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Abstract: The permercuration of ferrocene was achieved

by reacting ferrocene with 10 equivalents of mercury(II)
butyrate Hg(O2CC3H7)2 in a facile one-pot reaction in

multi-gram scale and high yields. The butyrate groups in
FeC10(HgX)10 (X = O2CC3H7) can be exchanged by treat-

ment with trifluoro- or trichloroacetic acid (X = O2CCF3,

O2CCCl3). Substitution of the trifluoroacetate groups by
halides (X = Cl, F) proceeds easily in aqueous THF. The
completeness of metalation was confirmed by NMR and
vibrational spectroscopy, mass spectrometry, as well as el-

emental analysis. Additionally, the first crystal structures of
permetallated metallocenes are presented: FeC10(HgX)10

(X = Cl, O2CCF3, O2CCCl3).

The functionalization of unreactive C@H bonds is a constant
challenge in organometallic chemistry due to their high intrin-

sic stability.[1] Typically, noble metal complexes are used for the
activation of C@H bonds.[2] Unfortunately, these metals are

scarce and expensive,[3] and commonly the reactivity of these
metal complexes has to be tuned by sophisticated ligands. In
the past years, efforts have intensified to use cheaper and

more abundant 3d metals for C@H activation.[4] However, in
many cases C@H activation relies on the presence of directing

groups.[5] One of the most active metals in C@H activation, al-
though nowadays widely ignored, is mercury. Mono- and poly-
mercuration of aromatic compounds,[6–11] olefins,[12] as well as
alkanes[13, 14] have been observed in reactions involving sources

of Hg2 + . Even unreactive C@H bonds such as methane can be
brought to reaction using Hg(NTf2)2.[14] However, interest in or-
ganomercury chemistry has declined during the past decades
due to the high toxicity of organomercury compounds. Never-
theless, the utility of such mercurations can be demonstrated

by the reaction of ferrocene with mercury(II) carboxylates.

Ferrocene derivatives have found numerous applications, for

example, in material science, medicinal chemistry, and catalysis,
which can be explained by its unusual stability towards mois-

ture and oxygen as well as its unique redox properties.[15] Con-
sequently, functionalization of the C@H bonds in ferrocene is

an active field of research.[16] Although one-pot reactions for

the mono- and dilithiation of ferrocene are well estab-
lished,[17, 18] higher degrees of metalation are difficult to ach-

ieve. For instance, refluxing a solution of ferrocene with eight
equivalents of nBuLi for four days and subsequent quenching

with D2O yields only to relatively low degrees of deuteration
(FeC10DnH10@n : main products : n = 2, 3, 4). The degree of lithia-

tion can be slightly improved by addition of tetramethylethyle-

nediamine (TMEDA).[16] Mulvey and co-workers have shown the
use of strong, bimetallic bases for the tetrametalation of ferro-

cene.[19–22] However, pioneering works of Winter and co-work-
ers demonstrated that much higher degrees of metalation

could be accessed by mercuration of ferrocene, ruthenocene,
and osmocene using mercury(II) carboxylates.[23–26] Mercuration
of aromatic systems by Hg2 + proceeds mechanistically via an

electrophilic substitution pathway.[27] Surprisingly, the reaction
seems to proceed even faster with increasing degree of mercu-

ration.[28] Unfortunately, the insolubility of Winter’s highly merc-
urated metallocenes prevented their full spectroscopic charac-
terization. Moreover, the permercuration of ferrocene seemed
also to be incomplete.[29] In a review article, it was mentioned

that the solubility and the degree of mercuration could be im-
proved by replacing mercury(II) acetate by mercury(II) butyrate,
but details were never published.[7] Although organomercury
compounds are highly toxic, they are valuable starting materi-
als for functionalization or transmetalation reactions.[30–32]

Therefore, we reinvestigated the permercuration of ferrocene
with modern spectroscopic techniques.

FeC10(HgO2CC3H7)10 (2) was synthesized by reaction of ferro-

cene with mercury(II) butyrate (1) in 1,2-dichloroethane (DCE)
under reflux (Scheme 1). The substitution of the butyrate

groups was performed by reaction of 2 with trifluoro- or
trichloroacetic acid in THF yielding compounds

FeC10(HgO2CCF3)10 (3 a) and FeC10(HgO2CCCl3)10 (3 b), respec-
tively. The trifluoroacetate derivative 3 a could be converted to
the insoluble halide derivatives FeC10(HgX)10 (4) (X = F, Cl) by

reaction of NaF/NaCl in aqueous THF mixtures. In contrast to
the literature-known permercurated metallocenes, com-

pounds 2 and 3 are soluble in DMSO and tetrahydrothiophene
(THT). THF adducts of 3 are even soluble in dichloromethane
and methanol. This makes these compounds attractive starting
materials for further reactions.
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Compounds 1, 3a, 3b, and 4b were characterized via single
crystal XRD. A detailed description of the crystal structure of mer-
cury(II) butyrate Hg(O2CC3H7)2 1 can be found in the Supporting
Information. Single crystals of compounds 3 a·4 THF·2Et2O and

3b·10 THF·Et2O were obtained by diffusion of pentane into solu-
tions of 3 a and 3b in THF/Et2O mixtures, respectively. The perme-

rcurated metallocene with trifluoroacetate groups 3a (X=

O2CCF3) crystallizes in monoclinic space group P21/n and 3b (X=

O2CCl3) in orthorhombic space group Pbca. The structures are

shown in Figure 1A, B as well as in the Supporting Information.
The asymmetric units of both compounds contain a

[FeC5(HgO2CCX3)5] unit. Due to a center of inversion located at
the iron atom the overall formula in both cases is

FeC10(HgO2CCX3)10. A staggered conformation of the two perme-

rcurated cyclopentadienyl rings is observed. The cyclopentadien-
yl-iron distances are similar to ferrocene (Table 1).[33] In both

cases, the Cp rings are parallel (tilt angle 08). In both structures all
mercury atoms are coordinated by one Cp carbon atom and one

carboxylate ligand. The coordination sphere is almost linear along
the C@Hg@O axis. The distortion from linearity is caused by addi-

tional Hg@O contacts with carboxylate groups [2.857(8)–

3.121(6) a] and solvent molecules [2.539(6)–2.826(5) a], all shorter

than the sum of the van der Waals radii of oxygen (rvdW =

1.54 a[34]) and mercury (rvdW =1.75 a[35]). Similar Hg@O(solvent) in-
teractions have been reported previously.[36–38] Hg@Hg contacts
shorter than twice the van-der-Waals radius of mercury are not

observed. Taking all interactions into account the overall coordi-
nation number of the mercury atoms is four or five.

By serendipity, crystals of insoluble FeC10(HgCl)10 (4 b) were

found in a decomposed sample of the trichloroacetate (3 b).
4 b·9 DMSO crystallizes in the triclinic space group P(1. In contrast

to 3 a and 3 b the center of inversion is located outside of the
metallocene moiety. Therefore, the asymmetric unit contains the

whole molecule. All mercury atoms exhibit a distorted linear
symmetry along the C@Hg@Cl axis, which is again a result of

Hg@O(solvent) contacts of 2.708(6)–3.119(6) a. A remarkable fea-

ture of the crystal structure is the presence of significant intra-
and intermolecular mercurophilic Hg+ II@Hg+ II interactions

(Table 1). In contrast to the crystal structures of 3 a and 3 b an
eclipsed conformation is observed for the two permercurated

cyclopentadienyl rings (Figure 1 D). This different conformation
could be a result of an intramolecular Hg+ II@Hg+ II interaction

between the atoms Hg3 and Hg8 of 3.447(1) a (Figure 1 C),

which is in accordance with other examples in the literature for

Scheme 1. Synthesis of permetalated ferrocene derivatives FeC10(HgX)10 starting from mercury(II) oxide and substitution of the butyrate groups (X) by tri-
fluoro- and trichloroacetate (X’) as well as halides (X’’).

Figure 1. Molecular structure in solid state of permercurated ferrocene derivatives with trichloroacetate substituents (A, B) and chloride ligands (C, D) in differ-
ent perspectives. Solvent molecules are omitted for clarity. Hg@Hg contacts are assigned as dashed lines. Ellipsoids are depicted with a 50 % probability level.
Color code: light grey—mercury, orange—iron, green—chlorine, red—oxygen, grey—carbon.

Table 1. Selected bond lengths [a] and angles [8] .

Compound 3 a 3 b 4 b

Fe@Cpcenter 1.660(1) 1.657(1) 1.651(1), 1.658(1)
Hg@C 2.034(9)–2.040(8) 2.014(6)–2.037(6) 2.022(10)–2.046(9)
Hg@X[a] 2.082(7)–2.115(6) 2.082(4)–2.105(5) 2.326(2)–2.342(3)
Hg@Hgintramol. 3.543(1)–3.748(1) 3.668(1)–3.878(1) 3.447(1), 3.517(1)–3.637(1)
Hg@Hgintermol. – – 3.353(1), 3.369(1)
C@Hg@X[a] 168.78(31)–176.47(27) 174.15(21)–178.93(22) 170.78(21)–176.72(22)
Cp@Cptilt angle 0 0 1.53(30)

[a] In case of 3 a and 3 b : X = O; 4 b : X = Cl.
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Hg+ II@Hg+ II interactions. Interestingly, the Cp rings are not com-
pletely parallel (tilt angle 1.68) which might be related to this

d10–d10 interaction. Additionally, intermolecular interactions be-
tween Hg3 and Hg4 as well as Hg6 and Hg7 of 3.353(1) and

3.369(1) a are observed, which are even shorter than the intra-
molecular interaction. As a consequence, no isolated ferrocene

moieties are observed in the solid-state structure, but a poly-
meric chain of ferrocene units connected by Hg@Hg contacts

(Figures S7 and S8), which could explain the insolubility of the

compound. In contrast to this, the well soluble derivatives 3 (tri-
haloacetate) exhibit no significant Hg+ II@Hg+ II contacts. Taking
all interactions into account the coordination number of Hg4,
Hg6, and Hg7 is five and of Hg3 and Hg8 six for FeC10(HgCl)10

(4 b). At this point it should be noted that short Hg+ II@Hg+ II in-
teractions are usually found when the coordination number of

the metal center is small.[39] Therefore, the finding of rather

short crystallographically independent Hg+ II@Hg+ II contacts is
surprising, since the coordination number of the mercury atoms

is relatively high. So far, examples of strong Hg+ II@Hg+ II interac-
tions are relatively rare.[40–42] Only a small number of crystal

structures contain shorter contacts than the here reported
3.353(1) a.[36, 43–47] Furthermore, only a few examples of crystal

structures of permercurated compounds are known so far.[48–50]

The soluble compounds 2 (butyrate) and 3 (trihaloacetate)
were characterized via NMR spectroscopy. The 13C NMR spectra

of 3 a and 3 b display three signals, respectively. Compound 2
shows five signals. (Figure 2). The most downfield shifted sig-

nals chemical shifts (2 : 177.5, 3 a : 164.2, 3 b : 167.8 ppm) can
be assigned to the carbonyl groups. The signals for the cyclo-

pentadienyl rings can be found at (2 : 97.8, 3 a : 97.4, 3 b :

97.1 ppm), which is similar to those signals of other polymerc-
urated ferrocene derivatives.[38, 51] All remaining signals corre-

spond to the alkyl groups of the carboxylates. The fact that
only one Cp@C signal is visible for all three compounds con-

firms the highly symmetric metallocene structure. Furthermore,
no Cp@H signals can be found in the 1H NMR spectra (see the

Supporting Information). Unfortunately, neither a signal in the
199Hg NMR spectrum nor 199Hg satellites for the Cp@C signals in

the 13C NMR spectrum could be observed, which is probably a
consequence of 199Hg line broadening due to chemical shift

anisotropy.[52–55] Elemental analysis of the permercurated ferro-
cenes matches the expected compositions. Electron spray ioni-

zation (ESI)-MS shows a peak at m/z = 3053.05, which can be
unambiguously assigned to [FeC10(HgO2CC3H7)10]+ (calculated:

m/z = 3053.08). Hence, we conclude that the ten-fold electro-
philic substitution of ferrocene by mercury(II) butyrate was suc-
cessful.

While the IR spectra of all permercurated metallocenes show
only bands which correspond to the mercury-bound carboxy-

lates (see the Supporting Information), Raman spectra contain
more information especially with respect to Hg@Cp bonds
(Figure 3). The bands between 930 and 960 cm@1 are present
in all spectra which is characteristic for the metallocene back-

bone and correspond to the vibration of the cyclopentadienyl

rings. The bands between 100 and 120 cm@1 correspond to
Hg@C stretch vibrations. Other bands are associated to vibra-

tions of the Hg-bonded substituents (X). The frequencies of
the Hg@X bonds between 300 and 500 cm@1 are similar to the

analogous vibrations in HgX2.[56–57]

Cyclovoltammetric measurements of the permercurated fer-

rocene derivatives only revealed one irreversible oxidation pro-

cess for the trifluoroacetate 3 a at Ep = + 0.87 V in THF (Fig-
ure S38) while the less stable trichloroacetate 3 b visibly de-

composed during the measurements under formation of in-
soluble material. The butyrate derivative 2 did not have

enough solubility in THF. When tetrahydrothiophene was used
instead to increase the solubility, no oxidation process was ob-

served in the corresponding electrochemical window.

In summary, we demonstrated the synthesis of ten-fold met-
allated ferrocene derivatives FeC10(HgX)10 with mercury(II) car-

boxylate (X = O2CC3H7, O2CCF3, O2CCCl3) and halide substitu-
ents (X = F, Cl). These compounds can be prepared in facile

one-pot reactions in multi-gram scale and high yields without

Figure 2. 13C NMR spectra of FeC10(HgO2CC3H7)10 (2) (bottom, 176 MHz,
[D6]DMSO, r.t.), FeC10(HgO2CCF3)10 (3a) (middle, 176 MHz, [D8]THF, r.t.), and
FeC10(HgO2CCCl3)10 (3b) (top, 176 MHz, [D8]THF, r.t.). Signals of the deuterat-
ed solvents are omitted for clarity. Cp@C signals are highlighted in grey.

Figure 3. Raman spectra (1064 nm) of FeC10(HgX)10 derivatives. Characteristic
bands for the permercurated metallocene moiety are highlighted in grey.
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the need for inert conditions. The complete metalation as well
as the purity of the samples was demonstrated by a variety of

spectroscopic methods. Additionally, we present the first crys-
tal structures of permercurated metallocenes.

FeC10(HgO2CCF3)10, FeC10(HgO2CCCl3)10, and FeC10(HgCl)10. De-
pending on the substituent, different conformers are observed

in the solid-state structures. The permercurated ferrocenes
with carboxylate groups show good solubility in organic sol-
vents but no significant Hg@Hg interactions. In contrast,

FeC10(HgCl)10 is completely insoluble. Its crystal structure dis-
plays relatively short intra- and intermolecular Hg+ II@Hg+ II con-
tacts.

Beside their aesthetic appearance, the permercurated ferro-

cenes might be very useful starting materials for further func-
tionalization or transmetalation reactions. From a more general

point of view, one can only be amazed about the extreme re-

activity of Hg2 + in C@H functionalization reactions. However, it
might be worthwhile to further investigate this unique behav-

ior with the hope of finding ways to mimic this reactivity with
other, less toxic elements.
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