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Abstract: The oxidation reaction of ferrocene derivatives is important because of its biological applications. 

The reactivity is affected by metal ions. However, it is not clear how to interact the metal ions with the 

ferrocenes. In this paper, the oxidation reactivity of (o-acetylphenyl)ferrocene was investigated in the view of 

solvent effect and the addition effect of salicylic acid. Furthermore, the measurement of the relaxation time was 

carried out. As a result, Al
3+

 would strongly interact with (o-acetylphenyl)ferrocene so that prevent the 

mobility of the acetyl group. 
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1. Introduction 

The ferrocene iron is Fe(II), while the ferrocenium iron is Fe(III). The oxidation of ferrocenes 

to ferrocenium ion
1
 is very important for biological applications.

 2
 For example, this can be applied to 

the antitumor activity
3,4

 and the synthesis of bio-related compounds.
 5-9

 Ferrocene is very stable in air, 

so that the oxidation from Fe(II) to Fe(III) is difficult. However, under acidic conditions, ferrocene is 

readily oxidized to the ferrocenium ion
1
. The oxidation reaction of ferrocene derivatives by air under 

acidic conditions has been investigated by several researchers.
10,11

 The reaction mechanism was 

considered as follows
11

: the ferrocenonium ion
1
 forms by coordination of a proton followed by the loss 

of a hydrogen atom by the attack of oxygen (Scheme 1).  

 

 
 

Scheme 1. Oxidation mechanism of ferrocene under acidic conditions 

 

In a previous paper,
 12

 we have shown that the oxidation reaction of (o-acetylphenyl)ferrocene 

is accelerated by the formation of a chelate-ring containing a proton. However, the oxidation reactivity 

in the presence of several metal salts was suppressed. This result showed that (o-

acetylphenyl)ferrocene forms a chelate with some metal ions. In the chelate, the carbonyl oxygen and 

                                                 
*
 Corresponding author: E mail: ygvictor@sk.ritsumei.ac.jp 

mailto:ygvictor@sk.ritsumei.ac.jp


The interaction between (o-acetylphenyl)ferrocene and metal ions  

 

12 

iron atom would be the coordination points to the metal ions. In this paper, we discuss the interaction 

between (o-acetylphenyl)ferrocene and metal ions in more detail. For this purpose, the solvent effect 

on the oxidation reaction and the addition effect of salicylic acid are discussed. Also, a NMR 

relaxation time study was carried out to prove the mobility of the acetyl proton. 

 

2. Experimental 
 

2.1. Syntheses 

(Acetylphenyl)ferrocenes were synthesized from ferrocene based on a previously reported 

procedure.
15

 

 

2.2. Measurements of oxidation reactivity 

The oxidation reactions were carried out using trichloroacetic acid as the catalyst at 40℃. The 

solvents included ethanol:dioxane (9:1 (v/v)), and 1,2-dichloroethane. The metal salts included 

Mg(ClO4)2, Sr(ClO4)2, Y(ClO4)3, Al(ClO4)3 and Ca(ClO4)2. The conversion was measured by analyzing 

the amounts of the unreacted ferrocenes by HPLC. The rate constants were calculated as a pseudo-first 

order reaction regarding the ferrocene derivative. 

 
2.3. Measurements of relaxation time 

(Acetylphenyl)ferrocenes (0.01mmol) and the metal salt (0.01mmol) were dissolved in 

CD3CN. For the solution, the relaxation time of the proton was measured by the inversion-recovery 

method using a JEOL ECS-400 spectrometer.  

 

 

3.  Results & discussion 

 
3.1. The solvent effect    
 

The rate constants of the reactions in the presence of the metal salts are shown in Table 1. By 

these metal ions, the rate constants in ethanol:dioxane are suppressed as mentioned in the previous 

paper.
12

 However, in 1,2-dichloroethane, the metal ions except for the Al
3+

 brought about the increase 

of the rate constants. These results indicated that the approach of the proton to the Fe of ferrocene of 

ferrocene becomes more difficult in ethanol:dioxane by the existence of the metal ions. In contrast, in 

1,2-dichloroethane, the approach is easily carried out even in the presence of metal ions. As mentioned 

in the previous paper,
 12

 the o-derivative may form a chelate ring with a metal ion. In ethanol:dioxane, 

the proton is solvated by ethanol, so that it becomes sterically bulky.
13

 Therefore, the approach to the 

Fe by such a bulky proton is hindered, specifically for the chelated o-derivative with a metal ion. Thus, 

the oxidation reaction was suppressed in the presence of metal ions. The factor that controlls the 

oxidation rate was the valence, “M
2+ 

> M
3+

”. As shown in Table 1, the order of the oxidation reactivity 

in 1,2-dichloroethane is “Mg
2+

, Sr
2+

, Y
3+

, Ca
2+

 > none > Al
3+

”. In the case of 1,2-dichloroethane, the 

proton is less solvated than in ethanol:dioxane. Therefore, it can easily approach to the Fe even in the 

presence of the chelate-formed o-derivative. The main controlling factor is the ionic radius. For 

example, the rate constant for Al
3+

 was lower, because the radius of Al
3+

 is low. The reason why the 

reactivity with Al
3+

 was less than that in the absence of metal ions is discussed as follows: Al
3+

 forms a 

strong chelate and exists close to the Fe of ferrocene (Scheme 2a). The approach of the proton on the 

Fe is disturbed.  This disturbance would bring about a decrease in the oxidation rate. In the case of the 

metal ions, except for Al
3+

, the metal ions coordinate close to the oxygen of the acetyl group in the 

chelate-ring (Scheme 2b). This suggests that the metal ions except for Al
3+

 coordinate with the 

oxygen, and interact weaker with the Fe. Therefore, the Fe would be easily approached by the proton 

and be easily oxidized. Based on these observations, we concluded that the order of the oxidation 

reactivity is “Mg
2+

, Sr
2+

, Y
3+

, Ca
2+

 > none > Al
3+

”. In the absence of metal ions, the oxidation reaction 

takes place more easily. In the previous paper,
 12

 the oxidation reaction of the p-derivative is 

accelerated in the presence of the metal ions. By the same reason, in the case of Mg
2+

, Sr
2+

, Y
3+

, Ca
2+

, 
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the oxidation reaction is also accelerated than that with no metal ions. For Al
3+

, the oxidation reactivity 

is lower than that with no metal ions. This would be due to the forming of a stronger chelate-ring.  

 

 
 

Scheme 2. Plausible coordination of (o-acetylphenyl)ferrocene 

(a) with Al
3+

, (b) with metal ions except for Al
3+

 

 

Table 1. The rate constants of (acetylphenyl)ferrocenes in the presence of metal ions 

•
solvent none Mg2+ Sr2+Ca2+ Y3+

Al3+

ethanol:dioxane (9:1)o-acetyl

1,2-dichloroethaneo-acetyl

7.5 4.8 2.25.2

k ×105/ s -1•

2.3 4.7

p-acetyl 1,2-dichloroethane

1.5 2.0 2.53.00.75 3.0

1.0 - --- 2.0
 

a)  (acetylphenyl)ferrocenes:metal salt = 1:1 

b)  Ref. 12 

 

3.2. The relaxation time 

 

As shown in Table 2, in the presence of metal ions, the relaxation time became shorter than 

that of no metal ions. On the other hand, for the (p-acetylphenyl)ferrocenes, no noticeable change was  

observed by the addition of the metal ion. In general, the shortening of the relaxation time indicates 

that the mobility of the proton decreases.
 14

 In this case, the o-derivative forms a chelate-ring with the 

metal ions. Therefore, the mobility of the acetyl group would be reduced. These values of the 

relaxation time would support the formation of such a chelate-ring.   

 

                          Table 2. The relaxation time of the acetyl proton in  (acetylphenyl) 

                          ferrocenes in the presence of metal ions 

none Mg2+ Sr2+Ca2+ Y3+Al3+

o-acetyl 10.3 5.1 3.63.5 8.62.8

relaxation time/s

p-acetyl 3.1 - -- 3.2-
 

                                     a-in CD3CN 

                                     b-(acetylphenyl) ferrocenes:metal salt = 1:1 

 
3.3 The addition effect of salicylic acid 

 

In the presence of salicylic acid, only the reaction rate with Mg
2+

 increased, while that with 

Al
3+

 was similar. The reactivity with the other metal ions decreased. The order of the reactivity was 

also the same other than for Mg
2+

. It is suspected that Mg
2+

 is more easily trapped by salicylic acid 

than the (o-acetylphenyl)ferrocene. As a result, (o-acetylphenyl)ferrocene does not form the chelate-

ring, so that it becomes more easily approached by the proton.  For Al
3+

, the reactivity did not change 

by using salicylic acid. This would be due to forming a stable chelate-ring with both the (o-

acetylphenyl)ferrocene and salicylic acid.  For the other metal ions, the reactivity decreased by using 

salicylic acid. In these cases, the salicylic acid would act as a trap reagent of the catalytic proton. 

These results are summarized by the ion coordination ability of (o-acetylphenyl)ferrocene and salicylic 

 

a a a a a 

b 

b b b b 
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acid as follows (Table 3): for Mg
2+

, “(o-acetylphenyl)ferrocene < salicylic acid”; for Al
3+

, “(o-

acetylphenyl)ferrocene = salicylic acid”; and for the other ions, “(o-acetylphenyl)ferrocene > salicylic 

acid”. 

 

Table 3. The rate constants of (o-acetylphenyl)ferrocene in the presence of  salicylic acid 

•
additive none Mg2+

Sr2+Ca2+ Y3+Al3+

noneo-acetyl

salicylic acido-acetyl

1.5 2.0 3.0 2.53.0

1.0 3.5 1.01.5

0.75

k ×105/ s -1•

0.75 2.5

a-in 1,2-dichloroethane 

b-(o-acetylphenyl)ferrocenes:metal salt:adduct = 1:1:1 
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