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Asymmetric synthesis of hetero-1,2,3,4,5-pentasubstituted 
ferrocenes 

William Erb* and Thierry Roisnel 

The first synthesis of enantioenriched ferrocenes bearing five 

different substituents on the same cyclopentadienyl ring is 

described through unprecedented asymmetric halogen ‘dance’. 

Not only this work extends the chemistry of fluoroferrocene 

derivatives and constitutes the very first entry into the world of 

enantioenriched hetero-pentasubstituted ferrocenes, it also lays 

the ground for researches in other metallocene families. 

Since the discovery of ferrocene,1,2 its derivatives have found 

applications in all areas of chemistry.3-5 However, while 

monosubstituted, 1,1’- and 1,2-disubstituted ferrocenes 

account for a large number of reported applications, there is a 

need for highly substituted derivatives as the controlled 

introduction of various substituents allows their electronic6-9 

and steric10,11 properties to be finely modulated. Albeit usual in 

metallocene chemistry,12-14 pentamethylcyclopentadienyl (Cp*) 

and pentaphenylcyclopentadienyl ligands do not offer, with 

their five identical substituents, a high degree of properties’ 

tuning. Thus, there are currently very few 1,2,3,4,5-

pentasubstituted ferrocenes bearing functional groups other 

than hydrocarbyls. Achiral 1,2,3,4,5-pentahalogenoferrocenes 

(Cl, Br, F) are accessible in a few steps,15-20 while iterative 

metalation-functional group manipulation allows the tedious 

syntheses of pentasubstituted ferrocenes bearing up to three 

different substituents (Scheme 1).21-23  

Here, we report how the wise choice of substituents can enable 

hetero-1,2,3,4,5-pentasubstituted ferrocenes to be delivered, 

either as racemates or enantioenriched products, marking a 

milestone in metallocene science (Scheme 1). 

 

Scheme 1. Original approach toward enantioenriched hetero-
1,2,3,4,5-pentasubstituted ferrocene derivatives. 

Our plan relies on the use of halogens able to act either as 

directing or as migrating groups in deprotolithiation and 

halogen ‘dance’ reaction,24,25 as we recently reported on 

simpler ferrocene substrates.26 A polar substituent, namely the 

dimethylaminomethyl group, was selected to overcome 

separation issues and make the multistep approach efficient.  

To validate our strategy, we thus started from racemic 1,2,3-

trisubstituted ferrocene (±)-1.26 Indeed, fluorine being a strong 

acidifying directing group, we had to temporary protect its 

adjacent position by a trimethylsilyl group from 

deprotometalation. Therefore, when treated with LiTMP (TMP 

= 2,2,6,6-tetramethylpiperidino) at low temperature in THF 

(THF = tetrahydrofuran), the isomerization occurred smoothly 

to deliver (±)-2 in 84% yield after interception with 

Eschenmoser's salt (Scheme 2). As compound (±)-2 proved 

reluctant to further deprotometalation next to the bulky 

trimethylsilyl group, we had to replace it by a directing group 

and selected chlorine for its acidifying properties. The silyl 

group was successfully removed by reaction with 

tetrabutylammonium fluoride (compound (±)-3, 89% yield), and 

consecutive LiTMP-mediated deprotometalation and 

interception with hexachloroethane provided the 

tetrasubstituted compound (±)-4 (86% yield). A final reaction 

with LiTMP followed by interception with dimethylformamide 

afforded the original pentasubstituted ferrocene (±)-5, sensitive 

to light and air, in 48% yield. We also isolated the sensitive 

dialdehyde (±)-6 in 8% yield, probably resulting from further 

iodine/lithium exchange. 

 

Scheme 2. Synthesis of (±)-5. Reaction conditions: a) LiTMP, THF, -50 
°C, 90 min then Eschenmoser’s salt, -78 °C to rt, 84%; b) 
Tetrabutylammonium fluoride, THF, rt, 5 min, 89%; c) LiTMP, THF, -
78 °C, 1 h then hexachloroethane, -78 °C to rt, 86%; d) LiTMP, THF, -
78 °C, 1 h then dimethylformamide, -78 °C to 0 °C, (±)-5 48%, (±)-6 
8%. 

The first hetero-pentasubstituted ferrocene derivative obtained 

as racemate, access to its enantioenriched counterpart was 

next studied. However, the current synthetic route toward (±)-

1 is based on the deprotometalation of fluoroferrocene,26 a 

reaction that would be hardly feasible enantioselectively.27 

Furthermore, if we successfully prepared 1-fluoro-2-
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dimethylaminoferrocene from fluoroferrocene, its resolution 

turned out to be not productive in our hands and forced us to 

turn to another approach. The enantioselective metalation of 

(dimethylaminomethyl)ferrocene described by Strohmann with 

reported 90% ee was appealing, but to complete the 

asymmetric synthesis of pentasubstituted ferrocene in the most 

efficient way, we required enantiopure starting material.28 

Therefore, we moved to a diastereoselective synthesis and 

selected Ugi’s amine,29 one of the most known ferrocene 

derivatives bearing a chiral directing group.5  

A first approach, involving the halogen ‘dance’ reaction on a 

trisubstituted ferrocene as exemplified above, was evalutated 

in the racemic series. By following a literature protocol,30 Ugi’s 

amine (±)-7 was reacted with sBuLi before addition of 

hexachloroethane to deliver the new chlorinated ferrocene (±)-

8 in 96% yield (Scheme 3). This was reacted with an excess of 

LiTMP in the presence of ZnCl2·TMEDA (TMEDA = N,N,N’,N’-

tetramethylethylenediamine) as in situ trap31 before iodolysis 

to give (±)-9, isolated in a moderate 56% yield. However, a 

better result was noticed by using 3 equivalents of LiTMP 

without in situ trap (80% yield). By applying our standard 

halogen ‘dance’ reaction conditions (1.1 equiv of LiTMP, -50 °C, 

2 h contact time) before the addition of trimethylsilyl chloride, 

the tetrasubstituted ferrocene (±)-10 was isolated in 59% yield 

without traces of other isomers, highlighting the ability of 

chlorine to control the isomerization. However, when 

submitted to the action of LiTMP, the desired 

deprotometalation did not occur and LiTMP promoted 

iodine/lithium exchange was noticed, as revealed after trapping 

with phenyl isocyanate (compound (±)-11, 9.5% yield, 64.5% 

yield brsm).32  

 

Scheme 3. Synthesis of (±)-11. Reaction conditions: a) sBuLi, Et2O, 0 
°C, 1 h then hexachloroethane, -78 °C to 0 °C, 96%; b) LiTMP, THF, -
35 °C, 2 h then I2, -35 °C to 0 °C, 80%; c) LiTMP, THF, -50 °C, 2 h then 
trimethylsilyl chloride, -78 °C to rt, 59%; d) LiTMP, THF, -35 °C, 2 h 
then phenyl isocyanate, -35 °C to rt, 9.5%, 64.5% brsm. brsm = based 
on recovery of starting material. 

The reason why deprotometalation did not happen remains 

unclear. However, it might be postulated that weak ferrocene 

hydrogen acidity and improper steric factors can account for 

this result. Even if solid state structures do not necessarily 

reflect the conformations in solution, X-ray diffraction analysis 

of (±)-10 revealed that the bulky silyl group pushes the iodine 

atom closer to the last ferrocene hydrogen and that the α-

methyl group is close to the plane of the upper cyclopentadienyl 

(Cp) ring (Figure 1, left), thus shielding the last ferrocene 

hydrogen from the base. 

To access a pentasubstituted ferrocene, both a less sterically 

demanding substrate and more acidic hydrogens are required. 

This could be achieved by introducing a fluorine atom instead of 

the silyl group. Thus, (±)-8 was reacted with an excess of LiTMP 

before addition of N-fluorobenzenesulfonimide (NFSI) as the 

fluorine source toward (±)-12 (Scheme 4). Although isolated in 

a moderate 26% yield,33 this constitutes the first example of 

disubstituted ferrocene fluorination. The trisubstituted 

ferrocene (±)-12 was then treated with LiTMP at -78 °C for 1 h 

before addition of iodine, resulting in the formation of the 

tetrasubstituted derivative (±)-13, isolated in 91% yield. When 

subjected to our classical halogen ‘dance’ reaction conditions 

(1.1 equiv of LiTMP, -50 °C, 2 h contact time) before addition of 

trimethylsilyl chloride, formation of the desired 

pentasubstituted ferrocene (±)-14 was noticed (10% isolated 

yield; 32% brsm yield). Pleasingly, by increasing both the 

amount of base and reaction time, we managed to isolate up to 

69% of compound (±)-14. The tetrasubstituted compound (±)-

15, resulting from an iodine/lithium exchange as encountered 

above,32 was isolated in 15% yield. 

The choice of substituents and their introduction order being 

validated in the racemic series, the asymmetric route was next 

investigated by starting from (R,Sp)-8, easily accessible from 

commercially available (R)-7 by following a literature protocol.30 

Fluorine and iodine atoms were introduced one after the other, 

compounds (R,Rp)-12 and (R,Sp)-13 being isolated as single 

diastereoisomers. The halogen ‘dance’ reaction was finally 

attempted to deliver the ferrocenes (R,Sp)-14 and (R,Rp)-15 in 

53% and 11% yield, respectively. As only one diastereoisomer 

was detected by 1H NMR, this constitutes the very first example 

of asymmetric halogen ‘dance’ reaction. 

 

Scheme 4. Synthesis of (±)- and (R,Sp)-14. Reaction conditions: a) 
LiTMP, THF, -35 °C, 2 h then NFSI, THF, -35 °C, (±)-12 26%, (R,Rp)-12 
26%; b) LiTMP, THF, -78 °C, 1 h then I2, -78 °C to rt, (±)-13 91%, (R,Sp)-
13 85%; d) LiTMP, THF, -50 °C, 4 h then trimethylsilyl chloride, -50 °C 
to rt, (±)-14 69%, (±)-15 15%, (R,Sp)-14 53%, (R,Rp)-15 11%. 

To avoid any remaining doubt concerning the optical purity of 

the derivatives prepared, they were subjected to chiral HPLC 

analysis. Unfortunately, despite all our efforts, no efficient 

resolution could be reached. As the dimethylamino substituent 

seemed to impair proper separation, it was substituted by an 

acetate group by heating (±)- or (R,Sp)-14 in acetic anhydride at 

110 °C. Full conversion was noticed after 1 h reaction time but 
1H NMR analysis revealed that some epimerization occurred, 

and mixtures of diastereoisomers in 1:3 and 1:4.5 ratios were 

identified for (±)-16 and (R,Sp)-16 respectively (Scheme 5). 
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Chiral HPLC separation revealed a 99.5% ee and 63% de for 

(R,Sp)-16, thus validating the first synthesis of enantioenriched 

hetero-1,2,3,4,5-pentasubstituted ferrocene derivative. 

As planar chirality was not expected to be lost at this stage, we 

reasoned that epimerization of the tertiary carbon occurred. 

However, on such highly functionalized derivatives, the origin of 

this phenomena is not obvious. Although the formation of a 

transient fulvene is now well established on simpler 

substrates,34,35 such intermediate might be disfavored in our 

case, for steric or electronic reasons. It is also known that, on 

specific substrates, the kinetic carbocation formed can 

isomerize toward the most stable one.36 Exploring such 

possibilities requires detailed studies that will be reported in 

due time.37  

To complete this study, we finally reacted (±)- and (R,Sp)-14 with 

iodomethane and obtained the corresponding (±)- and (R,Sp)-17 

derivatives in quantitative yields. Substitution of the 

ammonium by various nucleophiles would afford N, O or P-

substituted original ferrocenes.29,38,39  

 

Scheme 5. Post-functionalization of (±)- and (R,Sp)-14. Reaction 
conditions: a) Ac2O, 1 h, 110 °C; b) MeI, CH3CN, 1 h, rt. 

Apart from the aldehydes 5 and 6, all substituted ferrocenes 

prepared in the course of this study were found to be stable in 

the solid state and in solution. However, solutions of 

compounds 12, 16 and 17 were of limited stability upon 

exposure to air and light as darkening was noticed, as well as 

broadening of peaks in 1H NMR spectroscopy. 

X-ray diffraction analysis of (R,Sp)-13 revealed interesting 

features when compared to (±)-10 (Figure 1, right). Indeed, due 

to the smaller fluorine atom, the remaining ferrocene hydrogen 

appears less shielded by both the iodine and the α-methyl 

group. Added to the acidifying effect of fluorine, this might 

explain why (R,Sp)-13 is more prone to deprotometalation than 

(±)-10. Otherwise, the three carbon-halogen bonds are in the 

range of classical values while the two Cp rings are in an eclipsed 

configuration (C7-Cg1···Cg2-C3 pseudo torsion angle 0.2°, Cg 

denoting the centroids of the respective Cp ring) and close to 

coplanarity (Cp-Cp planes angle 4.6°). 

     

Figure 1. Left and right: molecular structure of compound (±)-10 and 
(R,Sp)-13 (thermal ellipsoids shown at the 30% probability level). 
Selected geometrical structure parameters for (±)-10: H6···I1 distance 
3.24 (5) Å, C7-C8-I1 angle 127.2°, C10-C8-I1 angle 121.2°, C10-C9-C15-C16 
torsion angle 29.1°. Selected geometrical structure parameters for 
(R,Sp)-13: H6···I1 distance 3.35 (4) Å, C8-C7-I1 angle 126.8°, C6-C7-I1 
angle 126.3°, C6-C10-C11-C12 torsion angle 40.1°, C7···I1 2.10 (4) Å, 
C9···Cl1 1.73 (4) Å, C8···F1 1.34 (5) Å. 

There are very few solid-state structures of pentasubstituted 

ferrocene derivatives in the literature.17,19,40 Pleasingly, we 

were able to grow a crystal of (R,Sp)-14 suitable for X-ray 

diffraction analysis (Figure 2). In the solid state, the three 

carbon-halogen bonds appear in the usual range of length and 

almost coplanar with the Cp ring while the α-methyl group 

points toward the iron atom. Contrary to other 

pentasubstituted ferrocenes,17,19,40 the two Cp rings appear in a 

staggered conformation (C9-Cg1···Cg2-C2 pseudo torsion angle 

25.3°) but almost coplanar (Cp-Cp angle 2.2°). Finally, the iron 

atom was found slightly closer to the substituted Cp ring than 

to the unsubstituted one. 

 

Figure 2. Molecular structure of compound (R,Sp)-14 (thermal 
ellipsoids shown at the 30% probability level). Selected geometrical 
structure parameters: C9-C10-C11-C12 torsion angle 57.1°, C9···I1 2.10 
(4) Å, C7···Cl1 1.72 (4) Å, C6···F1 1.35 (5) Å. 

 

In conclusion, the rational choice of both the substituents and 

their introduction order onto ferrocene allowed the synthesis 

of the first examples of hetero-1,2,3,4,5-pentasubstituted 

ferrocene derivatives. By using Ugi’s amine as chiral starting 

material, we managed to achieve the first synthesis of an 

enantioenriched pentasubstituted ferrocene with 99.5% ee. Key 

steps involve the original fluorination of a disubstituted 

ferrocene derivative and the first asymmetric halogen ‘dance’ 

reaction. We also obtained evidence that, on specific 

substrates, lithium amide-promoted halogen/metal exchange 

can become a competitive reaction when deprotometalation is 

not favored. Substitution of the dimethylamino group by an 

acetate was performed, highlighting an unexpected 
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epimerization of the tertiary center that will require detailed 

studies while the full physicochemical study of the highly 

functionalized ferrocene derivatives is currently ongoing. Rovis’ 

recent account demonstrated the interest to have highly 

substituted cyclopentadienyl ligands to control both reactivities 

and selectivities in metal-catalyzed transformations.41 

Therefore, as ferrocene chemistry can be applied to other 

metallocenes, this work lays the ground for a general approach 

toward enantioenriched highly substituted metallocene 

compounds to uncover unexplored chemical space where new 

molecules endowed with original bioactivities or catalytic 

properties undoubtedly lie. 
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