2 in the ESI{ for more
information). When the solvent volume was changed to
2.0 mL, the yield of 3aa decreased to 60% (entry 8) (see
Table S6 in the ESIT for more information). In addition, when
lowering the employed amount of TBAI to 0.2 equiv., the reac-
tion efficiency decreased significantly (entry 9) (see Table S4 in
the ESIT for more information). Moreover, we observed that
other iodine anion sources or bromine anion sources gave 3aa
in lower yields (entries 10 and 11) (see Table S3 in the ESI} for
more information). When using disulfide (Ph,S,) instead of
thiol, no reaction occurred, indicating that disulfides or disele-

This journal is © the Partner Organisations 2024
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Scheme 2

? Standard conditions: substrate 1 (0.1 mmol, 1.0 equiv.), 2 (2.0 equiv.), TBAI (2.0 equiv.), [Ir(dtbpy)ppy2]PFe (3.0 mol%) in MeCN (10.0 mL)

at ambient temperature using 30 W blue LED irradiation for 12 hours. b No reaction. € The desired product was obtained in a complex mixture.

nides cannot be used instead of thiols or selenols (entry 12).
Furthermore, the control experiments revealed that a photo-
sensitizer, light, and TBAI were essential for this reaction
(entries 13-15).

With the reaction conditions being optimized, we explored
the generality of this cascade annulation reaction, and the
results are summarized in Scheme 2. It was found that most of
successfully underwent these
smoothly, providing the desired products in moderate to good
yields. In order to investigate the electronic effect of the substi-
tuent R?, the reactions were conducted using the substrates by
altering the substituent R located at the para position on the
benzene ring. The VDCPs 1b-1h having either electron-with-
drawing or -donating groups present on the benzene ring
were all compatible in this reaction, and the desired products

the substrates reactions

This journal is © the Partner Organisations 2024

3ba-3ha were obtained in 57%-79% yields, revealing that the
electronic property of R*> had an impact on the yields of the
product. When CF;-substituted VDCP 1f was utilized as the
substrate, the desired product 3fa was not produced in this
reaction, probably due to the influence of its electronic effect.
The structure of 3ga was unambiguously determined by X-ray
crystallographic analysis and its ORTEP drawing is shown in
Scheme 2. In addition, its CIF data are summarized in the
ESI.t When a meta-substituted methyl group was present at
the benzene ring of VDCP 1i, the corresponding product 3ia
was afforded in 61% yield. Product 3ja, bearing a benzo[d][1,3]
dioxole moiety, could be obtained in 60% yield under the stan-
dard conditions. Moreover, substrate 1k, replacing the aryl
group with a five-membered heterocyclic ring, could also
afford the corresponding product 3ka in 46% yield. However,

Org. Chem. Front, 2024, 1,1395-1403 | 1397
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the reaction of a methyl-substituted substrate 11 proceeded
sluggishly, affording a complex mixture. As for VDCPs 1m and
1n, in which a cyclohexyl or a benzyl group was introduced,
the corresponding products 3ma-3na were produced in 53%
and 43% yields, respectively. Next, we shifted our attention to
examine the R' group in VDCPs 1 and found that introducing
the substituents R’ at the ortho-, meta-, and para-position on
the benzene ring in VDCPs 1o-1s gave the desired products
30a-3sa in moderate to good yields ranging from 61% to 87%,
which is similar to those of R substituents. When a methyl
group was present at R' in substrate 1t, the corresponding
product 3ta was afforded in 41% yield. To our delight, upon
changing the linker to an oxygen atom, the desired product
3ua was obtained in 43% yield. Furthermore, when the
(C(SO,Ph),)-linked substrate 1v was used to carry out the reac-
tion, the desired product 3va was furnished in 45% yield. Next,
the R® moiety of thiol reactants 2 was investigated. For the
thiols containing a para-substituted benzene ring, the reac-
tions took place smoothly, affording the target products 3ab-
3ae in 61-81% yields. However, when pentachlorothiophenol
2f and alkyl-substituted thiol 2g were used as the reactants,
the reaction did not afford the desired products.

In order to further demonstrate the generality of this syn-
thetic strategy, we then turned our attention to examining the
substrate scope of 4 using selenol 2h as the cyclization reactant
(Scheme 3). Similarly, using VDCPs 1 as the substrates, the
desired selenium-containing polycyclic products 4a-4f were
produced in moderate to good yields ranging from 35% to
67% under the standard conditions, indicating that this
photochemical transformation is suitable for chalcogen-con-
taining cyclic compounds. The substrates 1 having either elec-
tron-withdrawing or electron-donating groups present on the
benzene ring were all tolerated in this reaction.

To gain more insights into the reaction mechanism, we
carried out several control experiments (Scheme 4). First, the
Stern-Volmer luminescence quenching analysis using TBAI
and 2a showed that both species can quench the emission of

® O

TBAI (2.0 equiv)

Ir(dtbpy)ppy (5.0 mol%) TsN ‘
4

MeCN, 30 W bule LED, 12 h

O

eH
2h

R ro
O.
Se@ se
TsN
TsN TsN
4a,R=H, 47%
R

4, R = Bu, 35% 4d, 50% 4e, R'= OMe, 52%
= 0/ y o ) = e, /o
4c,R=F, 58% 4f, R = SO,Me, 67%

L S
TsN /; +
1

O

Scheme 3 Standard conditions: substrate 1 (0.1 mmol, 1.0 equiv.), 2h
(2.0 equiv.) TBAI (2.0 equiv.), [Ir(dtbpy)ppy2lPFs (3.0 mol%) in MeCN
(10.0 mL) at ambient temperature using 30 W blue LED irradiation for
12 hours.
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Ir[(dtbbpy)ppy.|PFs. However, the quenching efficiency of TBAI
was much stronger than that of 2a (Scheme 4A)."° The above
result revealed that TBAI was an effective quencher for the
excited state of Ir[(dtbbpy)ppy.]PFs. In order to investigate
whether a free radical chaining process occurs in the reaction,
we conducted the exclusive light-dependence of the reaction,
in which the reaction basically stopped under dark conditions
and continued when light was restored, indicating that visible
light irradiation is a necessary condition for this reaction
(Scheme 4B)'" and the quantum yield was found to be @& =
0.005 in this reaction (see S18 in the ESIf), also suggesting
that the intervention of a radical chain mechanism is unlikely.
In addition, when TEMPO was added to the reaction system as
a radical scavenger, the reaction was inhibited completely, and
the desired product 3aa was not obtained (Scheme 4C).
Subsequently, the reaction using deuterium-labeled thiophe-
nol d;-2a (90% D content) was conducted under the standard
conditions, and we found that the deuterium atom was incor-
porated exclusively at the terminal carbon atom of d;-3aa,
showing that SET and HAT processes were both involved in the
last step (Scheme 4D)."? We also performed kinetic isotope
experiments under the standard conditions (Scheme 4E). The
parallel kinetic isotope effect was determined as ky/kp = 2.02
using 2a and d;-2a as the substrates; this result demonstrated
that the initial HAT process might be involved in the rate-
determining step following the rationale that C-D bond dis-
sociation is harder than C-H bond dissociation."
Furthermore, when acetic acid (2.0 equiv.) as a proton source
was added to the reaction system in the presence of 0.2 equiv.
of thiophenol 2a, the intermediate 3aa’ was detected by LC-MS
in 34% yield along with 3aa in 12% yield (see Fig. S7 in the
ESI} for more information). Then, we utilized 2e as a nucleo-
philic reagent to react with intermediate 3aa’ in the presence
of potassium carbonate, giving the desired product 3ea in 53%
yield. Therefore, we believed that the desired product 3aa was
obtained via intermediate 3aa’ through an intermolecular sub-
stitution reaction (Scheme 4F)."* We subsequently embarked
on DFT calculations to gain insight into the reaction mecha-
nism. All calculations were performed at the SMD(aceto-
nitrile)/B3LYP/6-311+G(d,p)/B3LYP/6-31G(d) level using the
Gaussian 16 program.'® The solvation Gibbs free energy
profile in acetonitrile for the suggested reaction pathway is
shown in Scheme 4G (see Table S8 in the ESI{ for more infor-
mation). We investigated the reaction pathway starting from
the radical intermediate INT1 shown in Scheme 4G. The inter-
mediate INT1 undergoes cyclization via TS1 with an energy
barrier of 15.0 kecal mol™ to form an intermediate INT2, which
produces the cyclized radical intermediate INT3 through
another intramolecular addition reaction with an energy
barrier of 12.9 kcal mol™. We also investigated another poss-
ible cyclization process: cyclization of intermediate INT1 via
TS1' with an energy barrier of 26.8 kcal mol™* forming an
intermediate INT2’ ring
(Scheme 4G); however, the energy barrier is relatively high and
the transition state TS2' could not be located theoretically.
Therefore, we excluded the pathway from INT1 to INT3 via

containing a five-membered

This journal is © the Partner Organisations 2024
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(A) Luminescence quenching experiments (Stern-Volmer Studies)
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3
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Scheme 4 Mechanistic studies. (A) Luminescence quenching experiments (Stern—Volmer Studies). (B) Light on/off experiment. (C) Radical trapping
experiments. (D) Deuterium labeling experiments. (E) Kinetic isotope effect experiment. (F) Control experiment. (G) DFT calculation.

INT2'. The intermediate INT3 undergoes a cyclopropane ring-
opening process to give the radical intermediate INT4 with an
energy barrier of 9.7 kcal mol™". Subsequently, the intermedi-
ate INT4 undergoes a HAT process with thiol 2a to deliver the

This journal is © the Partner Organisations 2024

intermediate INT5 and a sulfur radical with an energy barrier
of 15.3 kcal mol™'. Based on the DFT calculations, the HAT
process is the rate-determining step which agrees with the KIE
result shown in Scheme 4E.
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Scheme 5 The proposed reaction mechanism.

On the basis of control experiments and DFT calculations,
we proposed a plausible mechanism to elucidate this visible
light-induced photochemical reaction (Scheme 5). Upon
irradiation with blue light, the ground state of the photosensi-
tizer Ir[(dtbbpy)ppy.]PFes is converted into its excited state,
which can further oxidize I” through the SET process to afford
the iodine radical, which tends to react with the allenyl moiety
of VDCP 1 to furnish an iodinated radical intermediate A. The
intermediate A undergoes cyclization via TS1 with an energy
barrier of 15.0 kcal mol™ to form an intermediate B, which
produces a cyclized radical intermediate C through another
intramolecular addition reaction. Based on the calculation
results, cyclization of intermediate A via TS1' with an energy
barrier of 26.8 kcal mol™ forms the intermediate B'. Thus, we
exclude Path A from A to C via B'. The intermediate C under-
goes a cyclopropane ring-opening process to furnish the
radical intermediate D, which subsequently undergoes a HAT
process with thiol 2a'® to deliver intermediate E and a sulfur
radical. Then, the in situ generated Ir" species reduces the
sulfur radical to the corresponding sulfur anion, which can
substitute the iodine atom in intermediate E to give the
desired product 3 and close the catalytic cycle."*

To demonstrate the synthetic applicability of this protocol,
a gram-scale reaction was conducted by using 0.88 g
(2.0 mmol) of 1a, obtaining the desired product 3aa in 80%
yield (0.9 g) under the standard conditions (Scheme 6A).
Hydrogenation of the obtained product 3aa effectively afforded
the corresponding product 5 in 83% yield (Scheme 6B).
Moreover, epoxidation of 3aa with m-CPBA as an oxidant furn-
ished the product 6 in 78% yield (Scheme 6C).

On the other hand, when we utilized ethyl iododifluoroace-
tate as the iodine source for the reaction, a new iodocyclization
product 7 was obtained in 20% yield upon direct visible light
irradiation (Scheme 7). Its structure has been unequivocally
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A. Gram-scale reaction
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Scheme 6 Synthetic transformations. (A) 1a (2.0 mmol, 1.0 equiv.), 2a
(2.0 equiv.), TBAI (2.0 equiv.), [Ir(dtbpy)ppy2lPFs (3.0 mol%) in MeCN
(60.0 mL) at ambient temperature using 30 W blue LED irradiation for
12 hours; (B) Pd/C, MeOH, rt, Hy; (C) m-CPBA (2.5 equiv.).
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Scheme 7 1a (0.1 mmol, 1.0 equiv.), ICF2CO2Et (2.0 equiv.), Ir(ppy)s
(5.0 mol%) in dioxane (10.0 mL) at ambient temperature using 30 W blue
LED irradiation for 12 hours.
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identified by X-ray diffraction and the ORTEP drawing is
depicted in Scheme 7. A plausible reaction mechanism is also
shown in Scheme 7. Upon direct irradiation with blue light,
the iodine radical is generated from homolytic cleavage of
ethyl iododifluoroacetate, which tends to react with 1a to
furnish an iodinated radical intermediate I. Subsequently,
similar intramolecular cascade cyclization and cyclopropane
ring-opening take place to afford radical intermediate IV
through radical intermediates II and III, which reacts with
ethyl iododifluoroacetate again to afford product 7 through a
radical chain process.” In our previous paper, we
have described that some unknown side reaction products
could be formed wupon photoirradiation of ethyl
iododifluoroacetate.'®

Conclusions

In summary, we have developed a novel and practical photo-
redox catalytic methodology for iodine radical mediated
cascade carbocyclization of ene-vinylidenecyclopropanes with
thiols and selenols, delivering the chalcogen-containing poly-
cyclic derivatives in moderate to good yields with broad sub-
strate scope and good functional group tolerance under mild
conditions. Moreover, this reaction could be achieved on a
gram scale, and the products could be further functionalized
to afford other novel polycyclic compounds. The reaction
mechanism paradigm has been proposed on the basis of
control experiments, deuterium labeling and photophysical
analysis as well as DFT calculations. Further exploration of this
visible light photoinduced synthetic strategy for the synthesis
of medicinally useful products is underway.
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