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A metal-free, photo-induced C-C bond formation methodology
was developed to construct tetrahydrofluorenones and related
structures. This mild and efficient method proceeds either through
an electrocyclization or a radical cyclization from B-Cl or B-Br aryl
vinyl ketone. We believe this method is particularly useful for
synthesizing of related tetrahydrofluorenones containing natural
products.

The naturally occurring fluorenones were discovered from
various natural sources including plants, fungus and bacteria.
This family of natural products contain the similar core units of
fluorenone,! azafluorenone’ or hydrofluorenone. Regarding to
the core structures of hydrofluorenone, this group of natural
molecules could be furtherly divided into subgroups of
tetrahydro-, hexahydro- and decahydro-fluorenones. As shown
in the figure 1, the representatives of fluorenone,
azafluorenone or hydrofluorenone containing natural products
demonstrate diverse and challenging chemical structures.
Together with potential bioactivities, this family of natural
products aroused considerable attention from synthetic
chemists. For instance, the core skeleton of kinamycins3 and
lomaiviticins® could be considered as the derivatives of
tetrahydrofluorenones. The chemical synthesis and biological
studies of these bacterial metabolites involved several
research groups in the past decades.’ Selective and efficient
constructions of the core hydrofluorenone rings is the key to
synthesizing these molecules. The frequently used strategies
to install these hydrofluorenone wunits may be the
cyclopentanone ring formation, wherein a series of Friedel-
Crafts reaction,® ¥ © metal-catalyzed coupling reactions>® *
were applied to execute the intramolecular cyclization.
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However, these reactions require harsh conditions that cannot
tolerate the sensitive functional groups in most cases.
Therefore, it’s still necessary to develop new methodologies to
achieve the same goal in mild reaction conditions.

fluorenone azafluorenone tetrahydro hexahydro
fluorenone fluorenone
o
Me
o Pr. o
o~ e
| ~
N OH
OMe M¢’
MeO OH 0
nobilone kinabaline rubrolone 1 Me

Kinamycin A

Me OH o
Me’ H M?/le
0o
MeO
Me
OH

exiguaquinol

taiwaniaquinol B gracilamine
Figure 1. Representatives of fluorenone, azafluorenone or
hydrofluorenone containing natural products.

The Nazarov reaction is one of the most effective methods for
building the cyclopentenone rings through a 4-m-electron
cyclization followed by protonation.7 However, the acid
promoted electrocyclization of aromatic vinyl ketones to
construct indanones, hexahydrofluorenones and related
skeletons always requires the use of strong acids and high
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temperature. In contrast to the conventional acid mediated
Nazarov reaction, the photo-Nazarov reaction of vinyl aryl
ketones provides a mild and reliable method to prepare
hydrofluorenones. The pioneer studies of the photo-Nazarov
reaction was reported by Smith and Agosta in 19738
Mechanistic studies of this reaction were investigated by the
group of Leitich and Schaffner.’ During our synthesis of
hydrofluorenone containing natural products, we
systematically studied the photo-Nazarov reaction of various
aryl vinyl ketones (Scheme 1B)."® We found that this mild
photolytic electrocyclization proceeds in the neutral or basic
conditions to give hexahydrofluorenones and corresponding
polycyclic rings efficiently. The photo-Nazarov reaction is
particularly useful for preparing the core hexahydrofluorenone
that are not easily accessible by the traditional acid-promoted
methods. We have successfully applied this mild photo-
Nazarov reaction in the synthesis of taiwaniaquinol B and
gracilamine.”a Further investigation of the synthesis of this
family of natural molecules, we hope to construct the
tetrahydrofluorenones and related structures through the
same electrocyclization process by adding a leaving group
(R2=CI) at the B position of the aryl vinyl ketones (Scheme 1B).
We assumed that photolysis of these substrates may undergo
the electrocyclization followed by a rapid regioselective B
elimination to form the desired tetrahydrofluorenones. This
rational design is inspired by the elegant work developed by
Denmark and co-workers to efficiently construct the
decahydrofluorenones through the silicon-directed Nazarov

reaction (Scheme 1A).12
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Scheme 1. Photo-Nazarov reaction and proposed photo-
induced C-C formation reaction.

To test this synthetic hypothesis, we prepared substrate 1 with
a B—Cl group on the aryl vinyl ketone as a leaving group, which
is compatible to the model substrate used in the condition
screening of the photo-Nazarov reaction. Irradiating a solution
of 1 (2.0 mg/mL) in degassed 1,2-dichloroethane with UV-light
at 254 nm for 2 h gave the desired product 2 in 45% yield and
its regioisomer 3 in 29% yield (Table 1, entry 1). We postulated
that the photo-induced electrocyclization of 1 lead the

2| J. Name., 2012, 00, 1-3

formation of an unstable intermediate which underwent a fast
elimination to give 2 and
tetrahydrofluorenone 2 may be photoactive and further
activated by UV light to undergo the isomerization and yield 3
under the acid condition. In order to restrain the photo-
isomerization of 2, we explored the photolysis under basic
conditions by adding stoichiometric amount (2 puL/mL) of Et;3N,
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), N,N,N’,N’-
tetramethylethylenediamine (TMEDA) diisopropylamine
(iPerH) and 2,2,6,6-tetramethylpiperidine (TMP) to neutralize
the in situ formed HCI (Table 1, entries 2—6). We observed that
the only desired products 2 was detected under these basic
photolysis conditions except the condition with TMP as base.
Notably, photolysis of 1 in presence of iPrZNH gave 64%
isolated yield at room temperature. We envisioned that a
hydrogen bonding between theiPerH and carbonyl group of 2
may stabilize the enone group and effectively restrain the
photo-isomerization. Encouraged by this result, we explored
photolysis of 1 with iPrZNH in various solvent including
acetonitrile, methanol, acetone, ether, dichloromethane and
chloroform (Table 1, entries 8-13). It was found that
performing this reaction in dichloromethane and chloroform
gave similar result with 1,2-dichloroethane, and other solvent
system either lead the decomposition of substrate 1 or formed
the product in very low yield. The reaction can also be done by
irradiating with longer wavelength (300 or 366 nm) UV-light
(Table 1, entries 14-17) at the expense of reaction time. The
reaction yield was improved slightly by using degassed solvent;
increasing the concentration to 4 mg/mL gave 2 in 79% vyield
(entry 18).

Besol=—-3

1

release volatile HCI. This

Con.

Entry %[0M]  solvent degassed® (2 uT./mL) (mg/mL) Time  Yield of 2! Yield of 3"
1 254  CICH,CH,Cl  Yes - 2 2h 45% 29%
2 254  CICH,CH,Cl Yes Et;N 2 15h  38% -
3 254  CICH,CH,Cl  Yes DBU 2 15h  38% -
4 254 CICH,CH,CI  Yes TMEDA 2 15h  13% -
5 254 CICH,CH,Cl  Yes  Pr,NH 2 15h 67% (64%)c -
6 254  CICH,CH.Cl  Yes T™MP 2 15h 48% 10%
7 254  CICH2CHCl  No  PryNH 2 1h 61% (62%)c -
8 254 CH3CN No  Pr,NH 2 1h 6% -
9 254 CH30H No  Pr,NH 2 1h N.D.[@
10 254  CH3COCHsz  No Pr,NH 2 1h decomposed
1 254 Et,0 No PryNH 2 1h decomposed
12 254 CH,Cly No  /Pr,NH 2 1h 56% -
13 254 CHClg No  /Pr,NH 2 1h 51% -
14 300 CICH,CH,Cl  Yes - 2 25h  13% 35%
15 300 CICH,CH,Cl Yes  PrNH 2 25h  45% -
16 366 CICH,CH,Cl  Yes - 2 30h  44% 21%
17 366 CICH,CH,Cl  Yes  'Pr,NH 2 3.0h 82% (72%) -
18 254 CICH,CH,Cl  Yes  ipp,NHEl 4 20h  79% -

Table 1. Condition screening of photo-induced C—C bond formation
ClThe solvents was degassed by bubbling nitrogen through the
solution for 0.5 h. ™ All were determined by 1H NMR crude analysis
using CH,Br, as an internal standard, unless noted. I All were
purified by silica gel column chromatography to give product. I Not
detected. ' The concentration is 4 pl/mL.

This journal is © The Royal Society of Chemistry 20xx
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4, R®=CH,OH, 4 h, 93%
5 R%=CHO,45h,70%  9,R*=0Me, 6h,89%

6R3—002Me4h65°/ 10,R*=F, 5h,70%

7, R® = CH,OTBS, 4 h, 86% 11 R“-CI 45h,78%

R—CF32h79%
(o]
S0 oy Qg
eO
17,4 h, 65 %

8, R4—H 3.5h,79%
12,6 h, 69 %

18,4h,96% 19,4h,75 %

o

24,R°=0Me, 4h, 71 %
25 R°=F,2h,54 %

26,R°=Cl,4h,63%
27, R5—CF3 0%

28,25h,92 % 29,4 h,93 %

13,4h,76 %

) 2 @CﬁO 9

14,4.5h, 68 % 15,5h,92 % 16, 3.5h,91 %

Cﬁﬁ%dit

X=C,4.5h,78 %

20,6 h,57 % 21,35h,84 % X=0, 2 h, 56 %

30,4.5h, 74 % 31,4h,72% 32,4h,76 %

Table 2. Reaction scope of photo-induced C-C bond formation of substrates with a B-Cl group on aryl vinyl ketones

We then investigated the scope of this photo-induced C-C
bond formation to construct tetrahydrofluorenone under the
optimized conditions with respect to the functional-group
tolerance, aromatic ring compatibility, cycloalkene ring size. To
our delight, this mild photolysis tolerated substrates with
hydroxyl- (4, Table 2), aldehyde (5) and ester functional groups
(6) and acid-sensitive protecting groups
butyldimethylsilyl ether (OTBS) (7) producing the
corresponding tetrahydrofluorenone in good yields. We then
surveyed the electron density of aromatic rings and observed
that both electron-donating (OMe-, -CH,OCH,-) and -
withdrawing substituted groups (F-, Cl-, CF3-) on the phenyl
rings (9-14) worked well in the photolysis. The desired
electrocyclized products were obtained in acceptable yields.

such as tert-

Photolysis of substrates with naphthyl groups smoothly
yielded the desired cyclized products in excellent yield (15 and
16). When changing the cyclohexenyl ring to the unsaturated
pyran ring, the electrocyclization was also applicable and the
desired polycyclic rings (17—19) were achieved in acceptable
yields. We also investigated substrates containing hetero-
aromatic rings including pyridine and quinoline in this
photolysis. We were pleased to find that these substrates
reacted efficiently and installed tetrahydroazafluorenone (20)
and the corresponding heteroaromatic cycles (21-23) in good
yields. We also studied the ring size of the cycloalkene ring. In
accordance with the photo-Nazarov reaction, the cyclohexene
could only be replace by cycloheptene ring and corresponding
clopentenyl and cyclooctenyl phenyl ketones failed to give the
electrocyclization products under the optimized photolytic
condition. Aromatic rings with electron-donating groups such

This journal is © The Royal Society of Chemistry 20xx

as -OMe (24 and 28), -CH,0CH,- (29), naphthyl (30), and
electron-rich heteroaromatic rings (31 and 32) facilitated
electrocyclization and furnished the desired cyclized products
in good yields. Substrates with substituted halogens like —F
(25) and —Cl (26) also worked and formed the corresponding
products in moderate yield. Notably, the strong electron-
withdrawing group trifluoromethyl on phenyl ring (27) lead the
substrate inert under the photolysis. The structures of the
photo reaction products were determined unambiguously by
using X-ray crystallographic analysis of 2, 7, 13 and 25 (Figure
2). Based on the reaction scope study, we concluded that the
reactivity of the substrates with a B-Cl group on aryl vinyl
ketones are totally agree with those used in the photo-
We considered that these reactions
further support our originally proposed reaction process and
platform  for  preparing related

. 10
Nazarov reactions.

also  provide a
tetrahydrofluorenones.

J. Name., 2013, 00, 1-3 | 3



P OO~NOUILAWNPE

Organic ChemistryiFrontiers

13 25
Figure 2. X-ray structures of 2, 7, 13 and 25.

In order to solve the limitation of this photo-induced
electrocyclization and expand the reaction scope, we decided
to examine the photolysis using substrates bearing a B-Br
group on aryl vinyl ketones. Instead of the photolytic
electrocyclization, we realized that a photo-induced homolysis
of C-Br bond may occur on these substrates to produce vinyl
radicals which may undergo a fast radical cyclization to furnish
the desired tetrahydrofluorenones.B’MTo test this hypothesis,
we selectively prepared some substrates related to those
shown in table 2 and investigated their photolysis. To our
delight, irradiating of these substrates using the optimized
condition smoothly gave the same cyclized products in even
better yields (Table 3). We observed that these photolysis
proceed with a faster reaction rate in most cases which
demonstrate the intramolecular radical cyclizations are
favourable for the ring closure. We also prepared the B-Br
substrate with trifluoromethyl group on phenyl ring.
Remarkably, we found photolysis of this substrate efficiently
gave the desired product 27 in 69% yield which was not
achieved using the related B-Cl substrate. We believe that this
photo-induced intramolecular radical cyclization is a beneficial
supplement of the photo-induced electrocyclization. An
effective combination of these two photolytic strategies may
provide a reliable solution for synthesizing a variety of natural
products and their derivatives.

4| J. Name., 2012, 00, 1-3
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R=EWG, EDG n=1,

9, R® = OMe, 4.5h, 78 %
10.RO=F, 40, 75% 20.45h,87%
2,R®=CF3, 1h,79%

24, R’ =0Me, 1h,93 %
25 R’=F,15h,71%
26,R’=Cl,25h,82%

Fo do

33,25h,76 %

154h,87 % 16,1h, 92 %

21,2h,92% 22,21 93% 27,1h,73%

30,2h, 96 % 27,3h,69 %

Table 3. Photolysis of various B-bromo aryl vinyl ketones.

In conclusion, we developed a metal-free, photo-induced C-C
bond formation methodology to construct
tetrahydrofluorenones and related structures based on our
previously reported photo-Nazarov reaction. This mild
photolysis proceeds either through an electrocyclization or a
radical cyclization from a B-Cl or B-Br aryl vinyl ketone. We
systematically studied the reaction conditions and scope with
respect to the functional groups tolerance and properties of
aromatic rings. Based on these results, we believe this method
is particularly useful for synthesizing of tetrahydrofluorenones
and related structures. We are currently studying the
applications of this methodology in natural products synthesis.
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