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Abstract: In the presence of palladium(II) acetate
[Pd(OACc),] and an N-heterocyclic carbene (NHC)
ligand, fluorene derivatives can be generated in good
to excellent yields from 2-halo-2-methylbiaryls
through the benzylic C—H bond activation (14 exam-
ples; 81-97% yields). The scope and limitations of
this protocol have been examined. A wide range of
functional groups, such as alkyl, alkoxy, ester, nitrile,
and others, is able to tolerate the reaction conditions
herein. The cyclization of an isotope-labelled biphen-
yl gave the corresponding product with a primary ki-
netic isotope effect (ky/kp=4.8:1), which indicates

that the rate-determining step of this reaction is the
activation of the benzylic C—H bond. Moreover, in-
denofluorenes were also accessed in excellent results
from terphenyls (3 examples; 91-92% yields). The
cascade reaction of 2,6-dichloro-2’-methylbiphenyl
with diphenylacetylene produced 8,9-diphenyl-4H-
cyclopenta[def]phenanthrene in 60% yield through
the activation of an aryl and a benzylic C—H bond.

Keywords: C—H bond activation; fluorenes; indeno-
fluorenes; NHC ligands; palladium; polyarenes

Introduction

Methylene-bridge polyarenes are classified as non-al-
ternant polycyclic aromatic hydrocarbons (PAHs) be-
cause the additional methylene carbon cannot present
aromaticity associated with the Kekulé structure.
This structural characteristic causes them to have dif-
ferent chemical and physical properties from those of
alternant benzenoid PAHs. Fluorene is the simplest
example of this class of compounds, and it is an im-
portant building block of organic materials, including
those used in optoelectronics,? semiconductors,”!
solar cells!® and other applications. Several synthetic
methods for preparing fluorenes have been devel-
oped, and the strategy of closing the central five-
membered ring using a biphenyl reactant is generally
employed.’®! Of these synthetic procedures, catalytic
activation of a C—H bond with subsequent C—C bond
formation is promising!”’ because it has several advan-
tages, such as simplicity, cleanliness and atom econo-
my.®?) The formation of fluorene by metal-catalyzed
C—H bond activation can be classified as either the
aryl or the benzylic type (Scheme 1). For example,
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the Pd-catalyzed cyclization of 1-halo-2-(arylmethyl)-
benzene!'” and o-aryl-substituted benzyl chloride!'!!
via intermediates A and B, respectively, proceeds by
aryl C—H bond activation (Type I). These approaches
have been extensively investigated, and were found to
be non-regiospecific. The ratio of the regioisomers de-
pends on the nature of the substituents. Alternatively,
2-methyl-2'-palladabiphenyl C can undergo cyclization
through benzylic C—H bond activation (Type II). The
crowded environment and the short distance between
the palladium moiety and the methyl group cause this
process to be efficient.'” Hu et al. developed a simi-

X x N X
| — R | —R | —Ir | — R
PO PaY 1 YN Y
or [Pd]
A B c

Scheme 1. Synthesis of fluorene derivatives through the aryl
(I) and benzylic (I) C—H activation.
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lar reaction, but they focused on the tandem-type
coupling reaction of 1,2-dihalobenzenes with 2,6-di-
methylphenylmagnesium bromide!™® or 2-tolylboronic
acid." The scope and limitations of the arylation of
the benzylic C—H bond have not been examined, and
only the synthesis of fluorenes and indenofluorenes
by this method has been described. Herein, 2-halo-2'-
alkylbiphenyl (1) was selected as the prototype in an
investigation of the benzylic C—H bond activation,
which was adopted as a method for the preparation of
some interesting methylene-bridge polyarenes.

Results and Discussion

Heating 2-bromo-2'-methylbiphenyl (1a) in the pres-
ence of palladium catalysts yielded a mixture of 2-
methylbiphenyl (2a) and fluorene (3a, Table 1).
Systematic studies of the reaction conditions re-
vealed that the palladium catalyst, base, and solvent
all have critical roles. The combination of Pd(OAc),
and PCy, or NHC ligand (IPr)!" is more efficient
than PdCL,(PCy,),, palladacycle or other catalytic sys-

tems that are shown in Table 1. Apparently, the use of
K,CO; or KOAc was determined to be superior to
1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) and
Cs,CO; (entries 4-6 and 8 in Table 1). Additionally,
Cs,CO; furnished compound 4 by the cross coupling
of 3a with 1a.'® Generation of the debrominated by-
product 2a was a serious problem in this reaction, and
the amount formed was reduced by conducting the re-
action in N-methylpyrrolidinone (NMP) rather than
dimethylacetamide (DMAc). Under our optimal con-
ditions, the desired 3a was produced in 86% yield —
slightly higher than that obtained by the Hu’s catalyt-
ic system (entries 7 and 13 in Table 1).[1"!

The reactivity of numerous biphenyls 1 was tested
under optimal conditions and on most occasions, the
desired products were produced in good to excellent
yields (Table 2). Another advantage of this procedure
is its compatibility with several functional groups,
such as alkyl, alkoxy, ester, nitrile, and others. 2-
Bromo-2'-methylbiphenyl (la) provided a slightly
lower yield than its chloro-substituted analogue 1b
(entries 1 and 2 in Table 2). Ethyl- and benzyl-substi-
tuted reactants 1¢ and 1d, respectively, did not give

Table 1. Optimization of reaction conditions for the preparation of 3a.l!
Conditions
) . :
Br
1a 2a 3a
Ligands: . .
O Pro__ iPr
seiie -
e
R R T R = o-tol BpPCy, (R = c-Hex) i-Pr i-Pr
Palladacycle BpPtBu, (R = t-Bu) \Pr
Entry  Catalyst (mol%) Ligand (mol%) Base (equiv.) Solvent ¢[h] T [°C] 1a:2a:3al"! Yield [%]
1 PdCL,(PCys), (5) - DBU (3) DMACc 24 150 30:23:47 -
2 PdCL,(PCys), (5) - K,CO; (3) DMAc 24 150 17:83:0 -
3 Palladacycle (5) - K,CO; (3) DMAc 24 150 70:17:13 -
4 Pd(OAc), (5) PCy; (10) DBU (3) DMAc 24 150 95:2:3 -
5 Pd(OAc), (5) PCys; (10) Cs,CO;(3) DMAc 24 150 0:40:12:(48)1 -
6 Pd(OAc), (5) PCys; (10) K,CO; (3) DMACc 24 150 0:20:80 -
7 Pd(OAc), (3) PCy; (6) +Piv (100) K,CO; (6) DMACc 5 150 0:3:97 84!l
8 Pd(OAc), (5) PCys; (10) KOAc (3) DMACc 24 150 0:17:83 -
9 Pd(OAc), (5) BpPCy, (10) K,CO; (3) DMAc 24 150 71:13:16 -
10 Pd(OAc), (5) BpP(#-Bu), (10) K,CO; (3) DMACc 24 150 90:10:0 -
11 Pd(OAc), (5) IPr-HCI (10) K,CO; (3) DMAc 24 150 0:8:92 78
12 Pd(OAc), (1) IPr-HCI (2) K,CO; (3) DMACc 24 150 66:10:24 -
13 Pd(OAc), (2) IPr-HCI (4) K,CO; (1) NMP 12 130 0:4:96 86
14 Pd(OAc), (2) IPr-HCI (4) KOAc (3) NMP 12 130 0:9:91 -

[a]

[’} Determination by GC MS.

<l Isolated yield of 3a.

Reaction was performed with 1 (0.50 mmol) in a thick-walled sealed tube.

4 Amounts of 4 and its steric isomer (ratio 3:1) are shown in parentheses and they were isolated in 47% vyield, see: ref.'"]

e]
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Similar to ref.l' Piv=pivalic acid.
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Table 2. Preparation of fluorene derivatives and other arenes.

Entry Starting Material Time [h] Product Isolated Yield [%]
g S
R R

1 1la (R=H, X=Br) 12 3a 86
2 1b (R=H, X=Cl) 24 3a 88!
3 1c (R=Me, X=Br) 12 3c traces
4 1d (R=Ph, X=Br) 12 3d traces

R RZ R® R’ R2 R

ﬂ L= QS =

Br R® RS

5 le (R'=Me, R*=R’=R*=R’=H) 12 3e 97
6 1f (R*=F, R'=R?*=R*=R’=H) 12 3f 90
7 1g (R*=CO,Me, R'=R*=R*=R°=H) 4 3g 81
8 1h (R*=CN, R'=R?*=R*=R’=H) 1 3h 91
9 1i (R?=0OMe, R'=R?*=R*=R’=H) 12 3i 86
10 1j (R*=nBu, R'=R*=R*=R’=H) 12 3j 84
11 1k (R°=F, R'=R*=R*=R*=H) 12 3k 87
12 11 (R?=R*=Me, R'=R*=R°=H) 12 3l 90
13 12 O 91

See oo

5
w QL : O .
W W
Br. O O
15 12 . 92
9 3m

[ Reaction was conducted with 1 (0.50 mmol), Pd(OAc), (2 mol%), IPr-HCl (4 mol%), K,CO; (0.50 mmol) and NMP
(1.5 mL) in a thick-walled sealed tube that was heated at 130°C.

bl Reaction was conducted at 150°C.

the corresponding fluorenes (entries3 and 4 in
Table 2), and most of 1¢ (92% ) remained unchanged,
whereas 1d completely converted to 2-benzylbiphenyl.
These results were not improved by performing the
reaction either at higher temperature (200°C) or
using with a stronger base, such as Cs,CO; and t-
BuOK. Steric effects should be responsible for the in-
efficiency of these two reactions because the benzylic
proton in 1d is more acidic than those in 1a and 1c¢.!"™!
Accordingly, the conditions herein can be applied
only for reacting 2-halo-2’-methylbiphenyls.

The change in the acidity of the benzylic proton
caused by the substituent in 2-bromo-2’-methyl-
biphenyls 1f-1j did not strongly influence the cycliza-
tion, but a strong electron-withdrawing group, such as
ester or nitrile, increases the reaction rate (entries 6—
10 in Table 2). Sterically congested biphenyl 11 and
naphthyl-substituted biaryl 5 gave fluorene 31 and
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benzo[b]fluorene (6), respectively, in good yields (en-
tries 12 and 13 in Table 2). 2-Methyl-1-(2-bromophe-
nyl)naphthalene (7) proceeded predominately
(>99%) through the benzylic C—H bond activation to
form benzo[c]fluorene (8) in 89% yield, whereas (2-
bromophenyl)-2-tolylmethane (9) favored the furnish-
ing of 1-methylfluorene (3m) rather than 9,10-dihy-
droanthracene (entries 14 and 15 in Table 2). Notably,
heteroaryl-substituted reactants, such as 2-bromo-1-
(2-methylthiophenyl)benzene, 2-bromo-1-(2-toyl)pyr-
role and 3-methyl-2-(2-toyl)pyridine did not undergo
the cyclization.

Compound [D;]-In was used to study the kinetic
isotope effect on the cyclization because the proton at
C-9, but not the methyl proton, in methylfluorene is
exchangeable under the reaction conditions utilized
herein (Scheme 2). The ratio of 4-methylfluorenes 3n-
I and 3n-II formed through the C—H and C—D bond

asc.wiley-vch.de 3269
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4 mol% Pd(OAc),,
8 mol% IPr-HCI,

H,C 8:33 1 equiv. K,CO;, X . X
NMP, 150 °C, 24 h.
O X = CH, CHD, or CD, O O
3n-1:3n-1l = 4.8:1
[D;}-n 86% 3n-l 3n-lI

Scheme 2. The kinetic isotope effect on the cyclization.

activation, respectively, was determined by comparing
the integrations of the methyl and aryl moieties, and
the value was estimated to be ky/kp=4.8:1. This pri-
mary isotope effect indicates that the rate-determin-
ing step of this reaction is the activation of the ben-
zylic C—H bond.!"”!

The protocol herein was employed to prepare 6,12-
dihydroindeno[1,2-b]fluorene (1) and 10,12-
dihydroindeno[2,1-b]fluorene (13)*! from terphenyls
10a/10b and 12, respectively (Scheme 3). These inden-
ofluorenes 11 and 13 were obtained in high yields
when the reaction was carried out at higher tempera-
ture (170°C, 2 h) with little catalyst and ligand. How-
ever, the more extended derivative 15 was synthesized
from 14, but a higher catalyst loading was necessary.
The low solubility of 15-H in common organic sol-
vents made the purification difficult and caused the
further reaction to be inefficient. The low solubility of
15-H was improved upon conversion into the tetra-n-
hexyl-substituted analogue 15-nHex.

The cascade reaction of 2,6-dichloro-2’-methyl-
biphenyl (1le) with diphenylacetylene (16) gave
cyclopenta[def]phenanthrene 17 in 60% yield, and
phenanthrene 18 was observed as the key intermedi-

ate (Scheme 4). Reaction at 170°C for a longer time
decreased the yield of 17. An attempt was made to
synthesize indene 20'*? by the cycloaddition of o-bro-
motoluene (19) with diphenylacetylene (16). The for-
mation of indene 20 and naphthalene 21 was competi-
tive, and the latter was observed as the major product
when the reaction was conducted at low temperature
(110°C) or excess alkyne was used (Table3). Al-
though at 150°C, the amount of 20 exceeded that of
21, the former was isolated in only 25% yield. Signifi-
cant debromination of o-bromotoluene under these
conditions should be responsible for this poor result.

X-ray quality crystals of 11, 15-nHex and 17 were
obtained by slow evaporation of the CH,Cl,/MeOH
solvent mixture at ambient temperature (Table 4).%!
In solids, none of these three compounds exhibits the
mt-rt stacking, which is a typical intermolecular interac-
tion in PAHs.” Notably, bond lengths and bond
angles in 17 are significantly different from those in
pyrene, as shown in Figure 1.””) The five-membered
ring in the former causes the phenanthrene moiety to
deviate from the perfect geometry.

ooy

1"

(4

2
rR1R O 2 mol% Pd(OAc),,
4 mol% IPr-HClI,
O R2 R1 2 equiv. K,COg,
NMP, 170 °C, 2 h
10a (R' = Me, R2=Cl) both 92%
10b (R" = CI, RZ = Me)

2 mol% Pd(OAC),,
4 mol% IPr-HCI,

1

(e

12

2 equiv. K;COg3,
NMP, 170 °C, 2 h
91%

1) 8 mol% Pd(OAc),,

16 mol% IPrHCl,
2 equiv. K,CO3
NMP, 170 °C, 2 h

8

0 ()
i

14

2) n-CGH13Br, CSch3Y
NMP, 60 °C, 3 d
43% (R= n-C6H13)

Se
80

R R
16-R

Scheme 3. Synthesis of methylene-bridge polyarenes 11, 13 and 15.
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4 mol% Pd{OAc),,
8 mol% IPr-HCI,
K,CO;, NMP,

110°C,4h
then 170 °C, 1 h

O Ph
.‘ cl
O Ph

60%
10 16 17 18
Ph Ph
conditions Ph
L ey O - OO
Br (see Table 3)
Ph bh Ph
Ph
19 16 20 21

Scheme 4. Preparations of cycloadduct 17 and indene 20.

Table 3. Preparation of indene 20. For details, see

Scheme 4.1

Entry 16:19 T [°C] 20:21
1 1.1:1 110 33:67
2 1.1:1 130 43:57
3 1.1:1 150 79:211]
4 2.1:1 150 19:21

[} Reaction was conducted with 19 (0.50 mmol), Pd(OAc),
(2mol%), TPr-HCI (4 mol%), K,CO; (0.50 mmol) and
NMP (1.5 mL) in a thick-walled sealed tube for 24 h. The
ratio of products was determined by GC MS.

] 20 was isolated in 25% vyield.

Conclusions

This investigation presents a simple and efficient pro-
cedure for generating fluorenes, indenofluorenes and
other methylene-bridge polyarenes through the ben-

zylic C—H bond activation. Extension of our protocol
to the construction of methylene-bridge buckybowls,
such as sumanene®! and its derivatives, and studies of
their physical properties are in progress.

Experimental Section

General Procedure for Cyclization of Biaryls (GP1)

A mixture of biaryl (0.50 mmol), Pd(OAc), (2.25 mg,
10.0 umol), IPr-HCI (8.50 mg, 20.0 umol), K,CO; (69.0 mg,
0.50 mmol) and NMP (1.5 mL) in a thick-walled Pyrex tube
was purged with nitrogen for 5 min. The sealed tube was
then kept in an oil bath at 130°C for 12 h. After cooling to
room temperature, the solution was extracted with hexane
or toluene (2x10 mL) and washed with water. The organic
phase was dried over MgSO, and filtered. The solvents of
the filtrate were removed under reduced pressure. The resi-
due was subjected to chromatography on silica gel. A crystal
could be obtained by crystallization from CH,Cl,/CH;OH.

Table 4. Crystal structure data of cycloadducts 11, 15-nHex and 17.%

1 15-nHex 17
CCDC No.l 779934 784424 779935
Formula CyyHyy CysHyg C,yHyg
M.W. 254.31 1036.57 342.41
Temp. (K) 296(2) 100(2) 295(2)
Crystal system monoclinic triclinic triclinic
Space group P12,/n1 P-1 P-1
Z 2 2 2

Unit cell dimensions a="7.6904(10),
b=5.7749(7),
c=14.5229(17) A,
a=y=90,
£ =91.622(7)°

V (A% 644.72(14)

a=11.4763(3),
b=16.7075(5),
c=18.9869(6) A,

a=8.6884(9),
b=9.9953(11),
c=11.1578(12) A,

a=66.5110(10)), a=81.570(2),

B=80.0760(10), B=74.060(2),

y =74.0020(10)° y=88.541(2)°,
3201.50(16) 921.54(17)

[l CCDC 779934, CCCDC 784424, and CCDC 779935 contain the supplementary crystallographic data for compounds 11,
15-nHex and 17, respectively, of this paper. These data can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Adv. Synth. Catal. 2010, 352, 3267 -3274
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(1.353)R*

rene
1.436 Py

1.400

Figure 1. The molecular structure of 17 (top) and compari-
son of its bond lengths (A) and bond angles (deg) with
those of pyrene (bottom).

General Procedure for Cyclization of Terphenyls
(GP2)

A mixture of terphenyl (1.00 mmol), Pd(OAc), (4.5 mg,
20.0 ymol), IPr-HCl (17.0 mg, 40.0 umol), K,CO; (276 mg,
2.00 mmol) and NMP (3 mL) in a thick-walled Pyrex tube
was purged with nitrogen for 5 min. The sealed tube was
then kept in an oil bath at 170°C for 2 h. After cooling to
room temperature, the solution was extracted with toluene
(3x25mL) and washed with water. The solvents of the or-
ganic phase were removed under reduced pressure. The resi-
due was subjected to chromatography on silica gel, eluting
with hexane/CH,Cl,. Crystals could be obtained by crystalli-
zation from CH,Cl,/CH;OH at room temperature. [Note:
These compounds have very low solubility in common organ-
ic solvents. The extract should not be dried over MgSO,,.]

Procedure for Preparation of 7,7,15,15-Tetra-n-butyl-
7,15-dihydrobenzo[g]benz[6,7]indeno[1,2-b]fluorene
(15-nHex)

A mixture of 14 (107 mg, 0.25 mmol), Pd(OAc), (4.5 mg,
20.0 ymol), IPr-HCI (17.0 mg, 40.0 umol), K,CO; (276 mg,
2.0 mmol) and NMP (1.5mL) in a thick-walled Pyrex tube
was purged with nitrogen for 5 min. The sealed tube was
then kept in an oil bath at 170°C for 6 h. After cooling to
room temperature and adding Cs,CO; (652 mg, 2.00 mmol)
and n-bromohexane (248 mg, 1.50 mmol), the suspension
was purged with nitrogen for 5 min. The sealed tube was
kept in an oil bath at 60°C for 3 d, and, then, was allowed

3272 asc.wiley-vch.de
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to cool to room temperature. The reaction mixture was ex-
tracted with toluene (3x30mL), and washed with hydro-
chloric acid (0.1M, 2x20 mL) and water (20 mL). The sol-
vents of the organic phase were removed under reduced
pressure. The residue was subjected to chromatography on
silica gel, eluting with hexane gave 15-nHex as a white
solid; yield: 74.1 mg (43%). A colorless crystal (mp 129.8-
130.4°C) could be obtained by crystallization from CH,Cl,/
CH;O0H at room temperature.

Procedure for Preparation of 8,9-Diphenyl-4H-cyclo-
penta[def]lphenanthrene (17)

A mixture of biphenyl 1o (119 mg, 0.50 mmol), diphenylace-
tylene (93.5 mg, 0.53 mmol), Pd(OAc), (4.5 mg, 20.0 umol),
IPr-HCI (17.0 mg, 40.0 umol) and NMP (1.5mL) in a thick-
walled Pyrex tube was purged with nitrogen for 5 min. The
sealed tube was then kept in an oil bath at 110°C for 4 h
and subsequently at 170°C for 1 h. After cooling to room
temperature, the solution was extracted with toluene (2 x
10 mL) and washed with water. The organic phase was dried
over MgSO, and filtered. The solvent of the filtrate was re-
moved under reduced pressure. The residue was subjected
to chromatography on silica gel, eluting with hexane/CH,Cl,
(6:1) to afford 17 as a colorless solid; yield: 102 mg (60% ).
A suitable crystal of 17 [mp 219.6-220.6°C (dec.)] for the X-
ray diffraction analysis was grown from CH,CL/MeOH.
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