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ABSTRACT

A decarboxylative radical cyclization reaction has been developed for the synthesis of fluorenones. The reaction uses Ag(I)/K2S2O8 to oxidatively
decarboxylate an aroylbenzoic acid to an aryl radical, which undergoes cyclization to afford fluorenone products in good yield.

Metal-catalyzeddecarboxylation of benzoic acids is now
established as a powerful method for C�H, C�C, and
C�X bond formation.1,2 The superb versatility and low
cost of carboxylic acid starting materials makes the trans-
formation appealing as a general method of functionaliz-
ing aromatic compounds. Substrate scope, however, has
emerged as a major challenge in terms of the benzoic acids
that will undergo efficient decarboxylation. An ortho-
heteroatom substituent is a current requirement for aroic
acid decarboxylative coupling below 150 �C,3 making

alternative decarboxylation methods necessary in order to
fully exploit the potential of carboxylates in aromatic
functionalization.
We were interested in examining oxidative decarboxyla-

tion in this context using radical-generating conditions of
catalytic silver(I) salts and stoichiometric K2S2O8.

4 These
simple conditions have been widely exploited for the
generation of alkyl radicals fromalkanoic acids5,6 but have
not seen application for aryl radical generation.7 Loss of
CO2 from an aroyloxy radical is slower than for the alkyl

case,8 and the resultant aryl radicals are more reactive
and prone to unproductive side reactions. We reasoned,
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however, that an intramolecular couplingbetweenabenzoic
acid and aC�Hcomponent9 in a substrate such as 1might
enable efficient C�C bond formation, being analogous
to the classic Pschorr cyclization of a diazonium salt
(Scheme 1).10 Support for this idea came from work by
Hey11 and Thompson12 in the 1960s, who showed that
fluorenones 3 could be formed from benzoylbenzoic acids
1 in low (<20%) yields through electrolysis and simple
K2S2O8 treatment, respectively. More recently, Baran and
co-workers showed that boronic acids analogous to 1 are
effective radical precursors under K2S2O8/Ag(I) condi-
tions, forming fluorenones 3 through a ‘borono-Pschorr’
process.13

We began our studies with the commercially available
benzoylbenzoic acid 1a. Importantly, this acid has been
reported as a poor substrate for conventional Pd/Ag-
mediated decarboxylation, cyclizing in 12% yield to
fluorenone.9b We screened combinations of solvent, tem-
perature, and oxidant in the presence of AgOAc (Table 1).
Encouragingly, we observed a 29% yield of the desired
fluorenone 3a when the reaction was carried out in aceto-
nitrile at 100 �C (Table 1), together with the protodecar-
boxylated product benzophenone (4a, 30%) as a bypro-
duct (formed via decarboxylation to the aryl radical
followed by hydrogen atom transfer from acetonitrile).
Varying temperature or oxidant was not effective in

improving the yield of 3a (entries 1�7), nor was adding
transtion metals such as Pd (entry 9). A broad screen of
solvents was then conducted with the aim of suppressing
the unproductive hydrogen atom transfer pathway (entry
10). Unfortunately, the decarboxylation proved highly
specific to acetonitrile, with little reaction taking place in
any other solvent. The breakthrough result came with the
use of deuterated acetonitrile, affording the desired fluo-
renone in good yield with only minor amounts of proto-
decarboxylation product (entry 11). It appears that the
stronger C�D bond is slowing hydrogen atom abstrac-
tion from the solvent, enabling intramolecular C�C bond
formation to take place. Isolation of d-4a as a side product

confirmed that the solvent was acting as a hydrogen atom
donor.

Extension of this idea by substituting methyl groups
onto the acetonitrile solvent was not successful (entries 12
and 13). We elected, therefore, to explore the deutero-
acetonitrile conditions further and establish the substrate
scope, using final optimized conditions of microwave
irradiation at 130 �C (entry 15).
A range of aroylbenzoic acidswere easily accessed in one

step via ring opening of phthalic anhydride with an aryl
lithium (Supporting Information).Wewere pleased to find
that the cyclization was successful onto a series of para-
substituted aromatics (Figure 1). p-Fluoro (3b), trifloro-
methyl (3c), and chloro (3d) all worked in good yields,
whereas the more electron rich p-methoxy (3e) and
p-methyl (3f) substituents affordedmoderate yields of fluor-
enones. A p-phenyl group was well-tolerated (3g, 65%),
whereas the 3,5-dimethyl substituted substrate cyclized in a
similarly moderate yield (45%, 3h) to the p-Me analog 3f.
There was little difference in yield when the subsituent was
placed in the ortho position for fluoro (3i) and methyl (3j)

Table 1. Reaction Optimizationa

entry oxidant solvent

temp

(�C)
yield 3ab

(%)

ratio

3a:4ac

1 K2S2O8 MeCN 100 29 1:1.2

2d K2S2O8 MeCN 100 15 1:1.2

3 � MeCN 100 n.d. �
4 K2S2O8 MeCN 80 <5e �
5 K2S2O8 MeCN 120 31 1:1.2

6 Ce(SO4)2 MeCN 100 n.d. �
7 PhI(OAc)2 MeCN 100 n.d. �
8f K2S2O8 MeCN 100 6 1:1.2

9g K2S2O8 MeCN 100 27 1:1.2

10 K2S2O8 solventh 100 <5e �
11 K2S2O8 d3-MeCN 100 69 9:1i

12 K2S2O8 EtCN 100 14 1:3.3

13 K2S2O8
iPrCN 100 8 1:3.6

14j K2S2O8 d3-MeCN 100 45 9:1i

15j K2S2O8 d3-MeCN 130 76 9:1i

aConditions: 1a (0.3 mmol), AgOAc (0.06 mmol), oxidant (0.9
mmol), and solvent (2.0 mL) in a sealed microwave vial, 20 h, conven-
tional heating. b Isolated yields; n.d. = not determined as no product
was observed by LC/MS analysis. cRatio determined by NMR integra-
tion. dReaction under anhydrous conditions; 4 Å M.S., anhydrous
MeCN and under N2 (1 atm). eYields estimated by LC/MS. f 10%
AgOAc. g 10 mol % Pd(OAc)2.

h Solvent: CHCl3, H2O, EtOH, TFE,
1-chlorobutane, DCE, NMP, 1,2-dimethoxyethane, DMF, pyridine,
THF, MeNO2, xylene, benzene, chlorobenzene, PhCF3, PhCF3/H2O
(1:1), DMSO,DMA, di(ethylene glycol), CCl4, PhCN, toluene, acetone,
NEt3, cyclohexane, vinyl acetate, mesitylene, 1,4-dioxane, (CF3)2-
CHOH, TFA. iByproduct is deutero-decarboxylated product d-4a.
jMicrowave heating for 1 h.
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relative to their para-congeners. We next examined
m-substituted aromatics in the form of m-chloro and
m-nitro-p-chloro substrates. The former proceeded in
good yield with little regioselectivity between the two iso-
mers 3k and 3l. This result is in line with typical Pschorr
cyclizations ofm-substituted arenes, which rarely show
regioselectivity in the free radical aromatic substitution
step.14 The m-nitro-p-chloro compound, by contrast,
was unusual in this regard, cycling successfully to a
major regioisomer 3m, with only minor amounts of the
impure isomer arising from cyclization para to the nitro
group being formed.

Finally, the benzofluorenone 3nwas formed in low yield
with degradation evident in the reaction, possibly indi-
cating that the strong oxidant K2S2O8 was incompatible
with the electron rich naphthyl system under the reaction
conditions.

The reaction mechanism likely proceeds via aryl radical
generation from oxidative decarboxylation with Ag(I)/
K2S2O8 and cyclization (Scheme 2). A second one-electron
oxidation and proton loss from 5 are then required to give
the aromatic fluorenone products 3.15 The reaction was
tolerant of air but generally not of water, with the decarb-
oxylation step proceeding poorly in water/d3-MeCN
mixtures.16AdditionofTEMPO to the reaction as a radical
probe blocked the decarboxylation step, with starting
material being recovered.
An interesting side product was observed on exposure

of o-nitro substrate 1o to the reaction conditions, with
small amounts of fluorenone 3a being isolated in addition
to the expected nitrofluorenone 3o (Scheme 3). Given the
stability of the nitro group to the reaction conditions (3m in
Figure 1), and the lack of any deuterium incorporation in
3a, it is unlikely that 3a arises from denitration of 3o. To
investigate the reaction further we prepared the o-methyl-
o-nitro substrate 1p and observed cyclization to 3p in low
yield. This denitrative decarboxylative cross-coupling is
unprecedented,17 and likely proceeds via direct ipso-sub-
stitution of the nitro group18 with loss of NO2

•.

In summary, we have developed a novel oxidative
decarboxylation and cyclization reaction for carboxylic
acids. By using catalytic silver to promote a radical path-
way, we can access a class of aroic acids that are not
productive inmixedPd/CuorAg catalytic decarboxylative
arylations. The reaction shows that aroic acids can be used
as radical precursors for C�C bond formation, a trans-
formation previously confined to alkanoic acids. The
requirement of expensive d3-MeCN as a reaction solvent
is clearly a limitation in synthetic terms but demonstrates

Scheme 3. o-Nitro Substrates

Figure 1. Decarboxylative fluorenone synthesis.

Scheme 2. Mechanism
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Chem. 1988, 53, 351.
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discussion of PT vs ET in homolytic aromatic substitution: Studer, A.;
Curran, D. P. Angew. Chem., Int. Ed. 2011, 50, 5018.
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Org. Biomol. Chem. 2010, 8, 4653 and references therein.



Org. Lett., Vol. 14, No. 10, 2012 2653

the interesting concept of controlling product distribution
(as opposed to studying reaction rate and mechanism)
through a solvent isotope effect.19 Further investigations
into this effect will be the subject of future work in our
group.
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