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transferred into a N, glove box (O, concentration <2
ppm) and annealed in a Thermolyne 1300 furnace. The
temperature was raised to 550°C from room tempera-
ture over a period of 13 min and maintained for 30 min.
The sample was taken out of the furnace and cooled
to room temperature in the N, box. Composition and
thickness of the FePt nanocrystal assembly were deter-
mined by Rutherford backscattering spectrometry.
This procedure yielded a ~120-nm-thick FePt nano-
crystal assembly.
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Efficient Activation of Aromatic
C-H Bonds for Addition to C-C
Multiple Bonds

Chengguo Jia, Dongguo Piao, Juzo Oyamada, Wenjun Lu,
Tsugio Kitamura, Yuzo Fujiwara*

Efficient electrophilic metalation of aromatic C-H bonds leading to new C-C
bond formation through regio- and stereoselective addition to alkynes and
alkenes has been realized by a catalytic amount (0.02 to 5 mole percent) of
palladium(ll) or platinum(ll) compounds in a mixed solvent containing triflu-
oroacetic acid at room temperature. Various arenes undergo unexpected se-
lective trans hydroarylation to terminal or internal C=C bonds inter- and
intramolecularly with high efficiency (up to a turnover number of 4500 for
palladium), especially for electron-rich arenes, giving thermodynamically un-
favorable cis-alkenes, and the oxygen- and nitrogen-containing heterocycles.
The simplicity, generality, and efficiency of this process should be very attrac-
tive to the possible industrial application for the functionalization of arenes.

Arenes such as benzenes, naphthalenes, phe-
nols, and anilines are the large-quantity chem-
icals manufactured by chemical industries. Cat-
alytically efficient activation of aromatic C-H
bonds leading to useful organic reactions such
as new C—C bond formation is of considerable
interest for the chemical and pharmaceutical
industries and remains a long-term challenge to
chemists (/—4). It would provide simple, clean,
and economic methods for making aryl-substi-
tuted compounds directly from simple arenes
because no prefunctionalization, such as halo-
genation, is involved. The catalytic systems for
such a purpose have been sought for many
years, although there are many examples of
stoichiometric reaction of aromatic C—H bonds
with transition metal compounds (1, 2).

The few available catalytic systems based
on transition metals (4—/2) activate aromatic
C-H bonds mainly through two routes. The
first route is by chelation-assisted oxidative in-
sertion of low-valent transition metal complex-
es, such as Ru(0) (4, 5) and Rh(I) (6) complex-
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es, to aromatic C—H bonds in the hydroarylation
of C—C multiple bonds. This insertion involves
the coordination of a functional group in arenes
to the metal complex, followed by the oxidative
insertion of the metal to an ortho-aromatic C-H
bond, resulting in the addition to unsaturated
C—C bonds (2). These systems are apparently
limited to functionalized arenes such as aromat-
ic ketones at high temperature and give low
stereoselectivity in the hydroarylation of
alkynes. The second route involves electro-
philic metalation of aromatic C—H bonds by
Pd(II) complexes to give o-aryl-Pd com-
plexes in oxidative coupling of arenes with
olefins in acetic acid (reaction 1 in Fig. 1).
The o-aryl-Pd complexes undergo cis aryl-
palladation to C=C bonds followed by Pd-
B-hydride elimination to give aryl alkenes
(9-12). For this system, in situ regenera-
tion of Pd(I) from Pd(0) is the crucial step
for the catalytic cycle; the turnover number
(TON) (the molar ratio of product formed
to the catalyst) is still not high enough for
possible industrial application. Therefore,
it is still very desirable to find new, gener-
al, and efficient catalytic systems to acti-
vate the aromatic C-H bonds. Very few
examples are available for the intramolec-
ular version of this reaction type.
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We report the efficient metalation of aro-
matic C-H bonds at room temperature by in
situ generated highly electrophilic Pd(I) and
Pt(II) cationic species in trifluoroacetic acid
(TFA), leading to regio- and stereoselective
addition of simple arenes to C—C multiple
bonds inter- and intramolecularly (reactions 2
through 4 in Fig. 1). In most cases, the addition
to alkynes exclusively affords the thermody-
namically unfavorable cis-aryl alkenes, unlike
most of the arylmetalations of C=C and C=C
bonds that occur mainly in a cis fashion and
yield trans products, especially in Pd-catalyzed
reactions (13, 14). The intramolecular hydro-
arylation of C=C bonds is very fast and regio-
specific because the electrophilic metalation of
aromatic C-H bonds by Pd(II) cationic species
is assisted by ethynyl coordination, affording
heterocycles in good to excellent yields. In fact,
this intramolecular reaction combines the che-
lation assistance and electrophilic metalation.

The reaction of pentamethylbenzene with
ethyl phenylpropiolate in a mixed solvent
TFA/CH,CI, (4/1 by volume) at 25°C was
used to screen catalysts among Pd(OAc),
(OAc, acetate), Pd(PPh,),(O,CCF,), (Ph, phe-
nyl), Pd(PPh,),, Pd/C, PtCl,/2AgOAc, RhCl,/
3AgOAc, IrCl,/3AgOAc, RuCl,/3AgOAc, and
Ni(OAc),. The highly electrophilic cationic
species [M(O,CCF,),L,]* (M, metal; L, li-
gand) are expected to be generated in situ
through bonding weakly coordinating anions,
CF,CO,™, to transition metal ions by using
TFA as a solvent (/5-18). The cationic species
should greatly enhance the metalation of aro-
matic C-H bonds and, at the same time, possi-
bly activate C=C and C=C bonds through the
coordination to generate the acceptors of aryl
nucleophiles. The reaction was carried out by
simply mixing all of the reactants, a catalyst,
and the solvent over an ice bath and then warm-
ing to room temperature (Table 1 and Fig. 2).
The Pd(IT) and Pt(II) catalysts were four times
as active as other transition metals: Pd(I) >
Pt(II) > Rh(III) > Ru(II) > Ni(Il), in accor-
dance with the reactivity of these metal ions in
electrophilic metalation of aromatic C—H bonds
(I). The Pd(Il) catalysts Pd(OAc), and
Pd(PPh,),(O,CCF,), are equally active; cis-
ethyl 3-pentamethylphenyl cinnamate was ob-
tained in 75% yield in 5 hours, and an almost
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quantitative yield of hydrolyzed acid, cis-3-
pentamethylphenyl cinnamic acid, was ob-
tained in 12 hours (entry 4 in Table 1). Pd(0)
catalysts such as Pd(PPh,), and Pd(0)/C were
much less active (<20% yield in 12 hours),
indicating that the reaction may not involve
Pd(0) species in the catalytic cycle. The Pt(II)
catalyst exhibited lower activity than Pd(II),
but it had a higher selectivity and gave higher
yields of the 1/1 arene/alkyne adducts with
fewer side products (such as the formation of
a 1/2 arene/alkyne adduct) with the pro-
longed reaction time (compare entries 1 and 2
in Table 1). Replacement of TFA with either
trifluoromethanesulfonic acid or toluene-
sulfonic acid (10% to alkyne in CH,Cl,)
resulted in lower yields (<15% yield in 12
hours) with Pd(II) cationic systems such
as PdCl,/2CF,S0,Ag/CF,SO,H and PdCl,/
2CF,S0,Ag/CH,C,H,SO,H.

The scope and generality of this reaction
have been explored with various commercially
available arenes, with alkynes from terminal
and internal alkynes (see Table 1 and Web table
1, available at www.sciencemag.org/feature/
data/1047418.shl), and also by intramolecular
reactions (Table 2). The reaction exhibited very
good chemoselectivity with unprotected OH,
Br, CHO, and vinyl groups in arenes and with
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unprotected —CHO, —-COMe, —CO,H, and
—CO,Et (Me, methyl; Et, ethyl) in alkynes, all
proving to be compatible (Tables 1 and 2 and
Fig. 2). The intermolecular reaction gave low to
excellent yields, depending on the reactivity of
arenes and alkynes. The yield increased with
the increasing number of electron-donating
groups of arenes, as expected for electrophilic
substitution (71, 12). The electron-rich arenes
can overcome the steric hindrance, and thus, the
reactions of pentamethylbenzene with all acet-
ylenes gave good yields of crowded molecules.
The C=C bonds conjugated to the electron-
withdrawing groups such as CHO, CO,H,
COMe, and CO,Et generally serve as good
acceptors of aryl nucleophiles (Table 1). The
reactions with internal alkynes were slower
than those with terminal alkynes. For example,
the reactivity of RC=CCO,Et depends on R:
H > Ph > Me (compare entries 1, 3, and 4 in
Table 1). The increasing concentration of
Pd(OAc), greatly enhanced the reaction.

The regio- and stereochemistry of this
reaction was unambiguously established on
the basis of chemical shifts, coupling con-
stants (Jy; 4,), and differential nuclear Over-
hauser effect experiments of 'H nuclear mag-
netic resonance (NMR) of products. The cis
configuration of adducts 1-(pentamethylphe-

Table 1. Intermolecular addition of arenes (Ar-H, 10 mmol) to alkynes (R'-C=C-R?, 5 mmol) in TFA (4
ml) and CH,Cl, (1 ml) by Pd [Pd(OAc),] and Pt (PtCl,/2AgOAc) catalysts at 25°C, yielding products as
shown in reaction 2 of Fig. 1. Stereo refers to the stereochemistry [exclusively cis or trans, otherwise
cis/trans ratio (c/t) is given]; the bold numbers refer to the structures in Fig. 2. The isolated yields are
given in general, and the yields given in parentheses were determined by gas chromatography. The yields
and molar percentages of catalyst are based on alkyne. Products were isolated or purified by flash
chromatography or recrystallization, and their structures were determined by "H and '>C NMR, infrared
spectroscopy, and elemental analysis. Other conditions are noted.

Molar Time 1/1 adduct
Entry  Ar-H R R? Catalyst ercentage  (hours)
P 8 Stereo Yield (%)

1 1 H CO,Et Pd 1 3 cis 85*

2 1 H COLET Pt 5 24 cis 921

3 1 Me CO,Et Pd 5 46 cis 78

4 1 Ph CO,Et Pd 5 12 cis 96

5 1 Ph CO,H Pt 5 24 cis (71)

6 1 Ph CHO Pt 5 24 cis 62

7 1 EtO,C  CO,Et Pd 5 48 cis 61

8 1 Ph COMe Pt 5 72 cis (69)

9 1 H COMe Pd 0.02 96 trans 90
10 1 Ph H Pt 5 48 cis 60
11 1 Ph Me Pt 5 48 cis 73
12 1 Ph Ph Pt 5 48 cis 68
13 1 nCH, CHyn Pd 5 40 ct=1 61
14 2 H CO,Et Pd 1 12 cis 49*
15 3 H CO,Et Pd 1 24 cis 61
16 4 H CO,Et Pd 1 46 cis 46
17 5 H CO,Et Pd 1 12 cis 621
18 6 H CO,H Pd 1 40 14 (71)§
19 6 Ph CO,H Pd 1 5 15 (65)ll
20 7 H COMe Pd 1 5 trans 72
21 8 H COMe Pd 1 1 trans (70)
22 9 H CO,Et Pd 1 48 cis 46
23 10 H CO,Et Pd 1 45 ct=12 (78)

*Six to 10% of 1/2 arene/alkyne adduct as ArA, (see Fig. 2) was also isolated.
1Ethyl propiolate (3 mmol) and 5 (1.5 mmol) were used, and the yield was based on 5.
| Trifluoroacetic anhydride (5 mmol) was added.

NMR.
of 6 was used.
Ar,A (see Fig. 2) was formed.

www.sciencemag.org SCIENCE VOL 287 17 MARCH 2000

tNo ArA, was found by 'H
§Thirty millimoles
9Five percent of 2/1 arene/alkyne adduct as

nyl)-1-phenyl propene and 1-(pentamethyl-
phenyl)-1-phenyl-2-phenyl ethylene (entries
11 and 12 in Table 1) was further confirmed
by x-ray crystal structure.

The structure of adducts shows that the ad-
dition of aryl and H groups across C=C bonds is
in a trans fashion exclusively (within the limit
of 'H NMR spectrum) in most cases and gives
cis-alkenes (Table 1), which are difficult to
prepare by known reactions (/4, 19). In a few
cases, the 1/2 or 2/1 arene/alkyne adducts (en-
tries 1 and 21 in Table 1) were obtained. Con-
trol experiments revealed that the 2/1 arene/
alkyne adduct resulted from further addition of
another arene to the 1/1 arene/alkyne adduct. In
some cases, the reaction can be stopped at the
stage of 1/1 adducts by controlling reaction
time or the concentration of Pd(OAc),. The
reaction of arenes with an alkynone, 3-butyn-
2-one, gave exclusively trans adducts, trans-4-
aryl 3-buten-2-ones (entries 9, 20, and 21 in
Table 1), whereas a cis adduct, cis-4-penta-
methylphenyl-4-phenyl 3-buten-2-one, was iso-

Pd(OAc), R'CH=CR?R® R' R?
Ar-H Ar-PdOAC =, O
[O]/HAc A’ R

[PdO,CCF]*
Ar-H —————— Ar-PdO,CCF,
TFA AR

R-=—R? R!' H

(2

X 0

S [PAO,CCF4* NG )
R— -~ R 3
Z~H ” R L (3
TFA 16 X=0,NH

R!
COR Ar_ COR

Ar-H + [~ — —/
An TFA An

An = —<)-OMe

Fig. 1. Pd(ll)-catalyzed C-C bond formation
involving electrophilic aromatic C-H bond
cleavage. [PdO,CCF3]* refers to the in situ
generated Pd(ll) cationic species in TFA.
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Fig. 2. The arenes and products involved in
Tables 1 and 3. t-Bu, tert-butyl.
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Table 2. The coumarins and 2(1H)-quinolinones from Pd-catalyzed intramolecular addition reactions
(reaction 3 in Fig. 1) of the corresponding aryl alkynoates (1 mmol) and alkynalides (1 mmol),
respectively, in the presence of 1 to 3% Pd(OAc),, TFA (1.5 ml), and CH,Cl, (0.5 ml) at 25°C for 30 min
to 5 hours. The isolated yields are given in the parentheses after the structure. i-Pr, isopropyl.

O

0]

t-Bu 7
R

MeO 0.0 Me 0.0

g
8

MeO C (91%)
MeO Ph Me Ph
Me. _~_0O Me
O o Q (50%) * (79°/)
i-Pr
0 0.0

-

|
0 7 (25%) *
Me Me Ph

8

R =H (60%), Me (90%), n-CsHqy (71%), Ph (70%)

CHO

ey L
(87%) B (85°o) (70%)

0_0
4@
o%)T O Vo (65%)

o N
Z (75%) o (91%) Meom(m%

C5H11-n

*Isolated as a mixture of two regioisomers from one reaction.

lated as the sole product from the reaction of
an internal alkynone, 4-phenyl-3-butyn-2-one,
with pentamethylbenzene under the same con-
ditions (entry 8 in Table 1). These findings
suggest that the formation of cis adducts is
kinetically controlled, and initially formed cis-
4-aryl 3-buten-2-ones may isomerize to ther-
modynamically favorable trans-4-aryl 3-buten-
2-ones through a vinyl-Pd intermediate as re-
ported by Zargarrian and Alper (20). Two cou-
marins (13 and 14, see entries 18 and 19 in
Table 1) were directly obtained from the reac-
tion of p-tert-butylphenol with ethyl propiolate
and phenyl propiolic acid in 71 and 65% yields,
respectively, apparently through addition fol-
lowed by cyclization.

The aryl alkynoates prepared from corre-
sponding phenols and alkynoic acids underwent
much faster and more regioselective addition
than intermolecular reactions with this catalytic
system (Table 2), and they afforded various
coumarins in 60 to 91% yields. Almost all of
the aryl alkynoates were converted to couma-
rins within 30 min (monitored by '"H NMR and
thin-layer chromatography), except for a few
cases (for example, slow formation of 4-phe-
nyl-6-methyl coumarin with 60% yield in 5
hours was observed). The reactivity of m-, o-,
and p-methylphenyl 3-phenylpropiolates is in
the order of m >> o > p, as expected for
typical electrophilic substitution. This in-
tramolecular reaction is regiospecific, giving
the coumarins (such as 4-phenyl-5-methyl-8-
iso-propyl coumarin in high yield) that are
not possible with intermolecular reaction.
Pd(0) complex Pd(PPh,), is only active in
intramolecular reactions, presumably through
a mechanism of chelation-assisted oxidative
insertion of Pd(O) to aromatic C—H bonds,
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1The yield was determined by "H NMR.

similar to the case of Ru(0) (4). All of these
facts indicate that electrophilic metalation of
aromatic C-H by Pd(Il) is accelerated and
directed in orientation by C=C coordination.

The reaction was further extended to inter-
and intramolecular additions of alkoxyarenes to
activated alkenes (Table 3). Two 3,4-dihydro-
coumarins, 17 and 18, were obtained almost
quantitatively from the equimolar reaction of
corresponding phenols with p-methoxycinnamic
acid (entries 4 and 5 in Table 3), and 17 was
also obtained from an intramolecular reaction
(entry 6 in Table 3). Also, the intramolecular
addition has been extended to the synthesis of
nitrogen-containing heterocycles, 2(1H )-quino-
linones, from corresponding alkynalides (Table
3). The alkynalides are readily prepared from
the corresponding anilines and alkynoic acids.

The efficiency of this process can be seen
from the following inter- and intramolecular
reactions. The reaction of pentamethylbenzene
with 3-butyn-2-one catalyzed by 0.02 mole per-
cent Pd(OAc), at 25°C for 96 hours (entry 9 in
Table 1) gave trans-4-( pentamethylphenyl)-3-
buten-2-one in 90% yield (TON of 4500), and
the intramolecular reaction of 3',4',5'-tri-

methoxyphenyl 3-phenylpropiolate by
0.079% of Pd(OAc), at 25°C for 6 hours
IMa
TFA -
Pd(OAc), —= [PdO,CCFgl* ——=  Ar-PdO,CCF,
-H*
R' D ’\{ \ni.g_nz
CF4CO,D
Ar>=<R2 ; )
R'  PdO,CCFy R—=—R
Y <—  Ar-PdO,CCF,
IMc IMb

Fig. 3. A possible mechanism for addition of
arenes to alkynes.

Table 3. The addition of arenes (Ar-H, 5 mmol) to
activated alkenes (5 mmol) catalyzed by 1%
Pd(OAc), in TFA (4 ml) and CH,CL, (1 ml) at 25°C
for 10 hours, yielding products as shown in reac-
tion 4 of Fig. 1. The bold numbers refer to the
structures in Fig. 2.

Entry Ar-H Olefin Yield (%)
1 8 A CO0CeHy 86
2 10 A COCeHypy 83
3 11 p\ S COCeH) 65
4 12 ArCOH 17 95
5 13 A COH 18 %
6 16 17 65*

*Benzoquinone (5 mmol) was added, and yield was de-
termined by 'H NMR.

resulted in 4-phenyl-5,6,7-trimethoxycou-
marin in 95% yield (TON of 1200).

A possible mechanism for this reaction has
been outlined in Fig. 3. The three isotope ex-
periments shown in Fig. 4 revealed that one
vinyl H or D in all adducts was mainly from the
solvent acid, which presumably results from the
protonation of vinyl-Pd complex IMc by TFA-
d, or TFA (Fig. 3). The formation of IMc was
also strongly supported by other evidence (27).
The involvement of o-aryl-Pd complexes IMa
has been confirmed by the 'H NMR spectrum
from the disappearance of the aryl H of penta-
methylbenzene in the reaction with | equivalent
of Pd(OAc), in TFA in a few minutes at room
temperature. The facile formation of IMa
through electrophilic metalation of the aromatic
C-H bond either in TFA or with cationic metal
ions has been documented (/, /1, 15, 18). The
fact that the hydroarylation reaction failed in
other solvents such as acetic acid indicates the
necessity of TFA for the formation of cat-
ionic Pd(II) species (22) and for the proto-
nation of a vinyl-Pd intermediate IMc to
complete the catalytic cycle. A possible
mechanism would be the electrophilic at-

CO,Et @ H  H(D)
1+ = )

MesCs CO,Et

Yield: 86%, 60%-D

o p Ph

(b) Ph - H(D)
DQD R ||| — ol n @

D D Ph Yield: 62%, < 1% vinyl-D

0 (o}
WL T ®
H(D)

Ph
Yield: 75%, 90%-D

Fig. 4. Isotope experiments under the condi-
tions of (a) 1% Pd(OAc), in CF,CO,D at 25°C
for 2 hours and (b) 5% PtCl /10% AgOAc in
CF,CO,H at 25°C for 40 hours
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tack of the aromatic C—H bond by cationic
Pd(II) species to form IMa followed by
coordination of alkyne to give IMb. A trans
insertion of C—C triple bonds to the o-aryl-
Pd bond (23-25) results in IMe, and 1/1
arene/alkyne adduct would be released
from Pd(II) (24) upon protonation of IMe.
The possible involvement of Pd(II)-vinyli-
dine and Pd(II)-allenyl complexes could be
excluded (26, 27). In the addition of alk-
oxyarenes to activated alkenes, the involve-
ment of the carbocations from alkenes may
be possible.

Many of the products offered by this re-
action [such as coumarins, 2(1H )-quinolino-
nes, and cis-aryl-o,3—unsaturated carbonyl
compounds] are biologically relevant com-
pounds and cannot otherwise be easily ac-
cessed by known reactions. This process of-
fers a general, simple, and efficient method
for converting simple arenes directly to po-
tentially useful compounds in one step under
mild conditions. This method should have
many applications in organic and medical
chemistry and possibly be applied by chem-
ical and pharmaceutical industries.
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Thermal, Catalytic, Regiospecific
Functionalization of Alkanes

Huiyuan Chen,' Sabine Schlecht,’ Thomas C. Semple,?
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The formation of a single product from terminal functionalization of linear
alkanes from a transition metal—catalyzed reaction is reported. The rhodium
complex Cp*Rh(n*-C,Me,) (Cp*, C;Me,; Me, methyl) catalyzes the high-yield
formation of linear alkylboranes from commercially available borane reagents
under thermal conditions. These reactions now allow catalytic, regiospecific
functionalization of alkanes under thermal conditions. The organoborane prod-
ucts are among the most versatile synthetic intermediates in chemistry and
serve as convenient precursors to alcohols, amines, and other common classes

of functionalized molecules.

Alkanes are among the most abundant but least
reactive molecules. This low reactivity, partic-
ularly at the terminal position of the alkane, has
prevented their direct conversion into industri-
ally important chemicals such as linear alco-
hols, linear amines, and a-olefins. Instead of
selectively producing these desired products,
which contain a single functional group at the
end of an alkyl chain, reactions of alkanes
typically form mixtures. When good selectivity
is observed, internal positions or both internal
and terminal positions of the alkane react to
produce, for example, fert-butylhydroperoxide
from isobutane or maleic anhydride from -
butane (/). Certain transition metals do react
cleanly at the end of the alkane to produce
n-alkyl complexes (2, 3), but these transforma-
tions involve stoichiometric amounts of expen-
sive metal reagents; catalytic reactions that se-
lectively functionalize the terminal positions of
alkanes are rare. Transition metal—catalyzed de-
hydrogenation gives alkene regioisomers (4—
6), and photocatalytic carbonylation produces
secondary photoproducts (7). Both processes
also suffer from unfavorable thermodynamics.
Enzymes that oxidize higher alkanes than meth-
ane and ethane give regioisomeric mixtures.
Here, we report a regiospecific catalytic func-
tionalization of linear alkanes under thermal
conditions: the coupling of alkanes with borane
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reagents to form linear alkylboranes (Scheme
1). These borane products are common, well-
developed synthetic intermediates in organic
chemistry. They are easily converted to amines,
alcohols, alkenes, and other classes of function-
alized molecules in a single step (8, 9).
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Scheme 1.

We previously reported the stoichiometric
reaction of transition metal-boryl complexes
(L,M-BR,, where L is a ligand, M is a metal,
and R is an organic substituent) with alkanes
to produce linear alkylboranes:

¥ RH i
OCH-W_mBcat ~—= OCwWiH + RBcat 1)
of o ™ ocf Yo

(10, 11). We then pursued a selective catalyt-
ic reaction of alkanes that incorporates a sim-
ilar stoichiometric step into a catalytic cycle.
We disclosed the reaction of diboron reagents
(R,BBR,; R, = pinacolate) with alkanes cat-
alyzed by Cp*Re(CO), (Cp*, C,Me,; Me,
methyl) to produce linear alkylboranes under
photochemical conditions (/2). This photo-
chemistry led to the selective, catalytic reac-
tions under the thermal conditions described
below (Z3).
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