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Abstract. Thermolysis of (OC)5Cr(C(OEt)(Fc)) (1) gives 2,N-diferro-
cenyl acetamide Fc–CH2–CO–NH–Fc (2) in the presence of amino
ferrocene Fc-NH2. In the absence of a nucleophile, 4-ethoxy-2,3,4-
triferrocenyl-cyclobut-2-enone (3) forms from 1 under thermal acti-
vation. Single crystal X-ray diffraction, NMR spectroscopy and mass

Introduction

Fischer carbene complexes of group 6 metals[1] display a
highly versatile follow-up chemistry (Scheme 1). This field has
matured into well-established applications in organic synthe-
sis.[2–6] For example, treating vinyl or aryl-substituted alkoxy
carbenes with alkynes yields phenols and naphthols, respec-
tively (Scheme 1a, Dötz benzannulation reaction).[7–13]

Carbenes with 1,3-difluorphenyl-, cyclopropyl or ferrocenyl
substituents furnish cyclobutenones (or cyclopentenones) in
the presence of alkynes (Scheme 1a, Zora).[14–21]

In these cases, the initial steps comprise CO dissociation
from the carbene complex. Hence, thermal activation is typi-
cally required. Coordination of the alkyne and insertion of the
alkyne into the metal-carbene bond gives a vinyl carbene com-
plex. CO insertion forms a vinyl ketene coordinated by a
Cr(CO)3 fragment. From this intermediate, the Dötz products
(R = aryl or vinyl) or the cyclobutenones (R = cyclopropyl,
Scheme 1a, Zora) evolve.

A classical reaction of alkoxy Fischer carbenes is the nucle-
ophilic substitution of the alkoxide by primary or secondary
amines giving the corresponding aminocarbene complexes
(Scheme 1b).[22,23] However, using amino ferrocene
Fc-NH2

[24,25] as nucleophile and the carbene complex
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spectrometry unambiguously confirm the structure of both unexpected
products. Quantum chemical calculations and kinetic experiments by
mass spectrometry and IR spectroscopy help to propose conceivable
pathways to their formation.

(OC)5Cr(C(OEt)(Fc)) 1 (R1 = Et, R2 = Fc), the expected di-
ferrocencyl carbene complex (OC)5Cr(C(NHFc)(Fc)) could
not be obtained.[26] The low nucleophilicity of Fc-NH2 might
be responsible for this failure. However, increasing the nucleo-
philicity of Fc-NH2 by deprotonation with potassium hexa-
methyldisilazide resulted in the successful formation of
(OC)5Cr(C(NHFc)(Fc)) (Scheme 1c).[26]

On the other hand, using lithium morpholin-4-ide and alk-
oxy carbene complexes with bulky substituents (R1 = menthyl,
Scheme 1) results in a C–C coupling reaction to give α-alkoxy
acetamides presumably via biscarbenes (Scheme 1d).[27] In the
absence of a nucleophile or alkyne, simple thermolysis of carb-
ene complexes yields the olefin as formal carbene-carbene
coupling product as already reported by Fischer
(Scheme 1e).[28,29]

In this study, we show that the thermally activated reaction
of 1 with the weak nucleophile Fc-NH2 gives 2,N-diferrocenyl
acetamide Fc–CH2–CO–NH–Fc (2) (Scheme 1f) instead of the
initially intended (amino ferrocenyl)(ferrocenyl)carbene com-
plex[26] (Scheme 1c). Beyond this thermal pathway, the photo-
induced formation of a related compound MeOOC-
CH2-(η5-C5H4)Re(CO)3 of the Fischer carbene complex
(OC)5Cr(C(OMe)(η5-C5H4)Re(CO)3) with MeOH had been
reported by Sierra.[30] Obviously, the C-C coupling product 2
arises from two C1 building blocks (carbene and CO). From
the analogous reaction of the carbene complex 1 and ada-
mantylamine only traces of the corresponding C-C coupling
product 2-ferrocenyl-N-adamantyl acetamide Fc-CH2-CO-NH-
Ad (2Ad) are detected. Instead, the triferrocenyl-substituted cy-
clobutenone 3 forms in significant amounts (Scheme 1g). 3 is
obviously a C-C coupling product arising formally from four
C1 building blocks, namely from three ferrocenyl carbenes and
CO. Cyclobutenone 3 even forms in the absence of adamantyl-
amine by simple heating.

To the best of our knowledge, the formation of acetic acid
derivatives by weak nucleophiles and the thermally induced
formation of cylobutenones from carbene complexes in the ab-
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Scheme 1. Reactivity of chromium carbene complexes, which is relevant to this study.

sence of alkynes by formal coupling of CO and one and three
carbene building blocks, respectively, have not been reported
so far. Hence, we present our initial results on these unexpec-
ted C-C coupling reactions and discuss conceivable mechan-
istic aspects in the context of the well-established reactivity of
Fischer carbene complexes.

Results and Discussion

Synthesis and Characterization of 2

The ferrocenyl-substituted chromium carbene complex 1
(prepared according to literature procedures)[26,31–33] was
treated with amino ferrocene Fc-NH2

[24,25] in toluene under
reflux. After chromatographic workup, a brown solid was iso-
lated and characterized (Figures S1–S4, Supporting Infor-
mation).

Instead of the anticipated substituted carbene complex
(OC)5Cr(C(NHFc)(Fc)),[26] the acetic acid derivative 2 was
isolated in 14% yield. Single crystals of 2 were obtained and
the solid-state structure was determined by X-ray diffraction
(Figure 1a). 2 crystallizes in the orthorhombic space group
Pbca with one molecule in the asymmetric unit (Figure 1a).
Selected bond lengths, bond angles and dihedral angles of the
single-crystal X-ray diffraction data and the corresponding
Density Functional Theory (DFT) calculation are collected in
Table S1 (Supporting Information). The metrical data of the
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Figure 1. Molecular structures of (a) 2 and (b) 3 from single crystal
XRD (hydrogen atoms are omitted for clarity except for NH and CH2,
thermal ellipsoids at 30% probability).

ferrocenyl moieties are unremarkable. The amides are linked
by N–H···O=C hydrogen bonds between adjacent molecules
[d(N···O) 2.894(5) Å] giving linear hydrogen bonded chains as
commonly observed in ferrocenyl amides.[25,34–35] In the solid
state, the characteristic amide-A, amide-I and amide-II bands
for hydrogen-bonded amides appear at 3280, 1659, 1566 cm–1

in a similar range to those of Fc-NHCOCH3 (3262, 1655,
1580 cm–1).[25] In CD2Cl2 solution the chains disassemble into
monomers as shown by the 1H NMR resonance of the amide
proton at δH7 = 6.74 ppm (see Scheme 1 for atom numbering).
In [D8]THF, solvent coordinates to the amide (δH7 =
8.23 ppm). The most unexpected observation is the presence
of the additional CH2 group in the molecule (Figure 1a). The
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methylene group is furthermore confirmed by its proton reso-
nance at (δH5 = 3.33 ppm in CD2Cl2; see Scheme 1 for atom
numbering), the characteristic CH2 stretching vibration at
2960 cm–1 and the FD mass spectrum of 2 (m/z = 427).

As this compound can be obtained by a much simpler route
e.g. from ferrocenyl acetic acid and amino ferrocene using
conventional amide coupling reactions[25,34–40] as described in
the Supporting Information (experimental procedure, Figures
S19–S21, Supporting Information), no attempts to optimize
this reaction were undertaken. However, the CH2 group forma-
tion from the initial carbene ligand is unusual and will be dis-
cussed next.

Mechanistic Considerations on the Formation of 2

As the N-ferrocenyl group is bound to a carbonyl group in
the final product, nucleophilic attack of Fc-NH2 onto a cis-CO
ligand at 1 is highly probable. Indeed, biscarbene complexes
have been reported by Fischer using M(CO)6 and LiPMe2 after
methylation in very low yield.[41] More recently, Barluenga
succeeded in isolating biscarbene complexes starting from
chromium and tungsten alkoxy carbenes and strong heteronu-
cleophiles such as amides or alkoxides after alkylation
(Scheme 1d).[27] Heating these (aminoaryl)(alkoxyalkenyl)-
biscarbene tungsten complexes to 35 °C furnished the olefinic
carbene-carbene coupling products in good yields
(Scheme 1d).[27]

A fully analogous reaction (without the intermediate alkyl-
ation step) might be operative here. Amino ferrocene, although
a weak nucleophile, attacks a carbonyl ligand cis to the carb-
ene ligand forming zwitterion I (Scheme 2). After tautomeriz-
ation intermediate II forms. According to quantum chemical
calculations, the resulting OH group forms a hydrogen bond
to the ferrocenyl iron(II) center Fe2 of the initial amino ferro-
cene in intermediate II irrespective of the conformation (Fig-
ure 2). Possibly, II can also form directly from Fc-NH2 1 as-
sisted by the evolving O1H1···Fe2 hydrogen bond. XH···Fe
hydrogen bonds are meanwhile a well-established structural
motif.[26,42–45] The XH···Fe bond dissociation energy can
amount up to 13 kJ·mol–1. Consequently, the ferrocenyl moiety
might assist the nucleophilic attack acting as an internal
base.[46]

After carbene-carbene coupling as the key C–C bond form-
ing step, enol III forms (Scheme 2). Enol III would then tauto-
merize to the by 82 kJ·mol–1 more stable amide IV according
to DFT calculations (Scheme 2 and Figure S5, Supporting In-
formation).

Under the inert conditions employed, the chromium(0) spe-
cies could be competent to reduce the alkoxy derivative IV to
the final product 2 accounting for the formation of the CH2

group. Indeed, secondary desalkoxylation reactions with chro-
mium(0) carbenes have been reported in several cases,[47–50]

likely forming chromium(II) alkoxides.[51–54]

Synthesis and Characterization of 3

To shed light onto the role of the incoming amine in the
reaction discussed above, Fc-NH2 was replaced by the bulky,
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Scheme 2. Proposed mechanism for the formation of 2 via biscarbenes,
carbene-carbene coupling and reduction.

Figure 2. DFT optimized biscarbene intermediate II (distances given
in Å). Conformer IIa is only slightly stabilized by 4 kJ·mol–1 with
respect to IIb.

more nucleophilic adamantylamine Ad-NH2 in the reaction
with 1. Naturally, Ad-NH2 is incompetent to form an intramo-
lecular, possibly rate-enhancing O1H1···Fe2 hydrogen bond.

In fact, only traces of the expected adamantyl derivative
Ad–NHCO–CH2–Fc (2Ad) were detected by FD mass spec-
trometry (m/z = 377; Figure S6, Supporting Information) of
the reaction mixture. Instead, the triferrocenyl cyclobutenone
derivatives 4-ethoxy-2,3,4-triferrocenyl-cyclobut-2-enone (3;
m/z = 664) and 4-(adamantylamide)-2,3,4-triferrocenyl-
cyclobut-2-enone (3Ad; m/z = 770) were identified (Figure S6,
Supporting Information). The former was successfully isolated
from the reaction mixture and characterized (Figures S7–S14,
Supporting Information). Obviously, the amine was not incor-
porated into 3 in spite of its higher nucleophilicity. While Ad-
NH2 fails to attack a CO ligand of 1 at a significant rate, the
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assisting O1H1···Fe2 hydrogen bond (Figure 2) might be re-
sponsible for the special reactivity of Fc–NH2 allowing its at-
tack on the CO ligand.

As Ad–NH2 appears non-essential for the formation of 3,
thermolysis of 1 was performed in the absence of any nucleo-
phile. Indeed, in the FD mass spectrum of the reaction mixture,
a peak at m/z = 664 appears corresponding to the molecular
mass of 3 along with peaks assignable to carbene coupling
products (m/z = 440, 442, 484) and traces of an oxidation prod-
uct of 3 (m/z = 680). The latter might be assigned to a ring-
opened keto ester 2,3,4-triferrocenyl-4-oxo-but-2-enoic acid
ethyl ester (Scheme 1a, Zora pathway; with R1 = Et, R2 = R3

= Fc). After chromatographic workup, cyclobutenone 3 was
isolated in a remarkable 17% yield considering the formation
of four C–C bonds in a single reaction.

Compound 3 crystallizes in the monoclinic space group
P21/c with one molecule in the asymmetric unit (Figure 1b)
without significant intermolecular contacts. Table S2 (Support-
ing Information) reports selected bond lengths, bond angles
and dihedral angles of the single-crystal X-ray diffraction data
and the corresponding DFT calculation. The cyclobutenone
ring is essentially planar, the C=C double bond [1.378(2) Å] is
slightly longer than that found in the four other crystallograph-
ically characterized cyclobutenones with an alkoxy substituent
(1.353–1.368 Å).[55–58] The Cp rings of the Fc substituents at
the C=C double bond are quite coplanar to the four-membered
ring (torsion angles C=C–Cipso–Calpha = 9.2° and 17.1°). The
three bulky ferrocenyl substituents at the 2, 3 and 4 positions
point up, down and down, respectively, relative to the cyclobu-
tenone plane avoiding steric hindrance.

The 1H and 13C{1H} NMR spectra exhibit all expected reso-
nances of the chemically different ferrocenyl substituents al-
though complete individual assignment was impossible (Fig-
ures S7–S12, Supporting Information). The CH2 group of the
ethoxy substituent possesses diastereotopic protons resulting in
two doublets of quartets in the 1H NMR spectrum. In the solid
state and in heptane, the absorption band of the C=O stretching
vibration appears at 1738 and 1751 cm–1, respectively (Figure
S13, Supporting Information). The value in the solid is rather
low compared to the reported range for cyclobutenones (solid:
1757–1760 cm–1 solid. CDCl3: 1753–1758 cm–1).[14–18] Two
intramolecular short CH···O distances of 2.90 and 2.81 Å,
namely from the 2-ferrocenyl (α-CH) and 4-ferrocenyl (unsub-
stituted Cp-H) substituent, might be responsible for this find-
ing especially in the solid state. According to quantum chemi-
cal calculations, these CH stretches indeed couple to the carb-
onyl stretching vibration (Figure S15, Supporting Infor-
mation).

The three chemically different ferrocenyl substituents of 3
give rise to three individual quasi-reversible one-electron re-
dox waves in the cyclic voltammogram at –80, 140 and
340 mV vs. the ferrocene/ferrocenium couple under our condi-
tions (Figure S16, Supporting Information). Assignment of the
oxidation processes to individual ferrocenes is impossible at
this stage.

A conceivable mechanism to the formation of 3 is discussed
next.
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Mechanistic Considerations on the Formation of 3

In a formal retrosynthesis, the triferrocenyl cyclobutenone
derivative 3 can be derived from a CO unit and three ferro-
cenyl carbenes (under partial desalkoxylation). As cyclobut-
enones are accessible from alkynes and Fischer carbene com-
plexes (lacking conjugated aryl or vinyl carbene substituents
which would enable the Dötz reaction, Scheme 1a) according
to previous work by Zora and co-workers (Scheme 1a), the
formation of 3 from 1 might be traced back to a thermally
induced formation of the required diferrocenyl alkyne
Fc–C�C–Fc.[14–21]

Fischer reported the formation of carbene–carbene coupling
products, i.e. cis/trans-dimethoxy stilbene and cis/trans-di-
methoxy 2-butene, by thermolysis of chromium methoxy carb-
enes (Scheme 1e).[28,29] Similarly, heating 1 in toluene releases
CO giving the unsaturated complex V (Scheme 3). Carbene
transfer from 1 then could form biscarbene VI. Carbene-carb-
ene coupling releases cis/trans-1,2-diethoxy-1,2-diferrocenyl
ethylene VII (Scheme 3) which has been identified by a peak
in the FD mass spectrum (m/z = 484; Figure 3).

Scheme 3. Proposed mechanism for formation of 1,2-diferrocenyl alk-
enes VII and VIII, 1,2-diferrocenyl alkane IX, and diferrocenyl alkyne
Fc–C�C–Fc.

Furthermore, peaks at m/z = 440 and 442 are observed
which can be assigned to cis/trans-1-ethoxy-1,2-diferrocenyl
ethylene VIII and 1-ethoxy-1,2-diferrocenyl ethane IX,
respectively (Figure 3). VIII could form via secondary
desalkoxylation of VII by chromium(0) species similar to the
proposed desalkoxylation of IV (Scheme 2) and literature pre-
cedents.[47–50] Further reduction of VIII then leads to the al-
kane IX. The latter is a dead-end in the reaction to 3 and in-
deed accumulates during the reaction, while VII and VIII are
consumed over time (Figure 3). Concomitantly, the peak for
the product 3 increases. The proposed diferrocenyl
alkyne could form directly from diethoxy alkene VII with
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Figure 3. LIFDI mass spectra taken during the thermolysis of 1 after
(a) 1 d, (b) 2 d, and (c) 8 d in toluene at 111 °C (* = unknown interme-
diate).

chromium(0) species[47–50] generating chromium(II) alk-
oxides.[51–54] However, Fc–C�C–Fc (m/z = 394) is not ob-
served by mass spectrometry during the reaction. Possibly, the
formed alkyne reacts too fast with the unsaturated chromium
carbene (OC)4Cr(C(OEt)(Fc)) V (Scheme 3) to accumulate
significantly in the reaction mixture. The alkyne complex then
evolves further to the cyclobutenone 3 according to Zora’s
studies (Scheme 1a).[19–21] In agreement with the proposed fast
reaction, tetracarbonyl chromium complex V could not be de-
tected by mass spectrometry and IR spectroscopy (in n-hept-
ane) during the thermolysis of 1. IR spectra acquired during
the thermolysis merely display absorption bands assignable to
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Cr(CO)6 (1988 cm–1) and VII (1724 cm–1)[59] (Figure S17,
Supporting Information).

In a computational model reaction of the methoxy substi-
tuted carbene complex 1OMe with tolane we studied the course
of the reaction towards the corresponding cyclobutenone
(Scheme 4, Figure S18, Supporting Information). After CO
loss, the alkyne coordinates to V giving the alkyne complex
X. The tolane complex evolves to the thermodynamically pre-
ferred vinyl carbene complex XI. Coordination of the alkoxide
substituent stabilizes the unsaturated chromium center in XI
which evolves to the Cr(CO)3 coordinated vinyl ketene[60–61]

XII. Finally, ring closure yields the Cr(CO)3 coordinated cy-
clobutenone XIII.

Scheme 4. Computational model reaction of 1OMe and Ph–C�C–Ph.
Relative energies of X, XI, XII, and XIII from the DFT calculations.

Conclusions

Products of carbene-carbene coupling reactions have been
obtained by thermolysis of (OC)5Cr(C(OEt)(Fc)) (1). In the
presence of amino ferrocene Fc–NH2, 2,N-diferrocenyl acet-
amide Fc–CH2–CO–NH–Fc (2) was isolated. The initial attack
of the rather weak nucleophile Fc-NH2 at a CO ligand of 1 is
possibly assisted by an OH···Fe hydrogen bond. In the absence
of a nucleophile, CO dissociation, carbene transfer and carb-
ene-carbene coupling yields diferrocenyl ethylenes, diferro-
cenyl ethane and possibly diferrocenyl alkyne. The diferro-
cenyl alkyne coordinates to 1 after CO dissociation. Alkyne
and CO insertion finally releases 4-ethoxy-2,3,4-triferrocenyl-
cyclobut-2-enone 3. Key reactions in both scenarios are the
intermediate formation of biscarbene complexes and carbene-
carbene coupling.
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Experimental Section
General Procedures: All reactions were performed in an argon atmo-
sphere unless otherwise noted. A glovebox of the type UniLab/MBraun
(Ar 4.8, O2 � 1 ppm, H2O � 1 ppm) was used for storage and weigh-
ing of sensitive compounds. All samples that required the absence of
oxygen were prepared in the same glovebox. Dichloromethane was
dried with CaH2 and distilled prior to use. THF, xylenes and toluene
were distilled from potassium. n-Heptane was dried with molecular
sieves 4 Å for at least 48 h. Deuterated solvents were purchased
from euriso-top. 1-Adamantylamine was received from Alfa
Aesar. 1 [26,31–33] and amino ferrocene[24,25] were synthesized using
literature procedures. NMR spectra were recorded on a Bruker Avance
DRX 400 spectrometer at 400.31 MHz (1H) and 100.07 MHz
(13C{1H}). All resonances are reported in ppm vs. the solvent signal
as internal standard. CD2Cl2 (1H: δ = 5.32 ppm; 13C: δ = 54.0 ppm),
[D8]THF (1H: δ = 1.72, 3.58 ppm).[62] IR spectra were recorded with
a Bruker ALPHA II FT-IR spectrometer with a platinum Di-ATR mod-
ule as solid state samples or in n-heptane with a transmission module
using KBr cells. UV/Vis/NIR spectra were recorded on a Varian Cary
5000 spectrometer by using 1.0 cm cells (Hellma, suprasil). Electro-
chemical experiments were carried out on a BioLogic SP-200 voltam-
metric analyzer using platinum wires as counter and working elec-
trodes and a 0.01 m Ag/AgNO3 electrode as reference electrode. Cyclic
voltammetry measurements were carried out at scan rate of
100 mV·s–1 using 0.1 m [nBu4N][PF6] as supporting electrolyte in
CH2Cl2. Potentials are referenced to the deca-
methylferrocene/decamethylferrocenium couple (E½ = –270�5 mV
under the experimental conditions; literature value E½ = –590 mV vs.
ferrocene[63]) and given vs. ferrocene. FD mass spectra were recorded
on a Thermo Fisher DFS mass spectrometer with a LIFDI upgrade.
Elemental analyses were performed by the microanalytical laboratory
of the department of chemistry, University of Mainz.

Density Functional Theory Calculations: DFT calculations were car-
ried out using the ORCA program package (version 4.1.1).[64] All cal-
culations were performed using the B3LYP functional[65–67] and em-
ploy the RIJCOSX approximation.[68,69] Relativistic effects were cal-
culated at the zeroth order regular approximation (ZORA) level.[70]

The ZORA keyword automatically invokes relativistically adjusted ba-
sis sets. To account for solvent effects, a conductor-like screening
model (CPCM) modelling dichloromethane was used in all calcula-
tions.[71,72] Geometry optimizations were performed using Ahlrichs’
split-valence double-ξ basis set ZORA-def2-SVP which comprises po-
larization functions for all non-hydrogen atoms.[73] Auxiliary basis set
for General-purpose Coulomb fitting SARC/J decontracted def2/J up
to Kr was used.[74] Atom-pairwise dispersion correction was performed
with the Becke-Johnson damping Scheme (D3BJ).[75,76] The presence
of energy minima was checked by numerical frequency calculations.
The approximate free energies at 298 K were obtained through thermo-
chemical analysis of the frequency calculation, using the thermal cor-
rection to the Gibbs free energy as reported by ORCA.

Crystal Structure Determination: Intensity data were collected with
a Bruker AXS Smart1000 CCD diffractometer with an APEX II detec-
tor and an Oxford cooling system and corrected for absorption and
other effects using Mo-Kα radiation (λ = 0.71073 Å). The diffraction
frames were integrated using the SAINT package[77] and most were
corrected for absorption with MULABS[78] of the PLATON software
package.[79] The structures were solved by direct methods and refined
by the full-matrix method based on F2 using the SHELXL software
package.[80,81] All non-hydrogen atoms were refined anisotropically
while the positions of all hydrogen atoms were generated with appro-
priate geometric constraints and allowed to ride on their respective
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parent carbon/nitrogen atoms with fixed isotropic thermal parameters.
See Supporting Information for crystal data of 2 and 3.

Crystallographic data (excluding structure factors) for the structures in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK. Copies
of the data can be obtained free of charge on quoting the depository
numbers CCDC-1962440 and CCDC-1962439. (Fax: +44-1223-336-
033; E-Mail: deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).

2,N-Diferrocenylacetamide (2): Amino ferrocene (422 mg, 2.1 mmol,
1.05 equiv.) and 1 (868 mg, 2.0 mmol, 1.0 equiv.) were heated under
reflux in toluene (50 mL) for 120 h resulting in a dark solution and a
dark precipitate. The reaction progress was monitored by TLC and
LIFDI mass spectrometry. The solvent was removed under reduced
pressure. Column chromatography (SiO2, 42 �3.5 cm, petroleum
ether:THF, 6:4, Rf = 0.55) yielded a brown solid (119 mg, 0.28 mmol,
14%). 1H NMR (CD2Cl2): δ = 6.74 (s, 1 H, H7), 4.50 (pt, 2 H, H9),
4.22 (pt, 4 H, H2, H3), 4.18 (s, 5 H, H1/11), 4.09 (s, 5 H, H1/11), 3.96
(pt, 2 H, H10), 3.33 (s, 2 H, H5) ppm. 1H NMR ([D8]THF): δ = 8.23
(s, 1 H, H7), 4.61 (pt, 2 H, Cp(subst.)), 4.23 (pt, 2 H, Cp(subst.)) 4.12
(s, 5 H, H1/11), 4.07 (pt, 2 H, Cp(subst.)), 4.05 (s, 5 H, H1/11), 3.88 (pt,
2 H, Cp(subst.)), 3.17 (s, 2 H, H5) ppm. MS (FD): m/z (int. /%) =
427.4 (100) [M+], 428.4 (30), 425.4 (9). Calcd. for C22H21Fe2NO
(427.0). IR (KBr): ν̃ = 3280 (m), 3209 (sh), 3090 (m), 2960 (m), 2909
(w), 1659 (s), 1566 (s), 1481 (m), 1389 (m), 1265 (s), 1196 (m), 1096
(vs), 1026 (vs), 802 (vs), 710 (m), 494 (vs) cm–1. UV/Vis (CH2Cl2):
λmax (ε/m–1 cm–1) = 270 (1260), 335 (65) 440 (50) nm.

4-Ethoxy-2,3,4-triferrocenyl-cyclobut-2-enone (3): 1 (1302 mg,
3 mmol) was heated under reflux in xylenes (120 mL) for three days
resulting in a dark solution and a dark precipitate. The reaction was
monitored by TLC and LIFDI-MS. After removal of the solvent under
reduced pressure, the crude reaction mixture dissolved in dichloro-
methane was filtered using a short celite pad. Column chromatography
of 694 mg brown oil (SiO2, 57�4.5 cm, CH2Cl2, Rf = 0.71) yielded
a red solid (110 mg, 0.17 mmol, 17%). 1H NMR (CD2Cl2): δ = 4.95
(pt, 2 H, C5H4), 4.80 (pt, 1 H, C5H4), 4.57 (pt, 1 H, C5H4), 4.55 (pt,
2 H, C5H4), 4.45 (pt, 2 H, C5H4), 4.28 (s, 5 H, Cp), 4.25 (s, 5 H, Cp),
4.24 (pt, 2 H, C5H4), 4.16 (pt, 1 H, C5H4), 4.08 (pt, 1 H, C5H4), 4.03
(s, 5 H, Cp), 3.67–3.60 (dq, 2JH.H = 1.5, 3JH.H = 7.0 Hz, 1 H, CH2,
H6b), 3.54–3.47(dq, 2JH.H = 1.5, 3JH.H = 7.0 Hz, 1 H, CH2, H6a), 1.25
(t, 3J(H,H) = 6 Hz, 3 H, CH3) ppm. 13C{1H} NMR (CD2Cl2): δ =
191.24 (C10), 172.63 (Cquat.), 141.99 (Cquat.), 98.40 (C5), 87.81 (Cquat.),
72.93 (Cquat.), 72.53 (Cquat.), 72.35 (CCp(subst)), 72.26 (CCp(subst)), 70.88
(CCp(subst)), 70.59 (C1/14/18), 70.22 (CCp(subst)), 70.15 (CCp(subst)), 70.04
(C1/14/18), 69.89 (C1/14/18), 69.31 (CCp(subst)), 69.01 (CCp(subst)), 68.85
(CCp(subst)), 68.26 (CCp(subst)), 68.17 (CCp(subst)), 68.06 (CCp(subst)), 66.82
(CCp(subst)), 60.56 (C6), 16.2 (C7) ppm. MS (FD): m/z (int. /%) = 663.9
(100) [M+], 664.9 (44), 662.0 (19), 665.9 (12), 662.9 (8). calcd. for
C36H32Fe3O2 (664.05). IR (ATR): ν̃ = 3088 (w), 2963 (m), 2917(w),
2870 (w), 2851 (w), 1738 (m), 1724 (sh), 1614 (m), 1482 (w), 1443
(w), 1410 (w), 1379 (w), 1336 (w), 1260 (vs), 1103 (s), 1074 (s), 1018
(s), 1004 (s), 917 (w), 864 (w), 794 (vs), 742 (sh), 695 (m), 474 (s)
cm–1. IR (n-heptane): ν̃ = 1751 (w) cm–1. UV/Vis (CH2Cl2): λmax

(ε/m–1 cm–1) = 264 (12850), 321 (10850), 338 (sh, 2400), 489 (2450)
nm. CV (CH2Cl2, vs. FcH/FcH+): E½ = –80, 140, 340 mV.
C36H32Fe3O2 (664.05): calcd. C, 65.10; H, 4.86%; found: C, 64.73;
H, 4.83%.

Supporting Information (see footnote on the first page of this article):
spectroscopic data of 2 and 3, alternative synthesis of 2, cyclic
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voltammogram of 3, XRD data of 2 and 3, additional DFT data and
Cartesian coordinates of 2, 3 and intermediates IIa, IIb, III, IV, X,
XI, XII, XII.
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