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Abstract

Efficient synthesis of ferrocenylenones using a Friedel–Crafts acylation reaction is described. Acryloyl, methacryloyl, crotonoyl,

cinnamoyl, and b-methylcrotonoyl chlorides react with ferrocene in the presence of a Lewis acid (EtAlCl2 or EtAlCl2–Me3Al) to give

the corresponding ferrocenylenones (acryloyl, methacryloyl, crotonoyl, cinnamoyl, and methylcrotonoylferrocenes) in good isolated

yields. Besides ferrocenylenones, chloroactylferrocene is also synthesised by this method.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Ferrocenylenones are important starting materials

for the synthesis of substituted ferrocenes [1] and poly-

mers [2]. They found many applications in the litera-

ture. They are used as dienophiles in Diels–Alder

ractions [3], and as dipolarophiles in 1,3-dipolar cyclo-

addition reactions [4]. Synthesis of hetero- and carbo-

cyclic-ferrocene derivatives are also based on the use

of ferrocenylenones [5]. Syntheses of ferrocenylenones
are carried out in diffrent ways. One common method

is the Friedel–Crafts acylation reaction. Although this

method worked efficiently in the synthesis of croto-

noyl-, cinnamoyl-, and b-methylcrotonoylferrocene

using AlCl3 as the Lewis acid, the same method failed

in the synthesis of acryloyl- and methacryloylferrocene.
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In the last two cases, Friedel–Craft acylation reaction

with AlCl3 resulted in the formation of corresponding
ferrocenophan-1-ones [6]. For this reason, alternative

methods were used especially in the synthesis of acry-

loylferrocene. One method is the Mannich reaction of

acetylferrocene with formaldehyde and secondary

amines [7]. Second method is HCl elimination from

3-chloropropionylferrocene [8]. A third method is elim-

ination of ethyl methyl sulfide from 1-ferrocenyl-3-(eth-

ylsulfanyl)propan-1-one [9]. Another method is the
reaction of ferrocenoylsilanes with vinylmagnesium

bromide in the presence of CeCl3 [10]. All these meth-

ods require two steps and the yields range between 46%

and 80% depending on the method.

We developed a one step procedure for the synthesis

of acryloyl and methacryloylferrocene. By this method

both compounds were obtained in good isolated yields.

We also applied this method to the synthesis of croto-
noyl-, cinnamoyl-, b-methylcrotonoyl-, and chloroace-

tylferrocene. These compounds are also synthesised in

good yields.
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2. Results and discussion

Synthesis of acryloyl and methacryloylferrocene by

Friedel–Crafts acylation using AlCl3 as the Lewis acid

with ferrocene and acryloyl and methacryloy chloride

gave the corresponding ferrocenophan-1-ones (3).
Watts and Turbitt explained this result by the forma-

tion of a metal–alkenyl intermediate (1) which was

converted to an aluminium enolate (2) by methylene

group migration from the iron atom to the cyclopen-

tadienyl ring followed by proton loss (Scheme 1) [6a].

They also showed by a control experiment that acry-

loylferrocene did not undergo cyclization to form

ferrocenophan-1-one (3) on treatment with AlCl3 or
AlCl3–HCl. In the second case, (3-chloropropa-

noyl)ferrocene (5) was obtained as the sole product

by HCl addition to carbon–carbon double bond.

Ferrocenophan formation did not take place with

b-substituted acryloyl chloride derivatives. The b-
substituent destabilizes metal–carbon bond of interme-

diate 1 both electronically and sterically.

We reqiured a larger quantity of acryloyl ferrocene
for a different project. For that reason, we wanted to

find a direct method for the synthesis of this compound.

Considering the enhanced solubility and lower Lewis

acidity of alkylaluminum Lewis acids compared to

AlCl3, we tried EtAlCl2 first [11]. In the Friedel–Crafts

acylation reaction of ferrocene with acryloyl chloride

in the presence of EtAlCl2, three products, acryloylfer-
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Table 1

Friedel–Crafts reaction of acyl chlorides with ferrocene

Entry Acyl chloride Lewis acid

1 CH2@CHCOCl EtAlCl2
2 CH2@CHCOCl Me3 Al

3 CH2@CHCOCl EtAlCl2–Me3A

4 CH2@CMeCOCl EtAlCl2–Me3A

5 MeCH@CHCOCl EtAlCl2
6 PhCH@CHCOCl EtAlCl2
7 Me2C@CCOCl EtAlCl2
8 ClCH2COCl EtAlCl2–Me3 A

a Yields are isolated yields. Unreacted ferrocene, 5–10% for the entries 1, 3
b Extending the time to 6 h did not change the yield and the product ratio

compounds, respectively.
c Minor amounts of 3 and 5 were also seen on the 1H NMR spectrum of
rocene (4), ferocenophan-1-one (3), and (3-chloropropa-

noyl)ferrocene (5) were isolated in 55%, 15% and 8%

yields, respectively (Table 1, entry 1) Scheme 2.

Repeating the same reaction with Me3Al, acryloyl-

ferrocene (4) was obtained in 30% yield (Table 1, entry

2). When EtAlCl2 and Me3Al were used together, the
yield of the acryloylferrocene (4) was increased to

83%, less than 5% of ferrocenophan-1-one (3) was also

isolated (Table 1, entry 3). To the best of our knowl-

edge, this is the first example of a one step synthesis

of acryloyl ferrocene by a Friedel–Crafts acylation

reaction. Obtaining such a good result, we wanted to

apply the same procedure to the synthesis of the other

ferrocenylenones. When methacryloyl chloride was
reacted with ferrocene under the same reaction condi-

tions, methacryloylferrocene (6) was isolated in 71%

yield (Table 1, entry 4). For this compound 6, litera-

ture has one patent reference for its us in polymers

but no information about the synthesis [12]. This work

is also the first example of a one step synthesis of

methacryloylferrocene (6) Scheme 3.

We speculate that in the presence of alkylaluminum
Lewis acids (EtAlCl2–Me3Al), the reaction medium is

more basic. Therefore, the formation of metal–alkenyl

intermediate (1) does not take place. As a result, the

reaction does not yield ferrocenophan-1-one (3) under

these conditions. Also, the a,b-unsaturated acyl chlo-

rides are not strongly activated by these Lewis acids

compared to AlCl3. Since the b-position of the acyl unit
Al-Cl3

-H+

Fe

OAl-Cl3

H2O
Fe

O

3

.

Product Yield (%)a

4 + 3 + 5 (6.9/1.9/1.0) 78b

4 30c

l 4 83c

l 6 71

7 87

8 89

9 80

l 10 56

, 4, 5, 6, and 7 and around 35% for the entries 2 and 8, was recovered.

significantly, numbers in parenthesis show the approximate ratio of the

the crude reaction mixture.
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is not active enough, iron in the ferrocenyl group can

not attack this position to give intermediate 1. Another

point is the absence of HCl, destroyed by the alkyl

group of the Lewis acid, this may also have some effect

on preventing ferocenophan-1-one (3) formation.

We applied this method to the synthesis of other ferr-
ocenylenones. When crotonoyl chloride was used as the

a,b-unsaturated acid chloride, crotonoylferrocene (7)

was obtained in 87% isolated yield. In the case of cin-

namoyl chloride, the same reaction gave the cinnamoyl-

ferrocene (8) in 89% isolated yield. The commonly used

method for the synthesis of this compound is the aldol

condensation of acetylferrocene and benzaldehyde

[6b,13] In this series, b-methylcrotonoyl chloride was
used as the last substrate which resulted in the formation

of b-methylcrotonoylferrocene (9) in 80% isolated yield.

a-Haloacetylferrocenes are also important starting
materials especially in the synthesis of ferrocenyl-substi-

tuted heterocyclic compounds [14]. In the literature,

a-chloroacetylferrocene (10) was synthesised by Fri-

edel–Crafts acylation of chloroacetyl chloride and ferro-

cene with AlCl3 in about 43% yield, together with

acetylferrocene [14a]. Lower yield was attributed to an
electron transfer from ferrocene to acylium ion to give

the oxidised ferrocenium cation in high yield [15]. Our

method gave the same compound in a better isolated

yield (56%).

In summary, we developed a very efficient method for

the synthesis of ferrocenylenones and a-chloroacetylfer-
rocene using alkylaluminum Lewis acids (EtAlCl2–

Me3Al). Although the isolated yield is lower in the case
of a-chloroacetylferrocene, the reaction is very clean and

a considerable amount of unreacted ferrocene (around

35%) is recovered.
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3. Experimental

3.1. Representative experimental procedure

To a stirred solution of ferrocene (186 mg, 1.07

mmol) and a,b-unsaturated acyl chloride/chloroacetyl
chloride (1.28 mmol, freshly distilled) in CH2Cl2 (3.6

mL, dried over CaH2) at 0 �C was added Me3Al

(0.27 mL, 0.53 mmol, 2 M in hexanes) and EtAlCl2
(1.07 mL, 1.07 mmol, 1 M in hexanes) drop by drop over

10 min consecutively. The resulting mixture was stirred

for another 20 min (in the case of chloroacetyl chloride

stirring continued for 80 min) at this temperature. At the

end of this time, deep blue colored rection mixture was
hydrolized with water (10 mL), and more CH2Cl2 (10

mL) was added to the reaction flask. Two layers were

separated, and the aqueous layer was extracted with

CH2Cl2 (3 · 10 mL). The combined organic layers were

dried over MgSO4, concentrated, and purified by flash

column chromatography on silica gel using (Merck 60

0.040–0.060 nm). 1H NMR and 13C NMR spectra were

obtained in CCl4–CDCl3 (2:3) solvent system, recorded
in a Brucker Spectrospin Avance DPX-400 Ultrashield

instrument and reported in ppm on the d scale relative

to residual CHCl3 (d 7.24 and 77.00). IR spectra were re-

corded on a Perkin–Elmer 1600 series FT-IR spectrom-

eter and reported in reciprocal centimeters (cm�1). Rf

values were determined in a hexanes–EtOAc (5:1) sol-

vent system.

Compound 4 (Rf = 0.44). 1H NMR d 6.79 (dd,
J = 17.0 and 10.3 Hz, 1H, CH-a), 6.44 (dd, J = 17.0

and 1.6 Hz, 1H, olefinic proton trans to CH-a), 5.70
(dd, J = 10.3 and 1.6 Hz, 1H, olefinic proton cis to

CH-a), 4.77 (t, J = 1.85 Hz, 2H, ferrocenyl), 4.54 (t,

J = 1.85 Hz, 2H, ferrocenyl), 4.17 (s, 5H, ferrocenyl);
13C NMR d 192.9, 133.3, 126.6, 80.1, 73.0 (2 · C),

70.4 (5 · C), 70.1 (2 · C); IR (KBr) 1653.7, 1598.7,

1458.9, 1400.1, 1264.1, 1077.1, 998.9, 820 cm�1.
Compound 6 (Rf = 0.37). 1H NMR d 5.72 (s, 1H,

olefinic proton), 5.52 (s, 1H, olefinic proton), 4.75 (s,

2H, ferrocenyl), 4.42 (s, 2H, ferrocenyl), 4.10 (s, 5H,

ferrocenyl), 1.98 (s, 3H, CH3);
13C NMR 200.6,

145.7, 121.3, 78.5, 72.7 (2 · C), 71.6 (2 · C), 70.5

(5 · C), 20.0; IR (KBr) 1640.1, 1445.5, 1377.9

1224.6, 1066.5, 824.4, 482.1 cm�1; Anal. Calc. for

C14H14FeO: C, 66.17; H, 5.55. Found: C, 65.95; H,
5.40%.

Compound 7 (Rf = 0.59). 1H NMR d 7.03 (dq,

J = 15.2 and 6.94 Hz, 1H, CH-a), 6.52 (dd, J = 15.2

and 1.6 Hz, 1H, olefinic proton), 4.79 (t, J = 1.86

Hz, 2H, ferrocenyl), 4.50 (t, J = 1.86 Hz, 2H, ferroce-

nyl), 4.17 (s, 5H, ferrocenyl), 1.97 (dd, J = 6.94 Hz

and 1.6 Hz, 3H, CH3);
13C NMR d 192.4, 140.4,

128.1, 80.1, 72.3 (2 · C), 69.9 (5 · C), 69.6 (2 · C),
18.3; IR (KBr) 2359.5, 1661.4, 1609.3, 1458.9,

1294.9, 980.6, 823.5, 668.2 cm�1.
Compound 8 (Rf = 0.52). 1H NMR d 7.78 (d, J = 15.6

Hz, 1H, CH-a), 7.64 (m, 2H, Ph), 7.41 (m, 3H, Ph), 7.11

(d, J = 15.6 Hz, 1H, CH-b), 4.90 (t, J = 1.84 Hz, 2H,

ferrocenyl), 4.57 (t, J = 1.84 Hz, 2H, ferrocenyl), 4.20

(s, 5H, ferrocenyl); 13C NMR d 192.4, 140.9, 135.2,

130.0, 128.9 (2 · C), 128.2 (2 · C), 122.9, 80.7, 72.6
(2 · C), 70.0 (5 · C), 69.7 (2 · C); IR (KBr) 2362.5,

1647.9, 1597.7, 1447.9, 1376.9, 992.2, 757.9, 687.5 cm�1.

Compound 9 (Rf = 0.40). 1H NMR d 6.34 (s, 1H,

olefinic proton), 4.75 (t, J = 1.86 Hz, 2H, ferrocenyl),

4.44 (t, J = 1.86 Hz, 2H, ferrocenyl), 4.16 (s, 5H, ferroce-

nyl), 2.21 (s, 3H, CH3), 1.97 (s, 3H, CH3);
13C NMR d

194.6, 153.5, 122.3, 82.0, 72.2 (2 · C), 70.1 (5 · C),

69.8 (2 · C), 28.3, 21.3; IR (KBr) 3085.6, 1647.9,
1602.6, 1456.0, 1375.0, 1263.2, 1109.8, 1053.9, 1000.9,

826.4, 790.7, 506.2 cm�1.

Compound 10 (Rf = 0.51). 1H NMR d 4.82 (t,

J = 1.84 Hz, 2H, ferrocenyl), 4.57 (t, J = 1.84 Hz, 2H,

ferrocenyl), 4.37 (s, 2H, CH2), 4.23 (s, 5H, ferrocenyl);
13C NMR d 194.8, 76.0, 72.9 (2 · C), 70.1 (5 · C), 69.7

(2 · C), 45.8; IR (KBr) 2925.5, 1677.8, 1452.1, 1405.9,

1239.1, 1069.3, 822.5, 720.3, 491.8 cm�1.
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