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ABSTRACT
R
/7 N\ — cat. FeCly \_7
R1</— —=——R, + Ar-H 4>CH3N02 —
Ar R,

R4 =H, m-OMe, p-OMe, p-C|, 2,4,5-trimethyl, n-pentyl
R2 =H, Me, COOEt, Ph

An addition of electron-rich arenes to aryl-substituted alkynes to form 1,1-diaryl alkenes is carried out in the presence of FeCl 3 as catalyst
under mild conditions.

Functionalization of simple arenes plays an important role However, since these catalysts are expensive or the turnover
in the synthesis of pharmaceuticals, agrochemicals, and finenumbers of these processes are not very high, their large-
chemicals. A well-known process involving the formation scale applications are restricted.

of new C-C bonds from aromatic €H bonds is the According to our knowledge, there is no example of the
Friede-Crafts alkylation of various arenes, especially alkenylation of arenes with alkynes using inexpensive
electron-rich arenes with alkyl halides, alcohols, or alkénes. catalysts through an economical and efficient method.
On the other hand, the pioneering work on alkenylation of However, iron as an abundant, economical, and environ-
simple arenes was an oxidative coupling of arenes with mentally friendly metal shows increasing and promising
alkenes in the presence of palladium complexes and acatalytic abilities in many organic synthesesn one
rhodium-catalyzed addition of aromatic and heteroaromatic prominent case, iron has been proven to be a practical
compounds to alkynes in the presence of carbon mondxide. alternative catalyst in an arylation of benzyl alcohols and
Thereafter, a few efficient methods of hydroarylation of carboxylates, formerly catalyzed by expensive late transition
alkynes have been developed. In these processes, transitiometals®® Herein, we report a convenient Fghtalyzed
metals as catalysts including rhodidnuthenium? pal- ' ' _ -
ladium? platinum$ gold? or rare-metalsare normally used, (é?gisean)cgdocd;2';?01'9%2;.0(%/%}:%. JLuLuwWer%g;;aJTKﬁgmar‘;a

and in some systems acids or ionic liquids are neceS3ary. T.; Matsuda, K. Irie, M.; Fujiwara, YJ. Am. Chem. So€00Q 122, 7252.
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alkenylation of electron-rich arenes with aryl-substituted
alkynes under mild conditions, which is a Fried€rafts-

Table 2. Effect of Solvents in FeGiCatalyzed Alkenylation of

type process. Mesitylene with Phenylacetylehe
Initially, we tried to seek an effective system for the
alkenylation of phenylacetylenga with mesitylene2a to
produce 1-mesityl-1-phenyletheBa (Table 1). After screen- o, T asn
. . . . yield [%]
Table 1. Alkenylation of Mesitylene with Phenylacetylene in -
the Presence of Various Catalysts entry 2a[mmol]  solvent [mL] 3a 4  convn [%]
1 3.0 CH;3NO, 86 11 >99
< > O 2 3.0 CHjClp 23 5 36
rt, 5 h 3 3.0 CH>CICH»C1 30 10 60
3a 4 3.0 PhNO; 41 9 75
5 3.0 CH3CN 3
entry catalyst time [h] yield [%] convn [%] 6 3.0 CH3COOH 6
1 FeCl; 5 86 >99 Z 2:8 giZOH 18
g gi?ﬁfoiifmo 22 g g 9 3.0 CH;NO, 8 9 94
4 BiCl; 5 0 0 10 3.0 CH3NO» (0.05) 33 7 58
11 3.0 CH;3NO2 (0.25) 72 8 >99
5 CuCle-2H20 24 0 0
6 ZnCl, o4 7 12 3.0 CH;3NO; (1.0) 74 16 >99
13 3.0 CH;3NOs (2.0) 21 7 29
7 CoCl2:6H.0O 24 0 trace
8  NiCly-6H;0 24 0 trace 14 10 CHsNO, o =99
9 AgOAc 5 0 0 15 6.0 CH;3NO, 85 14 >99
100 PtCly 5 0 0 a Conditions: phenylacetlyeria (1.0 mmol), mesitylen@a (3.0 mmol),
11% Pd(OAc), 5 0 >99 FeCk (0.1 mmol, 10 mol %), solvent (0.5 mL), rt, 5 h; GC analysisi,O
196 PdCl, 5 0 ~99 (0.5 mmol) was added.
13 FeCls 5 35 43
14¢ HCI1 5 0 0
15 none 5 0 0 that this alkenylation can proceed very well without any

a Conditions: phenylacetlyeriea (1.0 mmol), mesitylen@a (3.0 mmol), special treatment of substrates and solvents.
cat. (0.1 mmol, 10 mol %), C¥NO, (0.5 mL), rt; GC analysis‘? Conditions: Meanwh“e' a moderate excess 2d could enhance the
cat. (0.05 mmol, 5 mol %): Conditions: cat. (0.30 mmol, 30 mol %). L . .
selectivity of this alkenylation of arene under the same
conditions. And, if the ratio oRato 1a was larger than 3,

. . . the selectivity of this reaction would not be improved further
ing a variety of catalysts under the same conditions, we found (Table 2. entries 1, 14, and 15)
that the target product was prepared in a good yield just in T e ) N
the case of FeGhs the catalyst (Table 1, entry 1). Although ~ On the basis of the optimization of the reaction conditions,
the conversions are very high in the presence of Pd(@Ac) the scope of this FeGtatalyzed alkenylation of simple
or PACh, a number of oligomers or polymers were detected arenes with various alkynes was explored. For arenes, both
instead of the target product (Table 1, entries 11 and 12). In Mesitylene2aand pentamethylbenze@d could react with
contrast, almost no alkenylation reaction occurred with other 1a to give the corresponding adducts respectively in good
catalysts or without any catalyst. yields after a short time (Table 3, entries 1 and 2). In the
Moreover, the effect of solvents on this addition reaction Casé ofp-xylene 2c, heating was needed to accelerate the
was also studied (Table 2). Compared with other solvents, "€action rate and to increase the yield (Table 3, entry 3).
nitromethane (CENO;) could improve the FeGicatalyzed However, for benzengg, not only heating but also a stable
alkenylation efficiently (Table 2, entries—B). In addition, ~internal alkyne, diphenyl acetyleri¢, were necessary to give
the amount of CENO, also dramatically influenced this ~ the adduct in a poor yield of only 11% (Table 3, entry 15).
reaction (Table 2, entries #13). These adducts were In contrast, diphenyl acetylent could be hydroarylated
obtained in poor yields (2133%) in either a small or alarge by 2ato give its product in an isolated yield of 51% at
amount of CHNO; (Table 2, entries 10 and 13). Interest- 80 °C (Table 3, entry 14). A more electron-rich arene, 1,4-
ingly, a good yield (86%) oBa was detected by GC when dimethoxybenzengf, reacted with another internal alkyne
0.5 mL of CHNO, was used in the presence of 0.1 mmol 1b very easily and a quantitive yield of produsf was
of FeCk in this reaction (Table 2, entry 1). At the same time, detected by GC (Table 3, entry 6). Moreover, the desired
acetophenoned4, a byproduct in 11% vyield, was also products3ein an isolated yield of 41% were obtained from
observed, which might be from the reaction Id with a the addition of iodomesitylen@e to 1a and these iodo-
trace of water in solution. However, when 0.5 mmol of water substituted groups of phenyl rings were not affected during
was added into the reaction, the amount of byproduct did the reaction (Table 3, entry 5). Overall, electron-rich arenes
not increase apparently (Table 2, entry 9). This may suggestare still more active ones in these alkenylations. On the other
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Table 3. FeCk-Catalyzed Alkenylation of Various Arenes with
Aryl-Substituted Alkyne%

R T
72\ cat. FeCl; \_/
R/— Ry + Ar-H W —
! AT Ry
1a-i 2a-g 3a-o
entry alkyne arene tlme yield [%] ©
ZIE
1 < >*: ‘Q 3a 78 (86)
1a
2 1a ‘gié 3b 79(87)
3¢ 1a @— 5 3c 80(e9)
44 1a ” 3d (52
2dy
5¢ 1a | 12 3e 41
2e
6° ®+ MeO‘@’OMe 5 3f (>99)
h
f 85115
7°¢ < >7 5 3g 68
86/14
2a
8/ < >—’< 2a 38 3h 42
94/6
; {% w5 serees
10 @7 2a 5 3 62
MeO le
11 Cl—@—: 2a 6 3k 69 (77)
12 nCsHu = 2a 6 31 (68)
13 4§i§7 2a 6 3m 86 (95)

H 2a 20 3n 51

40/60 #

@ 17 30 11

29
aConditions: alkyne (1.0 mmol), arene (3.0 mmol), Fe@.1 mmol,
10 mol %), CHNO, (0.5 mL), rt; GC analysis? Isolated yield (GC yield
in parentheses) based on the alkyne. Z/E ratios were determiretiNiyIR
spectroscopyS 60 °C. 9 CH3NO; (1.0 mL).€40 °C. f Conditions: 80°C,
FeCk (0.2 mmol, 20 mol %)9 Conditions: 80°C, conversion: 68%.
h Double bond structure was not identifiedConversion: 36%.

O
O

15/ i
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hand, all adducts are 1,1-diaryl alkenes, which shows an
excellent regioselectivity of this addition reaction.

For alkynes, various terminal aryl-substituted alkynes were
favorable to react witlRa to give adducts in moderate or
excellent yields (Table 3, entries—43). These different
terminal aryl-substituted alkynes could not influence the
efficiency of the addition reaction seriously. However, in
the alkenylations oPa, an internal alkyne, 1-phenylpropyne
1b compared with phenylacetylents, its product yield
decreased a little and Z/E isomers were formed (Table 3,
entries 1 and 7). Further, another internal alkyne with an
electron-poor substituted group, ethyl 3-phenylpropiolate
became an inactive one in the same reaction even at high
temperature in a long reaction time (Table 3, entry 8). One
reason is attributed to the electron insufficiency of the triple
bond besides the steric hindrance.

Moreover, an intramolecular alkenylation of arene in the
presence of Fegivas tested. One example is the cyclization
of 4'-tert-butylphenyl phenylpropiolateh catalyzed by FeGl
to form 4-phenyl-Gert-butylcoumarir3p in a moderate yield
of 53%, which indicates that the intramolecular version of
this alkenylation is also feasible (eq 1).

J@f o @0 molsy bg
eCl; (20 mol %
T CHNO,  tBu 7 e

80°C,72h Ph
53% (isolated) 3p

A proposed mechanism of this alkenylation of electron-
rich arenes with aryl-substituted alkynes is shown in Scheme
1. Itis thought to be a FriedelCrafts-type process;2which

Scheme 1. Possible Mechanism of FegCatalyzed
Alkenylation of Arenes with Aryl-Substituted Alkynes

Ar'IAr Ar* Ar
R” "H H” "R FeCly Ar———R
major minor
H* Cl
Ar’ - R o+ R
Ar
A FeCl, | FeCly
H ArH

is different from some of other hydroarylations via aromatic
C—H activation¢8 The first step is the formation of a more
stable aryl-substituted alkenyl catibiby the FeCJ as Lewis
acid attacking an aryl-substituted alkyne. Subsequently, an
electrophilic aromatic substitution occurs between the alkenyl
cation | and an arene to produce an intermediltein
excellent regioselectivity. Finally, after the protonation and
isomerization of the intermediatk,’@the target adduct 1,1-

2221



diaryl alkene is prepared and the iron catalyst cycle is || GcTcNGNGEEE

complete as well. However, the result of an isotope exchange
indicates that the vinyl protons are not only from arenes at

the protonation step of this reaction since the formation of

3c-dg is observed (eq 2). Furthermore, no deuterated product
was found in the reacton @cwith 1ain CDsNO,; this may

suggest that CHNO, does not provide protons in this
reaction.
_dg
/O;o . <:> — _FeCly (10mol %) _ . (60.2)
0.5 mL CH3NO,
60°C,6h
2cd o
s0mmel 1.0 mmol 41% (isolated)
3c-dqg 3c-dg
3c-dqg:3c-dg=24:1
2c-dyg
1.5 mmol
> —d
/;—d1o 9
_ FeCI3 (10 mol %) (69.3)
T0.5mL CHaNO, ¢
60°C, 6 h
1.0 mmol 28% (isolated)
3c-dg
2c
1.5 mmol 3c-dg:3c = 11

Product (mmol)

= 3c
A 3C-d1o, -ds

0.10

0.08

0.06

0.04 ki / ko = 0.98

0.02 +

0.00

40 60 80

Time (min)

Figure 1. The time dependence of the amount of products in two
separate reactions of xylemnigy (3¢-dio, 3 mmol) or xylene &c, 3
mmol) with phenylacetylenelg, 1 mmol) in the presence of 3
mol % of FeC} at room temperature.

Meanwhile, the kinetic isotope effect experiment2of
2¢-dip with 1ahave also confirmed the proposed mechanism
further (eq 3). Theku/ko (ca. 1.0¥° calculated is consistent
with an intermolecular electrophilic aromatic substitution,
which does not usually exhibit a primary kinetic isotope
effect!* Furthermore, to eliminate the possible effect of
concentration fluctuationla was used to react witBc-dio
and2c respectively in the presence of 3 mol % of Fe@l
room temperature and the reaction processes were monitore
by GC analysis. On the basis of the initial rates of these two
separate reactions (Figure 1), a simikarkp (ca. 0.98) is
obtained to support the possible mechanism.

In addition, since neither loss of the aromatic hydrogen
of 2anor D—H exchange betwee?c-d;p and CHNO,/H,0
were observed byH NMR in the presence of FeClunder
reaction conditions, this alkenylation may not involve an
aromatic C-H activation.

(10) The value ofky/kp was calculated only by the amounts of arene
protons.
(11) Tunge, J. A.; Forsee, L. NDrganometallics2005 24, 6440.
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In conclusion, we have developed a novel system on the
alkenylation of electron-rich arenes with aryl-substituted
alkynes under mild conditions. This Fe@latalyzed method
reported here has common benefits in other iron-catalyzed
reactions, which are convenient, economic, and envirometally

friendly. In addition, since this reaction is runing at room

temperature or low heating temperature without adding acids
or special reagents, its large-scale application is also possible.
xtending the scope of this inter- and intramolecular alk-

Enylation of arenes with alkynes through a Fried@tafts-

type process is ongoing.
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