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Abstract 

Acylferrocenes are oxidized by iron(III) chloride in methanol and then immediately decomposed. In this study, the 

oxidative decomposition of some alkanoyl- and aroylferrocenes was performed and the substituent effect on the reaction 

rate was investigated. It was found that the reaction was governed by the accessibility of the oxidizing agent to the iron 

atom and the degree of electron-withdrawing effect of the carbonyl group towards the ferrocene nucleus. 
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1. Introduction 

In recent years, ferrocenes have been extensively studied as catalysts in asymmetric synthesis and as functional 

materials (Zora, Kokturk, & Eralp, 2006)(Zora, Tumay, & Bueyuekguengoer, 2007). Although the ferrocene moiety is 

thermally stable, it is unstable towards oxidation. It is therefore useful to accumulate knowledge about the oxidative 

reactivity of ferrocenes. However, most of the oxidation reactions of ferrocenes reported thus far are electrochemical in 

nature (Bahadori, Abdul Manan, Chakrabarti, Hashim, Mjalli, Al Nashef, Hussain, & Low, 2013) (Hosseini, Collman, 

Devadoss, Williams, Barile, & Eberspacher, 2010) (Palmer, Liu, Kung, Hod, Farha, & Hupp, 2018), and there are very 

few reports on their chemical oxidation (Hayashi, & Okada, 1995) (Hayashi, Okada, & Hukuchi, 1994) (Okada, & 

Hayashi, 1989) (Okada, Nakagawa, & Hayashi, 2001). 

Ferrocene is very stable in air, and its oxidation from the Fe(II) state to Fe(III) hardly occurs. However, under acidic 

conditions, it is easily oxidized in air, resulting in a blue-colored ferrocenium ion. Oxidative decomposition of 

alkylferrocenes under acidic conditions is reported in the literature (Hayashi, Okada, & Hukuchi, 1994). When alkyl 

ferrocenes are reacted in 1,2-dichloroethane in the presence of trichloroacetic acid, the color of the reaction solution 

changes from yellow to blue, indicating the generation of the ferrocenium ion (Scheme 1 (a)). However, when 

acylferrocenes are reacted in methanol under the same conditions, the color of the reaction solution changes to pale 

purple, rather than blue, indicating that this reaction proceeds via a mechanism different from that in the earlier case 

(Okada, & Hayashi, 1989). Acylferrocenes undergo oxidative decomposition via a two-step mechanism in the presence 

of trichloroacetic acid in methanol. In the first step, coordination of the acidic proton to the carbonyl oxygen of 

acylferrocene produces an α-carbocation. During the generation of ferrocenium ions from acylferrocenes, the π-electron 

density of the cyclopentadienyl ring decreases due to the electron-withdrawing effect of the acyl group, thereby 

decreasing the electron density of the iron atom. Therefore, the ferrocenium ion gets easily decomposed and Fe3+ is 

generated. In the second step, Fe3+, which is a strong oxidizing agent, oxidizes the iron atom in the ferrocene nucleus. In 

other words, this step is the oxidation reaction of ferrocenes by Fe3+ (Scheme 1(b)). In this step, the ferrocene nucleus 

decomposes, so that the intensity of the fourth band absorption decreases (Scheme 2) (Hayashi, Okada, & Hukuchi, 

1994). 

Factors affecting the rate of the first step of this reaction have been studied mainly from the viewpoint of stabilization of 

the α-carbocation (Muther, Frohlich, Muck-Lichtenfeld, Grimme, & Oestreich 2011). However, factors affecting the 

rate of the second step are hardly elucidated. Therefore, in this study, the oxidation reaction of some alkanoyl- and 

aroylferrocenes (Scheme 1) by iron(III) chloride was carried out and the relationship between the reaction rate and the 

nature of substituents present in ferrocenes was examined. 

2. Method 

All reagents were of commercial quality (from Nacalai Tesque, Inc., Japan and Wako Pure Chemical Industries Co., 

Japan) and were used as received. 
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2.1 Synthesis 

All the ferrocenes used in this study were synthesized by well-known methods (Hayashi, & Okada, 1995). 

2.2 Oxidation Reaction 

One of the mentioned acylferrocenes (4.2 × 10−5 mol) and 50 mL of methanol were charged into a three-necked 

round-bottomed flask, and 0.017 g (1.0 × 10−4 mol) of iron(III) chloride, dissolved in 10 mL of methanol, was added to 

it from a dropping funnel. After stirring the reaction mixture in air for 1 min, the resultant solution was placed in a 

lidded UV cell whose internal temperature was maintained at 40°C. The decomposition reaction was tracked by 

monitoring the changes in the absorbance of the solution at the wavelength corresponding to the fourth absorption band 

of the UV spectrum. 

acylferrocene carbocation Fe2+ complex Fe3+
H+

decomposition oxidation by O2

(first step)

(second step)

alkylferrocene alkylferrocenonium ion
H+

alkylferrocenium ion

O2(a)

(b)

 
Scheme 1. Oxidation reaction of (a) alkylferrocenes and (b) acylferrocenes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. Schematic presentation of the change of the fourth band absorbance in the cource of the decomposition 

reaction of acylferrocenes (Hayashi, Okada, & Hukuchi, 1994) 
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3. Results and Discussion 

Table 1 shows the rate constants of the oxidative decomposition reaction of acylferrocenes. 

3.1 Alkanoylferrocenes 

As shown in Table 1, the rate of oxidative decomposition of acetylferrocene (Entry 1) is slightly faster, while those of 

(2-methylpropanoyl)-, (2,2-dimethylpropanoyl)-, and (3,3- dimethylbutanoyl)ferrocenes (Entries 3, 4, and 6) were very 

slow. 

Fe

C R

O R = CH3- 

R = CH3CH2-

R = (CH3)2CH-

R = (CH3)3C-

R = CH3CH2CH2-
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Scheme 3. Structure of acylferrocenes 

It is understood that the three alkanoylferrocenes with slow reaction rates have a structure branched either at the 

α-position or the β-position. The oxidative decomposition reaction of acylferrocenes carried out in this study is an 

oxidation reaction triggered by Fe3+ as described in the introduction. That is, Fe3+ attacks and oxidizes the iron atom in 

the ferrocene nucleus, so that the decomposition reaction is induced. Therefore, with regard to the attack on the iron 

atom in the ferrocene nucleus by Fe3+, it is presumed that the attack is suppressed when the periphery of the iron atom 

of ferrocene is sterically crowded. It is considered that although the attack by Fe3+ from the opposite side of the 

substituent is not prevented, the overall probability of the attack is less when compared to that in the molecule in which 

the neighborhood of the iron atom is not crowded. Hence, the rate of oxidative decomposition of (2-methylpropanoyl)-, 

(2,2-dimethylpropanoyl)-, and (3,3-dimethylbutanoyl) ferrocenes is slow due to the steric hindrance imparted by such 

bulky substituents around the Fe atom. 

3.2 Aroylferrocenes 

3.2.1 Electronic Effect by Substituent 

The reaction rates of benzoyl-, (4-methylbenzoyl)-, (4-methoxybenzoyl)-, and [4-(methoxycarbonyl)benzoyl]ferrocene 

(Entries 14, 16, 20, and 21) were compared. The decomposition of [4-(methoxycarbonyl)benzoyl]ferrocene, with a 

strong electron-withdrawing group, was the slowest, followed by that of benzoylferrocene and 

(4-methylbenzoyl)ferrocene, which bear the weak electron-donating groups, while that of (4-methoxybenzoyl) 

ferrocene, with a strong electron-donating group, was the fastest. The influence of the electronic effect by these 

substituents on the reaction rate was inferred as follows. 

In the case of [4-(methoxycarbonyl)benzoyl]ferrocene, the induction effect of the electron-withdrawing carbonyl group 
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on the cyclopentadienyl group is further enhanced by the strong electron-withdrawing property of the methoxycarbonyl 

group substituted at the 4-position. Therefore, the electron density in the ferrocene nucleus is lower than that in the case 

of other aroylferrocenes. Therefore, the attack on the iron atom in the ferrocene nucleus by Fe3+ would be suppressed 

and the reaction rate would be slow. Conversely, in (4-methoxybenzoyl)ferrocene, since the methoxy group is a strong 

electron-donating group, the electron density at the ferrocene nucleus becomes higher than in other aroylferrocenes. 

Therefore, it was inferred that the rate of oxidative decomposition increased. 

Table 1. Wave length of the fourth absorption band and kinetic constants of oxidative decomposition 

Entry Compound 

Wave length of the 

fourth absorption band 

(nm) 

k (×103 sec-1) 

1 acetylferrocene 458.5  4.7  

2 propanoylferrocene 455.5  4.4  

3 (2-methylpropanoyl)ferrocene 457.0  3.1  

4 (2,2-dimethylpropanoyl)ferrocene 459.5  2.2  

5 butanoylferrocene 456.5  4.2  

6 (3,3-dimethylbutanoyl)ferrocene 461.0  3.2  

7 pentanoylferrocene 456.0  4.0  

8 hexanoylferrocene 458.0  4.2  

9 octanoylferrocene 459.5  4.1  

10 decanoylferrocene 457.0  4.3  

11 tetradecanoylferrocene 457.0  4.3  

12 heptadecanoylferrocene 457.5  4.4  

13 ocatadecanoylferrocene 456.5  4.3  

14 benzoylferrocene 483.0  5.0  

15 (2-methylbenzoyl)ferrocene 479.5  5.6  

16 (4-methylbenzoyl)ferrocene 480.5  5.2  

17 (2,4,6-trimethylbenzoyl)ferrocene 481.5  6.3  

18 1-naphthoylferrocene 485.0  5.6  

19 2-naphthoylferrocene 486.5  4.9  

20 (4-methoxybenzoyl)ferrocene 478.5  6.1  

21 [4-(methoxycarbonyl)benzoyl]ferrocene 494.5  3.7  

The relationship between the Hammett’s substituent constant (σ) (Jaffe, 1953) and the reaction rate constant (k) is 

shown in Fig. 1. Since a linear relationship can be seen, it can be concluded that the electronic effect by the 

above-mentioned substituents greatly influences the reaction rate. 

3.2.2 Twisting Effect by Substituent 

The rates of decomposition of (2-methylbenzoyl)ferrocene and (4-methylbenzoyl)ferrocene (Entries 15 and 16, 

respectively), and 1- and 2-naphthoylferrocenes (Entries 18 and 19, respectively) were compared. It was found that the 

reaction rates of (2-methylbenzoyl)ferrocene and 1-naphthoylferrocene were faster than those of 

(4-methylbenzoyl)ferrocene and 2-naphthoylferrocene, respectively. 

Next, the molecular structure of (2-methylbenzoyl)ferrocene and 1-naphthoylferrocene was noticed. It is known that the 

phenyl groups in benzophenone are twisted with respect to each other due to steric hindrance (Kokesh, & Hall, 1975). It 

is considered that such twist might exist in benzoylferrocene too. Furthermore, it is considered that the twisting between 

the substituent and the cyclopentadienyl group is larger in sterically bulky (2-methylbenzoyl)ferrocene and 
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1-naphthoylferrocene. However, in the case of (4-methylbenzoyl)ferrocene and 2-naphthoylferrocene, the degree of 

such twist is considered to be smaller because of no substituents near the carbonyl group. In 

(2-methylbenzoyl)ferrocene and 1-naphthoylferrocene, since the corresponding substituents and the cyclopentadienyl 

groups are twisted at an angle, the electron-withdrawing effect of the carbonyl group on the ferrocene nucleus becomes 

small and the reaction rate decreases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The relationship between the Hammett’s substituent constant (σ) and the reaction rate constant (k) 

3.2.3 (2,4,6-Trimethylbenzoyl)Ferrocene 

(2,4,6-Trimethylbenzoyl)ferrocene showed the fastest reaction rate amongst all the aroylferrocenes. This would be due 

to the electron-donating effect of the methyl group. Furthermore, the twisting effect caused by the methyl groups at the 

2,6-positions would be also affecting the outcome. 

3.3 Alkanoylferrocenes and Aroylferrocenes 

Oxidative decomposition of aroylferrocenes was faster than that of linear alkanoylferrocenes. In terms of steric 

hindrance, aroylferrocenes are less susceptible than linear alkanoylferrocenes towards the attack by Fe3+ due to the 

bulkiness and twist of the benzene ring of the arylcarbonyl groups. Conversely, in terms of the electronic factors, the 

electron-withdrawing effect on ferrocene by the carbonyl group will be alleviated by the electron-donating effect of the 

substituent on the benzene ring. As the electron-donating effect exceeded the steric effect, it was inferred that the 

reaction rate was faster. 

4. Conclusion 

The oxidative decomposition reaction of some alkanoyl- and aroylferrocenes by iron(III) chloride was investigated. The 

rate of decomposition of alkanoylferrocenes was strongly influenced by the steric effect of the substituent. The 

reactivity of aroylferrocenes was lower than that of alkanoylferrocenes, which would be due to the electron-donating 

effect of the substituent on the benzene ring. Furthermore, the rate of decomposition of aroylferrocene was influenced 

by the magnitude of twist between the phenyl and cyclopentadienyl groups. 
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