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Abstract 
Ligand exchange reaction is one of the typical reactions of ferrocene. In this 
paper, ligand exchange reactions were carried out between ferrocene and var-
ious substituted benzenes using aluminum chloride catalysis. The product yields 
of the reactions with alkanoyl- and alkoxybenzenes were low because of the 
coordination of aluminum chloride to the oxygens of the benzene substitu-
ents. Comparing the reactions using o- and p-dimethoxybenzene, the former 
was revealed to be less reactive; this is likely due to the deviation of the 
π-electrons of its benzene ring being larger. 
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1. Introduction 

Ferrocene is an organoiron compound comprising an iron atom sandwiched 
between two cyclopentadienyl (Cp) rings, and was accidentally synthesized by 
two independent research groups via different strategies in the early 1950s [1] 
[2]. 

Ferrocene is commonly used in ligand exchange reactions, which were dis-
covered by Nesmeyanov et al. [3]. These are reactions in which a Cp ring of fer-
rocene exchanges with an aromatic ring, such as benzene, in the presence of a 
Lewis acid catalyst, such as aluminum chloride; the product is often isolated as a 
stable PF6 salt (Scheme 1). In this reaction, aluminum chloride abstracts one 
ferrocene Cp ring from a position above the molecule and along the direction of 
the Cp-iron bond axis, causing ferrocene to decompose into two fragments; the 
iron atom is then coordinated by the other aromatic compound (Scheme 2) [4]. 

There have been many studies on the ligand exchange reactions of ferrocene  
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Scheme 1. The ligand exchange reaction between ferrocene and benzene. 

 

 
Scheme 2. The reaction mechanism of the ligand exchange reaction between ferrocene and benzene. 

 
[5]. For instance, with regard to the electric effect of the substituent on the reac-
tion of the 1,1’-disubstituted ferrocenes with benzenes, the reactivity increased 
by the introduction of methyl groups [6]. We have reported the reactions be-
tween alkylferrocenes and benzene-based hydrocarbons [7], as well as reactions 
between ferrocene and heterocyclic compounds [8]. Ferrocene has also report-
edly undergone ligand exchange with polyalkyl-substituted benzenes, where high-
er reactivity was noted when the benzene substituents were asymmetrical than 
when they were symmetrical [9]. 

In this study, we conducted ligand exchange reactions between ferrocene and 
benzene derivatives bearing alkyl, alkanoyl, alkoxyl, or chloro groups, and also 
studied the effects of these substituents on the reactivity. 

2. Experimental 
2.1. Measurements of Ligand Exchange Reaction 

The ligand exchange reactions catalyzed by aluminum chloride were carried out 
in 1,2-dichloroethane or decalin. A typical procedure is as followed. The ferro-
cenes (1.2 mmol) and benzenes (1.2 mmol) were dissolved in 1,2-dichloroethane 
(12 cm3). Anhydrous aluminum (III) chloride (0.16 g, 1.2 mmol) was then added 
to the solution. The solution was placed in an oil bath, and heated. The reaction 
time was 120 minutes. The ligand exchange products were analyzed as PF6 salts 
by 1H-NMR and HPLC [9]. A commercially available reagent was used with no 
further purification. 

2.2. Measurement Apparatus 

The 1H-NMR spectra were measured in acetone-d6 at room temperature using a 
JEOL ECS-400 spectrometer. The NMR data are shown in Table 1. 

3. Results and Discussion 
3.1. The Ligand Exchange Reaction with Alkylbenzenes 

Ligand exchange reactions between ferrocene and alkylbenzenes afforded the 
exchange products in high yields in all the cases (Table 2); the reactivities of  
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Table 1. 1H-NMR chemical shifts (ppm) of the ligand exchange products in acetone-d6. 

 

1   2   3 
5.17   6.40   2.55 
(5H)  (5H)  (3H) 
 

 

1   2   3   4   5   6 
5.19  6.43  2.88  1.66  1.42   0.94 
(5H)  (5H)  (2H)  (2H)  (2H)  (3H) 
 

 

1   2   3   4   5   6 
5.18   6.43   2.88   1.69   1.28   0.86 
(5H)  (5H)  (2H)  (2H)  (18H) (3H) 

 

1   2   3 
5.18   6.41   2.47 
(5H)  (5H)  (3H) 
 

 

1   2   3   4   5 
5.19   6.43   2.87   1.68   0.98 
(5H)  (5H)  (2H)  (2H)  (3H) 
 

 

1   2   3   4 
5.14   6.35   2.60   2.48 
(5H)  (4H)  (3H)  (3H) 
 

 

1   2   3   4   5 
5.19   6.40   6.40   6.23   4.08 
(5H)  (2H)  (2H)  (1H)  (3H) 
 

 

1   2   3   4   5 
5.18   6.40   6.40   6.24   4.32 
(5H)  (2H)  (2H)  (1H)  (2H) 
 
6   7   8 
1.84   1.54   1.00 
(3H)  (2H)  (3H) 

 

1   2   3   4   5 
5.15   6.31   6.39   6.20   4.08 
(5H)  (1H)  (2H)  (1H)  (6H) 
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Continued 

 

1   2   3   4   5 
5.15   6.31   6.39   6.20   4.08 
(5H)  (1H)  (2H)  (1H)  (6H) 
 

 

1   2   3 
5.18   6.28   4.02 
(5H)  (4H)  (6H) 
 

 
Table 2. Yields of ligand exchange reactions of ferrocene with alkylbenzenes. 

 

Arene Fc:arene:AlCl3 Solvent Temperature/˚C Yield/% 

Toluene 1:1:1 C2H4Cl2 80 22.3 

Toluene 1:1:2 C2H4Cl2 80 38.9 

Toluene 1:1:1 C10H18 130 8.8 

Toluene 1:1:2 C10H18 130 12.1 

Butylbenzene 1:1:1 C2H4Cl2 80 21.9 

Butylbenzene 1:1:2 C2H4Cl2 80 37.6 

Butylbenzene 1:1:1 C10H18 130 9.9 

Butylbenzene 1:1:2 C10H18 130 19.9 

Dodecylbenzene 1:1:1 C2H4Cl2 80 15.3 

Dodecylbenzene 1:1:2 C2H4Cl2 80 35.0 

Dodecylbenzene 1:1:1 C10H18 130 10.6 

Dodecylbenzene 1:1:2 C10H18 130 12.8 

 
these reactions were determined based on these product yields. 

The yields obtained from alkylbenzenes were higher than that obtained from 
benzene because the aromatic ring of an alkylbenzene has higher π-electron 
density than benzene due to the electron-donating effect of the alkyl group [10]. 
Notably, upon varying the length of the alkyl chain, no difference in yield was 
observed. We had expected the coordination to be less likely to occur with long-
er linear chains due to steric effects, but the results did not show negative steric 
effects. 
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3.2. The Ligand Exchange Reaction with Alkanoylbenzenes 

It was found that the reactivities of the alkanoylbenzenes are lower than those of 
the aforementioned alkylbenzenes when reacted with ferrocene. This is because 
alkanoyl groups are electron-withdrawing, making the π-electron densities of 
alkanoylbenzene rings low. Therefore, alkanoylbenzenes are less likely to coor-
dinate to the CpFe fragment compared to alkylbenzenes. Another contributor to 
the low reactivities of alkanoylbenzenes could be the fact that aluminum chlo-
ride coordinates with the carbonyl oxygen atoms. We confirmed this by com-
paring the reactivities of ligand exchange reactions of ferrocene with alkylben-
zenes and alkanoylbenzenes using Fc:arene:AlCl3 ratios of 1:1:1 and 1:1:2. Upon 
doubling the amount of aluminum chloride, the reactivities of the exchange reac-
tions with alkylbenzenes increased no more than 2-fold, while those of the reac-
tions with alkanoylbenzenes increased 4- to 6-fold. This is because even if some 
aluminum chloride was coordinated to the alkanoylbenzene carbonyl group, 
excess aluminum chloride was present for use in the reaction. 

Therefore, for ligand exchange with alkanoylbenzenes, ferrocene and alumi-
num chloride were first mixed to ensure aluminum chloride coordinated with 
ferrocene; the alkanoylbenzene reagent was then added to the solution (method 
2). Other reaction conditions (Table 3), viz. temperature and solvent, were then 
evaluated. We found that using 1,2-dichloroethane as the solvent at a reaction 
temperature of 80˚C gave no product, regardless of the alkanoylbenzene used. 
Contrastingly, when decalin was used as the solvent at a reaction temperature of 
130˚C, the target products could be obtained. 

 
Table 3. Yields of ligand exchange reactions of ferrocene with alkanoylbenzenes. 

 

Arene Fc:arene:AlCl3 Solvent Temperature/˚C Yield/% 

Acetophenone 1:1:1 (method 1) C2H4Cl2 80 0 

Acetophenone 1:1:2 (method 1) C2H4Cl2 80 2.0 

Acetophenone 1:1:1 (method 1) C10H18 130 1.2 

Acetophenone 1:1:2 (method 1) C10H18 130 8.0 

Acetophenone 1:1:1 (method 2) C10H18 130 9.0 

Acetophenone 1:1:2 (method 2) C10H18 130 24.4 

Acetophenone 1:1:2 (method 2) C10H18 80 13.0 

Butyroylbenzene 1:1:1 (method 1) C2H4Cl2 80 0 

Butyroylbenzene 1:1:2 (method 1) C2H4Cl2 80 1.1 
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Continued 

Butyroylbenzene 1:1:1 (method 1) C10H18 130 1.0 

Butyroylbenzene 1:1:2 (method 1) C10H18 130 7.6 

Butyroylbenzene 1:1:1 (method 2) C10H18 130 6.6 

Butyroylbenzene 1:1:2 (method 2) C10H18 130 14.8 

Dodecanoylbenzene 1:1:1 (method 1) C2H4Cl2 80 0 

Dodecanoylbenzene 1:1:2 (method 1) C2H4Cl2 80 0 

Dodecanoylbenzene 1:1:1 (method 1) C10H18 130 0 

Dodecanoylbenzene 1:1:2 (method 1) C10H18 130 0 

Dodecanoylbenzene 1:1:1 (method 2) C10H18 130 0 

Dodecanoylbenzene 1:1:2 (method 2) C10H18 130 0 

p-Methylacetophenone 1:1:2 (method 1) C2H4Cl2 80 0 

p-Methylacetophenone 1:1:2 (method 1) C10H18 130 0 

p-Methylacetophenone 1:1:1 (method 2) C10H18 130 2.5 

 
Evaluating the alkanoylbenzene scope revealed that products could be obtained 

with acetophenone and butyroylbenzene, which both bear a short alkyl group; 
however, no product was attained using dodecanoylbenzene, which bears a long 
alkyl group. These results are substantial because there have only been a few re-
ports on ligand exchange reactions of ferrocene with alkanoylbenzenes. 

3.3. The Ligand Exchange Reaction with Alkoxybenzenes 

Ferrocene was reacted with anisole, butoxybenzene, and dimethoxybenzene (or-
tho, para, and meta) (Table 4). Products were obtained when anisole and bu-
toxybenzene were used regardless of solvent and temperature, but the highest 
yields were attained in both cases using 1,2-dichloroethane as the solvent and a 
Fc:arene:AlCl3 ratio of 1:1:2. For reactions with both anisole and butoxybenzene, 
products were obtained in higher yields when a Fc:arene:AlCl3 ratio of 1:1:2 was 
used over a ratio of 1:1:1; this was also the case with alkyl- and alkanoylbenzenes. 
This is because, like the carbonyl oxygens of alkanoylbenzenes, the unshared 
electron pair on the oxygen atoms of the alkoxy groups were attacked by alumi-
num chloride. Moreover, anisole provided higher product yields than butox-
ybenzene, which is likely owing to the carbon chain of the former being shorter; 
this was also noted with alkanoylbenzenes. 

The ligand exchange reaction of ferrocene with o-dimethoxybenzene did not 
give the desired product, but those with m- and p-dimethoxybenzene did (Table 
4). Similar to the reactions with monoalkoxybenzenes, those with m- and 
p-dimethoxybenzene gave higher product yields when the amount of aluminum 
chloride was doubled. Furthermore, the reactivity of m-dimethoxybenzene was 
inferior to that of p-dimethoxybenzene; thus, the reactivities are ordered as fol-
lows: 
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Table 4. Yields of ligand exchange reactions of ferrocene with alkoxybenzenes. 

 

Arene Fc:arene:AlCl3 Solvent Temperature/˚C Yield/% 

Anisole 1:1:1 C2H4Cl2 80 1.1 

Anisole 1:1:2 C2H4Cl2 80 29.4 

Anisole 1:1:1 C10H18 130 2.6 

Anisole 1:1:2 C10H18 130 3.6 

Butoxylbenzene 1:1:1 C2H4Cl2 80 1.5 

Butoxylbenzene 1:1:2 C2H4Cl2 80 17.5 

Butoxylbenzene 1:1:1 C10H18 130 4.6 

Butoxylbenzene 1:1:2 C10H18 130 1.2 

o-Dimethoxybenzene 1:1:1 C2H4Cl2 80 0 

o-Dimethoxybenzene 1:1:2 C2H4Cl2 80 0 

o-Dimethoxybenzene 1:1:1 C10H18 130 0 

o-Dimethoxybenzene 1:1:2 C10H18 130 0 

m-Dimethoxybenzene 1:1:1 C2H4Cl2 80 14.4 

m-Dimethoxybenzene 1:1:2 C2H4Cl2 80 21.8 

m-Dimethoxybenzene 1:1:1 C10H18 130 2.4 

m-Dimethoxybenzene 1:1:2 C10H18 130 0 

 
o-derivative << m-derivative < p-derivative 

Contrastingly, it has been reported that the ligand exchange reaction of ferro-
cene with o-xylene yields more product than that with p-xylene; this is likely be-
cause the positions of the substituents on the benzene ring of X are deviated, 
which causes steric hindrance when the benzene ring is coordinated to the CpFe 
moiety [9]. This difference from the case of o- and p-dimethoxybenzene could 
be ascribed to the methoxy group being a stronger electron donor than the me-
thyl group. Thus, the electron density on the benzene ring of X is more deviated 
than that of the benzene ring of Y, making the coordination of Z to the CpFe 
moiety less likely to occur. As such, the benzene ring of X no longer acts as a 
pentahapto (η6) ligand. Meanwhile, the substituents of the p-derivative are present 
at symmetrical positions, which makes its electron density deviation small and its 
coordination to the CpFe moiety possible. A similar example can be found in the 
previously reported ligand exchange reactions of ferrocene with heteroaromatic 
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compounds like pyrrole, pyrazole, and imidazole [8]; the π-electron densities of 
these aromatic rings are deviated, leading to their low reactivities. 

3.4. The Ligand Exchange Reaction with Mixed Aromatic Compounds 

Ferrocene also underwent ligand exchange with toluene-anisole, toluene-o-di- 
methoxybenzene, and toluene-p-dimethoxybenzene mixtures. In all cases, a 
Fc:arene 1:arene 2:AlCl3 ratio of 2:1:1:4 was used, and the main products were 
the result of ligand exchange between ferrocene and toluene (Table 5). 

The toluene ligand exchange product was obtained in a higher yield when 
mixed with o-dimethoxybenzene than when mixed with p-dimethoxybenzene. 
This is because o-dimethoxybenzene has two methoxy groups sterically closer to 
each other, while those of p-dimethoxybenzene are on opposite sides of the ring. 
Therefore, the o-derivative would be less likely to attack the methoxy group of 
aluminum chloride. This makes o-dimethoxybenzene suitable for ferrocene ligand 
exchange because it can tolerate the relatively large amount of aluminum chlo-
ride required for extracting the Cp ring of ferrocene. 

Moreover, the product yield was lower for toluene-p-dimethoxybenzene mix-
ture than that for the toluene-anisole mixture because p-dimethoxybenzene has 
two methoxy units and anisole only has one. 

3.5. The Ligand Exchange Reaction with Chlorobenzenes 

The ligand exchange reactions between ferrocene and o-dichlorobenzene or p- 
dichlorobenzene were also carried out. In both cases, no ligand exchange could be 
confirmed, just as no ligand exchange was obtained with p-diacetylbenzene, which 
also has electron-withdrawing substituents. Similar to alkanoylbenzenes, dich-
lorobenzenes likely do not undergo ligand exchange with ferrocene because the 
electron densities of their benzene rings decrease owing to the electron-with- 
drawing chloro groups; thus, it could not coordinate to the CpFe component. 

4. Conclusions 

Ligand exchange reactions were carried out between ferrocene and various ben-
zene derivatives bearing alkyl, alkanoyl, alkoxyl, or chloro groups. The target li-
gand exchange products were obtained in all the cases except for those using 
dichlorobenzenes. The yields of the reactions with alkanoyl- and alkoxybenzenes 
were low, which was ascribed to aluminum chloride coordinating to the oxygen  

 
Table 5. Yields of ligand exchange reactions of ferrocene with alkylbenzenes. 

Arene 1/arene 2 Fc:arene 1:arene 2:AlCl3 Solvent Temperature/˚C Yielda/% 

Toluene/anisole 2:1:1:4 C2H4Cl2 80 33.3 

Toluene/o-dimethoxybenzene 2:1:1:4 C2H4Cl2 80 37.8 

Toluene/p-dimethoxybenzene 2:1:1:4 C2H4Cl2 80 10.6 

aYield for the ligand exchange compound with toluene. 
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atoms of the substituents. 
Ferrocene ligand exchange using dimethoxybenzene derivatives was compared 

to that using xylene derivatives, where the o-derivative of xylene and the p-de- 
rivative of dimethoxybenzene were the most reactive. The steric hindrance in p- 
xylene at the time of coordination was large, leading to its lower reactivity com-
pared to o-xylene. Meanwhile, o-dimethoxybenzene exhibited larger deviation in 
the π-electron density of its benzene ring than p-dimethoxybenzene, making it 
less reactive. 

The reactions in the presence of the alkoxybenzenes and toluene did not give 
the ligand exchange product with the alkoxybenzenes, but the product with to-
luene. This result would support that aluminum chloride coordinates to the oxy-
gen atoms of the substituents 

The alkyl chain lengths of alkylbenzenes did not affect their reactivities in fer-
rocene ligand exchange, but alkanoyl- and alkoxybenzenes bearing long chains 
gave no ligand exchange products. As such, the differences in ligand exchange 
reaction behavior among alkyl-, alkanoyl-, and alkoxybenzenes require further 
investigation. 
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