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Abstract

The ligand exchange reaction with heterocycles containing nitrogen, oxygen or sulfur atoms was
carried out. For the reaction with heterocycles, the order of the reactivity was S-heterocycles >
N-heterocycles > O-heterocycles. Furthermore, when the results for the heterocycles were com-
pared to those for the corresponding hydrocarbons, the hydrocarbons had a higher reactivity.
These results mean that the reactivity would be mainly governed by the electron density of these
arenes.
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1. Introduction

The ligand exchange reaction is one of the typical reactions of ferrocenes. This is the reaction which was sisco-
vered by Nesmeyanov et al. (Scheme 1) [1]. As for this reaction, the Cp ring of the ferrocene is exchanged for
the aromatic ring, like benzene, in the presence of AICI; and the product is able to be isolated as a stable PF salt.
Recently, this reaction is used for the preparation of several functional materials containing ferrocene moiety [2]
[3].

This reaction is initiated by pulling the Cp ring by AICI; in the vertical direction, so that the ferrocene de-
composes into two fragments. The resulting fragment containing an iron atom is coordinated by an aromatic ring
(Scheme 2) [4] [5].

The authors have reported the substituent effects for the reaction between an alkylferrocene and alkylben-
zenes [6]-[8]. In this study, the reaction with heterocycles containing nitrogen, oxygen or sulfur atoms was car-
ried out. These results were compared to the reaction with carbocycles.
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Scheme 1. The ligand exchange reaction.
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Scheme 2. The resulting fragment.

2. Experimental
2.1. Measurements of Ligand Exchange Reaction

The reaction was carried out in a small vessel, which contained the substrates and the solvent. The vessel was
heated to a constant temperature in an oil bath. The reaction mixture was analyzed by HPLC at a specific time [7]

[8].

2.2. Measurement Apparatus

The *H-NMR spectra were measured in chloroform-d at room temperature using a JEOL A-400 spectrometer.
The NMR data are shown in Tables 1-4.

The mass spectra were obtained using a Shimadzu LCMS-QP8000. The ionization mode was used for the
Atmospheric Pressure Chemical lonization method.

3. Results and Discussion
3.1. The Ligand Exchange Reaction with Five-Membered Heterocycles

The vyields of the reaction are shown in Table 5. For pyrrole, there are no products under these conditions. For
thiophene, a small amount of the ligand exchange product was produced.

Pyrrole and thiophene are analogues containing nitrogen and sulfur, respectively. The difference in the reac-
tivity would be due to the difference in the n-electron density of the aromatic ring. Namely, the electronegativity
of nitrogen is 2.6, and that of sulfur is 3.0. Therefore, concerning the deviation of n-electron on the heterocycle,
the sulfur analogue is larger than the nitrogen one, so the former would not act as an #°-ligand,

The yield of the ligand exchange product for thiophene was 3.1% - 4.8%, which was much lower than that of
the hydrocarbon mentioned in previous papers [7] [8]. These results are supported by the fact that the product
from thiophene shows lower chemical shifts of the Cp ring than that of the other products (Table 6).

3.2. The Ligand Exchange Reaction with Fused Five-Membered Heterocycles

As shown in Table 7, the product from benzothiophene was detected, whereas no product was detected from
indole and benzofuran. The carbon analogue, indene, produced the exchange product. Furthermore, the NMR
data (Table 6) showed that the CpFe moiety coordinates to the benzene ring, not but the five-membered ring.

As mentioned above, the electronegativity of nitrogen is higher than that of sulfur. The electronegativity of
oxygen is 3.4 which is higher than that of nitrogen. Therefore, these hetero atoms would produce a decrease in
the m-electron density and deviation on the benzene ring. These would decrease the ability to coordinate as the
n°>-ligand. The sulfur analogue, benzothiophene, gave the exchange product as well as the carbon analogue, in-
dene, because of the lower electronegativity of the sulfur atom.

However, the yield of the ligand exchange product for benzothiophene was much lower than that of the tri-

cyclic compounds as will be mentioned later.



Y. Okada et al.

Table 1. 'H-NMR chemical shifts (p.p.m.) of substrates for the ligand exchange reactions on acetone-ds.
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3
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5 2 3
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1 2 3 4
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5@\73 (H) (H) (H) (H)
6 2
~ 5 6 7
indole 7.12 7.18 7.27
(H) (*H) (*H)
2 3 4 5
5 4 8.92 7.39 8.12 7.82
6 _— 3
) ) (H) (*H) (H) (H)
7 . N2 6 7 8
quinoline 755 7.72 8.15
(H) (*H) (H)
1 3 4 5
5 4 9.22 8.50 755 7.72
6 —~—_ 3
OO (H) (*H) (*H) (H)
7 N 6 7 8
8 1
isoquinoline 7.60 751 7.86
(H) (*H) (H)
2 3 4 5
4 7.54 6.69 755 7.20
D) (H) (*H) (H) (H)
6 - o%” 2 6 7
benzofuran 7.25 7.47
(*H) (*H)
2 3 4 5
4 7.42 7.33 7.82 7.36
D (H) (‘H) (H) (H)
6 » sw 2 6 7
benzothiophene 7.33 7.88
(*H) (*H)




Y. Okada et al.

Continued
4
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Table 2. 'H-NMR chemical shifts (p.p.m.) of arene complexes of ferrocene on acetone-ds.
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Table 3. 3C-NMR chemical shifts (p.p.m.) of substrates for the ligand exchange reactions on acetone-ds.
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Table 4. 3C-NMR chemical shifts (p.p.m.) of arene complexes of ferrocene on acetone-ds.

1 2 3 4 5
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Y ) -
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Table 5. Yields of ligand exchange reactions of ferrocene with five-membered heterocycles.

Entry Arene Fc:arene:AlCl; Solvent Temperature/°C Time/hr. Yield/%
1 Pyrrole 1:1:1 1,2-dichloroethane 80 2 0
2 Pyrrole 1:1:2 1,2-dichloroethane 80 2 0
3 Pyrrole 2:1:2 1,2-dichloroethane 80 2 0
4 Thiophene 1:1:1 1,2-dichloroethane 80 2 34
5 Thiophene 1:1:2 1,2-dichloroethane 80 2 4.8
6 Thiophene 111 1,2-dichloroethane 80 2 3.1

Table 6. The difference of chemical shifts (p.p.m.) between the ligand exchange products and the substrates.
A8Y/p.p.m.
Entry Arene
Cpring Arene
1 Thiophene +1.06 —0.72 - 0.63
2 Benzothiophene +0.70 -0.95- 0.15
3 Carbazol +0.50 -115- 0.21
4 Dibenzophenone +0.76 -1.16 - 0.35
5 Dibenzothiophene +0.70 -0.88- 0.24

DAS = §(ligand exchange product) — S(substrate).
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Table 7. Yields of ligand exchange reactions of ferrocene with fused five-membered heterocycles.

Entry Arene Fc:arene:AlCl; Solvent Temperature/°C Time/hr. Yield/%
1 Indole 1:1:1 1,2-dichloroethane 80 2 0
2 Indole 1:1:1 1,2-dichloroethane 80 4 0
3 Indole 1:1:1 1,2-dichloroethane 80 6 0
4 Indole 1:1:1 decalin 130 4 0
5 Benzofuran 1:1:1 1,2-dichloroethane 80 2 0
6 Benzofuran 1:1:1 1,2-dichloroethane 80 6 0
7 Benzofuran 1:1:1 decalin 130 2 0
8 Benzofuran 1:1:2 1,2-dichloroethane 80 2 0
9 Benzothiophene 1:1:1 1,2-dichloroethane 80 2 13
10 Benzothiophene 1:1:2 1,2-dichloroethane 80 2 10
11 Benzothiophene 2:1:2 1,2-dichloroethane 80 2 40

3.3. The Ligand Exchange Reaction with Fused Six-Membered Heterocycles

As shown in Table 8, there are no products from the reaction between ferrocene and fused six-membered hete-
rocycles, quinoline and isoquinoline. For the carbon analogue, naphthalene, the expected product was produced.

These results would be due to the electron withdrawing effect by the hetero atom similar to the case of five-
membered heterocycles.

3.4. The Ligand Exchange Reaction with Fused Tricyclic Heterocycles

The ligand exchange reaction between ferrocene and the fused tricyclic heterocycles was carried out. As the re-
sults, the expected products were formed for all the tested heterocycles; i.e. carbazol, dibenzofuran and diben-
zothiophene (Table 9). The NMR data showed that these products have the CpFe moiety on the end ring. This
structure would be more stable than that bearing the CpFe moiety at the central ring due to the aromaticity of the
rings.

The yields for these reactions were much higher than those for above-mentioned heterocycles. This would be
due to the electron withdrawing effect by the hetero atom is divided into the two end rings, so that the effect is
weakened.

Furthermore, the end ring protons bearing no CpFe moiety are shifted to a lower field as the NMR data show
in Table 6. These shifts show that electrons are supplied from the end ring to produce the bond between the
CpFe and the aromatic ring. On the contrary, this electron transfer caused the lower field shifts of the ring pro-
tons bearing the CpFe moiety. This effect, which does not appear for monocyclic and bicyclic heterocycles,
would increase the reactivity of these tricyclic heterocycles.

As shown in Table 9, the yields for the carbazol, dibenzofuran and dibenzothiophene were almost equal, so
the reactivities of these heterocycles were difficult to compare to each other. Therefore, these three heterocycles
were put in a vessel at the same time, and the reaction was completed. The results are shown in Table 10.

From Table 10, for the mixture of carbazol and dibenzofuran, only the product with carbazol was formed
(Entry 1). For the mixture of carbazol and dibenzothiophene, the ratio of products was 95:5, and for the mixture
of dibenzofuran and dibenzothiophene, the ratio was 36:64 (Entries 2 and 3). These ratios were determined from
the relative intensity of the LC-MS’s molecular weight related ion. Based on these results, the order of the reac-
tivities of these heterocycles is determined to be carbazol > dibenzothiophene > dibenzofuran.

This order was supported by the NMR data. In general, electrons are supplied from the Cp ring to the Fe atom
and the coordinated aromatic ring in these ligand exchange products, so that the chemical shifts of the Cp pro-
tons in the products are at a lower field than those in ferrocene. Table 1 shows such lower field shifts of the Cp
protons. Moreover, the shift amount was the lowest for carbazole, and the highest for dibenzofuran. The fact that
the shift amount was low means that the supplied amount of electron is low. This result shows that the intensity

288
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Table 8. Yields of ligand exchange reactions of ferrocene with fused six-membered heterocycles.

Entry Arene Fc:arene:AlCl; Solvent Temperature/°C Time/hr. Yield/%
1 Quinoline 1:1:1 1,2-dichloroethane 80 2 0
2 Quinoline 1:1:1 1,2-dichloroethane 80 4 0
3 Quinoline 1:1:1 1,2-dichloroethane 80 6 0
4 Quinoline 1:1:2 1,2-dichloroethane 80 2 0
5 Isoquinoline 1:1:1 1,2-dichloroethane 80 2 0
6 Isoquinoline 1:1:1 1,2-dichloroethane 80 4 0
7 Isoquinoline 1:1:1 1,2-dichloroethane 80 6 0
8 Isoquinoline 1:1:2 1,2-dichloroethane 80 2 0
Table 9. Yields of ligand exchange reactions of ferrocene with fused tricyclic heterocycles.
Entry Arene Fc:arene:AlCl; solvent Temperature/°C Time/hr. Yield/%
1 Carbazol 1:1:1 1,2-dichloroethane 80 2 29
2 Carbazol 1:1:2 1,2-dichloroethane 80 2 37
3 Carbazol 2:1:2 1,2-dichloroethane 80 2 64
4 Dibenzofuran 1:1:1 1,2-dichloroethane 80 2 23
5 Dibenzofuran 1:1:2 1,2-dichloroethane 80 2 38
6 Dibenzofuran 2:1:2 1,2-dichloroethane 80 2 53
7 Dibenzofuran 5:1:12 1,2-dichloroethane 80 2 43
8 Dibenzofuran 5:1:12 decalin 130 4 91
9 Dibenzothiophene 1:1:1 1,2-dichloroethane 80 2 25
10 Dibenzothiophene 1:1:2 1,2-dichloroethane 80 2 38
11 Dibenzothiophene 2:1:2 1,2-dichloroethane 80 2 60

Table 10. Ratio of ligand exchange products of ferrocene with fused tricyclic heterocycles.

Entry Fc:N:0:S:AICIY Solvent Temperature/°C Time/hr.  Yield/%  Ratio of products N:O:S/%
1 1:1:1:0:1 1,2-dichloroethane 80 2 63 100:0:-
2 1:1:0:1:1 1,2-dichloroethane 80 2 32 95:-:5
3 1:0:1:1:1 1,2-dichloroethane 80 2 38 -:36:64

DN = carbazol, O = dibenzofuran, S = dibenzothiophene.

of the Cp-Fe bond in the ligand exchange products does not change from that of ferrocene. Therefore, the prod-
uct would be thermodynamically stable. As mentioned in the Introduction, the ligand exchange is a two-step
reaction. The first step is pulling the Cp ring by AICl;, and the second step is the coordination of an aromatic
ring. Therefore, the reactivity would depend on the second step. The transition state of the second step should be
similar to the ligand exchange product, therefore, the order of stability of the transition state is equal to that of

the product.

4. Conclusion

For the ligand exchange reaction with heterocycles, the order of the reactivity was S-heterocycles > N-hetero-
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cycles > O-heterocycles. Furthermore, the reactivity of these heterocycles was lower than those for the corres-
ponding hydrocarbons. The reactivity would be affected by the electron density of these arenes.
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