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Intramolecular dehydrogenative cyclization involving twofold
Csp2H bond cleavages directed by the amino- or carboxy group
proceeds smoothly when using a rhodiumcopper catalyst system
under air as the terminal oxidant. A variety of fluorene derivatives
can be prepared by the environmentally benign procedure.

Chelation-assisted catalytic CH bond transformation reac-
tions utilizing directing groups (DGs) are now recognized as
powerful tools in the precise synthesis of functional organic
molecules.1 In particular, dehydrogenative CH arylation and
alkenylation at specified positions of substituted arenes are highly
useful for constructing π-conjugated molecules in an atom- and
step-economical manner. In the course of our continuous study on
rhodium- and iridium-catalyzed dehydrogenative coupling reac-
tions,2,3 we found that di- and triphenylmethylamines undergo
intramolecular dehydrogenative arylaryl coupling through amino-
directed CH bond cleavage (Scheme 1, DG = NH2).4 Similar
cyclizations directed by carboxy (DG = CO2H) and hydroxy
groups (DG = OH) also proceeded efficiently when using a
rhodium- or an iridium catalyst.4,5 In the former case (DG =
CO2H), the cyclization was accompanied by decarboxylation.
These reactions provide straightforward routes to fluorene frame-
works, which are important structural units in the field of organic
materials.6 However, a stoichiometric amount of copper salt is
usually needed as the oxidant to carry out these reactions
smoothly.

To perform the above-mentioned reactions in a more environ-
mentally benign manner, it is highly desirable to use molecular
oxygen as the terminal oxidant (Scheme 2).3h,7 Consequently, we
have explored a new catalyst system and succeeded in conducting
the coupling under air in the presence of a rhodium complex, a
copper salt, and a carboxylic acid as the catalyst, cocatalyst, and
promoter, respectively. The results obtained with this second-
generation catalytic system are described herein.

As reported in our previous paper,4 treatment of tritylamine
(1a) (0.5mmol) in the presence of [RhCl(cod)]2 (0.005mmol, cod:
1,5-cyclooctadiene) and Cu(OAc)2•H2O (1mmol) in o-xylene at
130 °C for 2 h under N2 gave a dehydrogenative cyclization
product, 9-phenylfluoren-9-amine (2a), in 98% yield (Entry 1 in
Table 1). When 1a (0.25mmol) was treated with a reduced amount
of Cu(OAc)2•H2O (0.05mmol) under air, the yield of 2a decreased
to 22% (Entry 2). In diglyme, a higher 2a yield of 45% was
obtained (Entry 7) as compared to those in other solvents such as
PhCl, DMF, DMAc, and NMP (Entries 36). Interestingly, addition
of a carboxylic acid (0.25mmol) was found to improve the yield of
2a (Entries 812). In particular, pivalic acid (PivOH) and 2,6-
difluorobenzoic acid were the most effective among the acids
examined. Increasing the amounts of reagents relative to that of
the rhodium catalyst significantly reduced the yield (Entry 13).
However, even with a lower loading of rhodium catalyst, a high 2a
yield (90%) was obtained by increasing the reaction temperature to
150 °C (Entry 14). Note that the reaction with a catalytic amount of
Cu(OAc)2•H2O could be readily scaled up to a gram scale. Thus,
from 1a (5mmol), 2awas obtained in 95% yield (1.23 g, Entry 15).

Under the conditions using [RhCl(cod)]2Cu(OAc)2•H2O as
the catalyst in air, 1,1-diphenylethan-1-amine (1b) underwent the
cyclization to produce 9-methylfluoren-9-amine (2b) (Entry 1 in
Table 2). The cyclization of other 1-amino-1,1-diarylalkanes 1c
1e also proceeded efficiently to afford the corresponding fluoren-
amine derivatives (Entries 24). In the reaction of 1,1-di(2-
naphthyl)ethan-1-amine (1e), a mixture of isomers 2e and 2e¤ was
obtained (Entry 4). In this case, cyclization at a sterically less
hindered position took place preferably. 1,1,1-Tris(4-substituted
phenyl)methylamines 1f1h underwent the reaction smoothly to
give 2f2h in 6789% yields (Entries 57). Treatment of unsym-
metrically substituted triarylmethylamines 1i and 1j gave the
corresponding mixtures of fluorene isomers (Entries 8 and 9).

This cyclization seems to proceed through a similar pathway
to that proposed in our previous work,4 involving coordination of
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the amino group of 1 to a rhodium(III) center, amino-directed
cyclorhodation to form a five-membered rhodacycle intermediate
A, a second cyclorhodation to form a six-membered intermediate
B, and reductive elimination (Scheme 3). The rhodium(I) species
yielded in the last step may be reoxidized by a copper(II)
cocatalyst to regenerate the rhodium(III) active species along with
copper(I). The latter may be reoxidized under air in the present
reaction system.8

Next, carboxy-directed cyclization using air as the terminal
oxidant was examined. After optimizing the conditions (see
Supporting Information), it was found that the cyclization of 2,2-
diphenylpropionic acid (3a) (0.5mmol) proceeds efficiently,
accompanied by decarboxylation,9 in the presence of [Cp*Rh-
(MeCN)3][SbF6]2 (0.02mmol), Cu(OAc)2•H2O (0.02mmol),

K2CO3 (0.25mmol), and PivOH (0.5mmol) in diglyme at
120 °C under air to produce 9-methylfluorene (4a) in 84% yield
(Scheme 4). It should be noted that this yield is higher than that in
the reaction using a stoichiometric amount of Cu(OAc)2•H2O as
the oxidant (63%).4,5 Under the same conditions, treatment of 2,2-
bis(4-methylphenyl)propionic acid (3b) gave fluorene 4b in 83%
yield. In contrast, the reaction of 2,2-diphenylacetic acid (3c)
proceeded through cyclization, decarboxylation, and successive
oxygenation to give fluoren-9-one (5) as a single major product.10

In the latter reaction, the use of [CpERhCl2]2 (0.01mmol), AgSbF6

Table 2. Cyclization of di- or triarylmethylamines 1a

Entry Product(s), yield/%1

1b: R = Me
1c: R = Prn

1d: R = Pr i

1i
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aReaction conditions: 1 (0.5mmol), [RhCl(cod)]2 (0.01mmol),
Cu(OAc)2•H2O (0.1mmol), and PivOH (0.5mmol) at 150 °C
under air.

Table 1. Cyclization of tritylamine (1a)a

[RhCl(cod)]2
Cu(OAc)2•H2O

1a 2a

Additive

Ph NH2
Ph NH2

Entry Additive Solvent Time/h
Yield of 2ab

/%

1c ® o-xylene 2 (98)
2 ® o-xylene 2 22
3 ® PhCl 6 21
4 ® DMF 3 36
5 ® DMAc 3 20
6 ® NMP 6 27
7 ® diglyme 3 45
8 AcOH diglyme 3 67
9 1-AdCO2H diglyme 6 76

10 PivOH diglyme 4 83
11 2,6-Me2C6H3CO2H diglyme 3 69
12 2,6-F2C6H3CO2H diglyme 4 83
13d PivOH diglyme 6 27
14d,e PivOH diglyme 3 90 (83)
15e,f PivOH diglyme 5 (95)

aReaction conditions: 1a (0.25mmol), [RhCl(cod)]2 (0.005mmol),
Cu(OAc)2•H2O (0.05mmol), and additive (0.25mmol) at 130 °C
under air, unless otherwise noted. bGC yield based on the amount
of 1a used. Value in parentheses indicates yield after isolation.
cThe reaction was conducted using 1a (0.5mmol), [RhCl(cod)]2
(0.005mmol), and Cu(OAc)2•H2O (1mmol) at 130 °C under N2.
d1a (0.5mmol), [RhCl(cod)]2 (0.005mmol), Cu(OAc)2•H2O
(0.1mmol), and PivOH (0.5mmol) were employed. eAt 150 °C.
f1a (5mmol), [RhCl(cod)]2 (0.05mmol), Cu(OAc)2•H2O
(1mmol), and PivOH (5mmol) were employed.
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(0.04mmol), and Cu(OAc)2•H2O (0.02mmol) as the catalyst sys-
tem gave a better result than [Cp*Rh(MeCN)3][SbF6]2/Cu(OAc)2•
H2O (CpE: 1,3-bis(ethoxycarbonyl)-2,4,5-trimethylcyclopenta-
dienyl).11

In summary, we demonstrated that fluorene frameworks can be
readily constructed through rhodiumcopper-catalyzed intramo-
lecular dehydrogenative arylaryl coupling using air as the
terminal oxidant. Addition of a carboxylic acid such as pivalic
acid effectively enhanced the reaction. This seems to provide
environmentally benign catalytic routes with low emission toward
various π-conjugated molecules.
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