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A novel visible-light photocatalytic bicyclization of p-alkynyl
propenones with a-bromocarbonyls for highly diastereoselective
synthesis of richly decorated syn-fluoren-9-ones is described. The
reaction proceeds via a radical-triggered 5-exo-dig cyclization/
1,6-H-abstraction/6-endo-trig cyclization cascade and offers a
new and practical method for the assembly of 6/5/6 carbocyclic
skeletons via C(sp®)—H alkenylation.

Visible light photoredox catalysis (VLPC) has been identified as
a highly attractive and applicable synthetic tool for the collec-
tion of functionalized organic molecules via radical addition or
cross-coupling reaction and thus has drawn considerable atten-
tion in the organic community due to its intrinsic character-
istics of safety, being green and sustainability as well as
availability.' In particular, visible light induced cycloaddition
(VLIC) reactions, such as [2+2],% [3+2],° [4+2]° and [2+2+2]
cycloaddition, have been proven to be an efficient and straight-
forward protocol for constructing four-, five- or six-membered
cycles and polycyclic structures. For example, the group of Yoon
pioneered visible light induced intramolecular [2+2] cycloaddi-
tion of bis-enones for cyclobutene synthesis.® Later, the group of
Xiao reported a visible light photocatalytic [3+2] cycloaddition
of dihydroisoquinoline esters with activated alkenes toward
pyrrolo[2,1-ajisoquinolines.” Subsequently, the group of Yoon
described an unusual radical cation Diels-Alder cycloaddition
between electron-rich dienophiles with 1,3-butadienes by means
of visible light photocatalysis.'® The same group then developed
photoredox [2+2+2] cycloadditions of bis-styrenes with molecular
oxygen, affording endoperoxides with high stereoselectivity."*
Moreover, Li’s group achieved visible-light photocatalytic [2+2+2]
cycloadditions of 1,6-enynes with arylsulfonyl chloride to access
benzo[b]fluorenes.'” Recently, Xia and co-workers established a
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visible light photocatalytic bicyclization of 1,7-enynes with
a-bromo diethyl malonates for the synthesis of cyclopenta[c]-
quinolines.” Despite these significant achievements in this
field, the development of new and facile visible light induced
cyclizations toward installing functionalized cyclic structures is
still highly desirable.

Over the years, a-allyl-a-bromocarbonyls have been found
to be highly reactive reactants that are endowed with both a
radical donor and a radical acceptor, thus serving as versatile
building blocks for many important targets of chemical and
biomedical potential.'"* A great amount of cascade reactions
triggered by o-allyl-a-bromocarbonyls under redox conditions
have been developed, enabling radical addition-cyclizations for the
synthesis of important polycyclic structures.'® Recently, Zhu’s group
presented an efficient visible-light photoredox-catalyzed bicyclization
cascade of o-allyl-o-bromocarbonyls with 2-ethynylaldehyde
hydrazones for the synthesis of various tetrahydro-2H-
cyclopenta[anaphthalenes (Scheme 1a).'® However, visible
light induced bicyclization of a-allyl-a-bromocarbonyls together
with their C(sp®)-H bond functionalization via 1,6-H abstraction,
to the best of our knowledge, has been virtually unexplored. On
the basis of the above literature survey and in continuation of our
interest in radical cyclization,"” we reasoned that the preformed
B-alkynyl propenones 1 were a good radical acceptor and
employed them to react with a-allyl-a-bromocarbonyls to afford
polyfunctionalized fluoren-9-ones via photocatalytic bicyclization.
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Scheme 1 Profiles of photoinduced transformations of a-bromocarbonyls.
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Interestingly, the reactions could work well, providing a wide
range of richly decorated syn-fluoren-9-ones 3 containing two
quaternary stereocenters with generally good yields and high
diastereoselectivity (Scheme 1b). This reaction protocol enables
successive C-C formation through C(sp®)-H bond cleavage under
the neutral-redox conditions by using a-bromocarbonyls as twice
radial donors, with the advantage of atom economy and extreme
convergence. Here, we report these attractive transformations.
At the outset of our studies, B-alkynyl propenone 1a as a model
substrate was subjected to the reaction of diethyl o-isopentenyl-o-
bromomalonate (2a) in a 1:2 mole ratio. As depicted in Table 1,
the reaction proceeded smoothly in CH;CN in the presence of
2.0 equivalents of K,CO; at room temperature by using 1.0 mol% of
facIr(ppy); as a photocatalyst under argon conditions and visible
light irradiation (blue LEDs), enabling radical addition—cyclization to
give the expected syn-fluoren-9-one 3a as a sole diastereoisomer in
51% yield (Table 1, entry 1). The stereo-structure of product 3a was
assigned by "H NMR and X-ray diffraction analysis (see the ESIt),
and those of other products were assigned by analogy. The optimi-
zation of the reaction conditions was then conducted by examining
visible-light photocatalysts often used in the photocatalysis, such
as Ir[dF(CF3)ppy],(dtbpy)PFs, [Ru(bpy);](PFs),, Ru(bpy);Cl-6H,0,
and eosin Y, indicating that all these photocatalysts completely
suppressed the reaction process (entries 2-5). Fine-tuning the
amount of K,COj; to 1.0 equivalent facilitated this photocatalysis
process, delivering syn-product 3a in a higher yield of 61%
(entry 6). Next, the investigation of the solvent effect revealed
that other solvents, such as CH;OH, toluene, tetrahydrofuran
(THF), and 1,2-dichloroethane (DCE), proved to be less effective
as compared with CH3;CN (entries 7-10). After systematic
screening of various inorganic bases, such as Cs,COj3, K;POy,
and KOH, it was found that these tested bases were all inferior

Table 1 Optimization of the reaction conditions?

CO,Et .
cat. base
CO,Et __solvent, t, Ar
12 W blue LEDs

p-Tolyl

Entry Cat. Base (equiv.) Solvent Yield? (%)
1 Sfac-Ir(ppy)s K,CO; (2.0) CH3CN 51

2 Ir[dF(CF;)ppyl»(dtbpy)PFs K,COs (2.0) CH;CN N.R.
3 [Ru(bpy);](PFe), K,CO; (2.0) CH;CN N.R.
4 Ru(bpy);Cl,-6H,0 K,CO; (2.0) CH,CN N.R.
5 Eosin Y K,CO; (2.0) CH;CN N.R.
6 Sfac-Ir(ppy)s K,CO; (1.0) CH3CN 61

7 Sfac-Ir(ppy)s K,CO; (1.0) CH30H Trace
8 Sac-Ir(ppy)s K,COj; (1.0)  Toluene 35

9 JSacTr(ppy)s K,CO; (1.0) THF 30
10 facIr(ppy)s K,CO; (1.0) DCE 33

11 Sac-Ir(ppy)s Cs,CO; (1.0) CH3CN 20

12 facIr(ppy)s KsPO, (1.0) CH,CN 24

13 facIr(ppy)s KOH (1.0) CH;CN N.D.

.0) CH;CN N.R.
.0) CH,CN N.R.
.0) CH,CN 33

14°  fac-Ir(ppy)s

167 fac-Ir(ppy)s

¢ Reaction conditions: 1a (0.4 mmol), 2a (0.8 mmol), cat. (1.0 mol%),
base (x equiv.), solvent (6.0 mL), 12 W blue LED ldght under Ar
conditions. ? Isolated yield based on 1a. ¢ In the dark. ¢ In the air.
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in terms of reaction yields (entries 11-13). Without visible light
or fac-Ir(ppy); photocatalyst, the above reaction did not work
(entries 14 and 15). Moreover, a lower conversion of 1a into 3a
was observed when the identical reaction was carried out under
air conditions (entry 16).

Having established the optimal reaction conditions, we next
systematically investigated the scope of the photoinduced
bicyclization reaction with an assortment of -alkynyl propenone
components (Scheme 2). The survey showed that the iridium-
catalyzed protocol is feasible with a wide variety of B-alkynyl
propenone derivatives under visible-light irradiation furnishing
the corresponding cycloaddition products with good yields and
excellent diastereoselectivity. At first, B-alkynyl propanones
with diverse functionalities in the arylalkynyl (R*) moiety
were examined in combination with diethyl o-isopentenyl-o-
bromomalonate 2a. Substituents with either electronically rich,
neutral, or poor properties in the arene ring completely oriented
the diastereoselectivity to the formation of syn-fluoren-9-ones
3b-3g with 58-68% yields. Functional groups such as ethyl (1b),
methoxy (1¢, PMP = p-methoxyphenyl), fluoride (1e) chloride (1f),
and bromide (1g) were well tolerated under the standard condi-
tions Alternatively, a heterocyclic 2-thienyl analogue was proven
to be effective, enabling a similar radical-induced bicyclization
process to give 2-thienyl substituted syn-fluoren-9-one 3h
in 59% yield and complete diastereoselectivity. The representa-
tive methyl group located at the 4-position of the internal arene
ring was compatible with these photocatalytic conditions
and the corresponding syn-products 3i-3n were obtained in
satisfactory yields. Similarly, dimethyl a-allyl-o-bromomalonate
2b was found to show high reactivity, leading to the formation
of diastereoenriched fluoren-9-ones 30-3y with yields ranging
from 56% to 66%.

9 3
gr_ COR . o COR?
R! . COR" " fac-Ir(ppy)s, KoCO5 CO,R?
X , I CH4CN, rt, Ar k |
R 12 W blue LEDs R R?
1 2a-b rac-3a-3y

3a-3h 3i-3n 30-3u
3a, R? = p-Tolyl (61%) 3i, R2 = p-Tolyl (63%) 30, R" = p-Tolyl (65%)
3b, R? = 4-EtCeH, (62%)  3j, R2 = 4-EtCgH, (58%) 3p, R" = 4-tBuCgH, (60%)

3c, R? = PMP (68%)
3d, R? = Ph (62%)

3k, R2 = PMP (69%) 3q, R' = PMP (67%)
31, R? = Ph (59%) 3r, R = Ph (57%)

3e,R?= 4-FCgH,4 (58%) 3m, R? = 4-CICgH, (54%) 3s, R' = 4-FCgH, (63%)
3f, R? = 4-CICgH, (60%) 3n, R2 = 4-BrCgH,4 (57%) 3t R'= 4-BrCgH4 (59%)
39, R2 = 4-BrCqH, (61%) 3u, R" = 2-Thienyl (57%)
3h, R2 = 2-Thienyl (59%) CO:Me

.’ CO,Me  3v, R = p-Tolyl (66%)
O 3w, R" = Ph (58%)

3x, R" = 4-CICgH,4 (59%)

3v- 3y 3y, R = 4-BrCgH, (56%)

Scheme 2 Synthesis of syn-fluoren-9-ones 3a—3y. (i) Reaction condi-
tions: 1 (0.4 mmol), 2a=b (0.8 mmol), fac-Ir(ppy)s (1.0 mol%), K,COz
(1.0 equiv.) and CHzCN (6.0 mL) in the sealed reaction tube under Ar
conditions at room temperature for 24.0 hours. (i) Isolated yields in
brackets based on 1.
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3bb, R? = 4-BrCeH, (56%) 3e€e. R = PMP (64%)
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300 (trace)

Scheme 3 Synthesis of syn-fluoren-9-ones 3aa—3o0o0. (i) Reaction con-
ditions: 1 (0.4 mmol), 2c—g (0.8 mmol), fac-Ir(ppy)s (1.0 mol%), K,COs
(1.0 equiv.) and CH3zCN (6.0 mL) in the sealed reaction tube under Ar
conditions at room temperature for 24.0 hours. (ii) Isolated yields in
brackets based on 1.

To expand the utility of this methodology, we turned our
attention to exploring the feasibility of other substituted
a-bromomalonates including allyl (2¢ and 2d), isobutenyl (2e),
isobutyl (2f), and ethyl (2g). As anticipated, the reaction of
b-alkynyl propenones 1 with a-bromomalonates 2c-2f under the
standard conditions offered structurally diverse syn-fluoren-9-
ones 3aa-3nn as sole diastereoisomers in generally good yields
(Scheme 3). B-Alkynyl propenones 1 possessing electron-
donating, electron-neutral, and electron-withdrawing groups
linked to both the internal arene ring (R') and the arylalkynyl
(R*) moiety did not hamper the reaction process. Notably,
regarding the scope of a-bromomalonates, besides the isopente-
nyl substrate, the allyl (2c and 2d), isobutenyl (2e) and isobutyl
(2f) analogue could be successfully engaged in the current
photocatalysis. Unluckily, on replacing the allyl group with an
ethyl group on the malonate unit, a-bromomalonate 2g was an
ineffective reaction partner for this photocatalysis (Scheme 3,
300), which may be ascribed to the relative instability of
the methylene radical intermediate D, generated in situ from
C-centered radical triggered 1,6-H- abstraction, due to its weak
captodative effect'® (Scheme 5). It is noteworthy that the current
photocatalytic protocol represents a new and practical pathway
for the creation of highly diastereoenriched syn-fluoren-9-ones 3
through an Ir-catalyzed bicyclization cascade involving radical-
triggered C(sp®)-H bond alkenylation.

To gain further mechanistic insight into this mechanism,
a preliminary controlled experiment was conducted. When
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) as the radical
scavenger was added into the reaction system under the stan-
dard conditions, the reaction was substantially inhibited and
the starting material 1a was almost completely recovered,
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p-Tolyl
1a 2a
gr. COEt
CO,Et . CO.Et
1a + standard conditions 3dd (32%) + Pheuf 2 (b)
1,1-diphenylethene CO,Et
! Ph 2
2 (1.0 equiv)

4(35%)

Scheme 4 Synthetic utility of the methodology.

indicating that this transformation may include a single electron
transfer (SET) process (Scheme 4a). Then, 1,1-diphenylethylene
was subjected to the reaction of 1a with 2e under the standard
conditions, and the product 3dd and diethyl 2-(2,2-diphenyl-
vinyl)-2-(2-methylallyl)malonate 4 were isolated in 32% and 35%
yields, respectively, suggesting that the transformation could
involve the in situ-generation of a C-centered radical under
visible-light photocatalytic conditions (Scheme 4b).

Based on the above results and literature survey,'*
mechanism for the bicyclization reaction was proposed in Scheme 5.
Initially, visible light induces [fac-"Ir(ppy)s;] to the excited state
[fac-™Ix(ppy)s]*, which reduces o-allyl-o-bromomalonates 2 to gen-
erate a C-centered radical A along with [fac-"Ir(ppy);] via single
electron transfer (SET)."> Subsequently, radical addition of inter-
mediate A into the C-C double bond of B-alkynyl propenones 1
yields quaternary carbon radical B, followed by 5-exo-dig cyclization
and 1,6-H atom transfer (HAT)™ to afford the radical intermediate D,
which undergoes 6-endo-trig cyclization to give trans-intermediate E
due to the steric effect. At this stage, a key oxidization (SET) step
between E and [fac-""Ir(ppy)s] occurs, thus regenerating the photo-
catalyst and the cation ¢rans-intermediate F. Further deprotonation
of intermediate F would give the final syn-products 3

In summary, starting from readily available p-alkynyl propenones
and o-bromomalonates, a new and visible-light photocatalytic

areasonable

Q COR® _KCOs
C02R3 -H*
fac| [Ir"'(ppy
5 Oxidative Visible light
CO.R Quenching
c:ozR3 Cycle
R1 E Rz fac-[IV(ppy)a] fac,.[“,ul opY)s
‘S-endo-m’g SET
. Fo. R®
q CO,R? CO,R? 2
Br CO,R?
CO,R? jLCOZR3 § R
1 S 2. R¢ RY 2
R addltlon 1

COR® CO,R?®
1,6-HAT COZR:’ 5-exo-dig COzR3

Scheme 5 Plausible reaction pathways.
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bicyclization cascade was established, by which this photoca-
talysis completely oriented the high diastereoselectivity to
assemble a wide range of structurally diverse syn-fluoren-9-
ones with generally good yields. The present photocatalytic
strategy accommodates a broad substrate scope and is distin-
guished by its mild conditions and high functional group
compatibility. The reaction pathway including a 5-exo-dig cycli-
zation/1,6-HAT/6-endo-trig cyclization sequence was proposed,
resulting in the formation of up to three new C-C bonds and
two new rings through radical-induced C(sp*)-H bond cleavage.
Further application of the photocatalysis to bioactive polycycles
is currently underway in our laboratory.
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