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Mono and doubly alkynyl substituted ferrocene complexes, [Fc(CH2OCH2C„CH)n], 2–3 (2: n = 1; 3: n = 2;
Fc = ferrocene) have been synthesized from the room temperature reaction of mono and 1,10-dihydroxy-
methyl ferrocene, Fc(CH2OH)n , 1a–b (1a: n = 1; 1b: n = 2) and propargyl bromide, in modest to good
yields. These new ferrocene derivatives have been characterized by mass, IR, 1H, 13C NMR spectroscopy,
and molecular structures of compound 2 and 3 were unequivocally established by single crystal X-ray
diffraction study. The crystal structure analysis revealed that 2 and 3 consist of infinite 1D zig-zag hydro-
gen bonded chains and 2D microporous hydrogen bonded network of molecules, linked by intermolecu-
lar C–H���O hydrogen bonding. The molecular structures of both 2 and 3 are further stabilized by C–H���p
interactions.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Among the various types of intermolecular interactions, the
hydrogen bond is undoubtedly, the most important in terms of
its contributions towards the stability and integrity of molecular
and supramolecular structures [1–3]. In recent times, there has
been a great deal of interest in weak hydrogen bonds formed by
hydrogen atoms covalently bonded to carbon atoms [3]. The
hydrogen atom in a terminal alkyne group is relatively acidic due
to the sp hybridization and forms stronger C–H���X hydrogen bonds
than most hydrocarbon donors, with either an electronegative
atom (e.g., O or N) or the p electron concentration of another
C„C bond acting as the acceptor [4]. The crystal structure of
terminal alkynes is becoming the focus of an increasing number
of studies, with particular reference to their applicability in crystal
engineering [5–8]. Modern crystal engineering has emerged as a
wealthy discipline whose success requires an iterative process of
synthesis, crystallography and crystal structure analysis. The
C„C–H���O2N and C„C–H���NC hydrogen bond motifs have
been defined as supramolecular synthons by Desiraju and
co-workers [9].

On the other hand, the chemistry of transition metal complexes,
particularly those containing redox-active fragments such as the
ferrocenyl group, remains an important research area [10–14]
and is increasingly being investigated for a variety of potential
All rights reserved.
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uses, such as those in the field of catalysis and development of no-
vel materials [15–17] including materials for non-linear optics
[18–20]. The reactivity of ferrocenyl alkynes has recently been
investigated by Fehlner in detail with [1,2-(g5-C5Me5RuH)2B3H7]
to generate ruthenacarboranes [21] (Scheme 1). We, on the other
hand, envisaged use of mono and doubly alkynyl substituted ferro-
cene, 2–3 to generate ruthenacarborane derivatives. While we
successfully synthesized the compounds, 2 and 3, interesting
structural features were observed in their crystal structure. In this
paper, we provide an account of the synthesis and characterization
of compounds 2 and 3, along with their crystal structure details
and supramolecular architecture resulting from non-covalent,
intermolecular, weak bonding interactions.

2. Result and discussion

2.1. Synthesis and characterization of Fc(CH2OCH2C„CH), 2

As shown in Scheme 2, the mono-alkyne derivative of ferrocene,
2 was synthesized by the reaction of propargyl bromide and 1a in
DMSO in presence of 1.2 equivalent of NaOH at room temperature.

Composition of 2 was defined by mass spectrometry, the
molecular ion peak depicting an isotopic distribution pattern
characteristic of one Fe and one oxygen atom. The IR spectrum of
2 is distinguished by the presence of an absorption band at
2171 cm�1 due to the presence of C„C bond. The acetylenic
hydrogen has also been confirmed by 1H NMR, which shows the
characteristic peak at d 2.37 ppm. 1H NMR spectrum also shows
the presence of two cyclopentadienyl rings (9H) of ferrocene in
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Scheme 1. Synthesis of nido-1,2-(Cp*Ru)2(1,5-l-C{Fc}Me)B3H7 and closo-4-Fc-1,2-(Cp*RuH)2-4,6-C2B2H3 from ruthenaborane.

Scheme 2. Synthesis of mono- and doubly-alkyne substituted ferrocene, 2 and 3.
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the region d 4.08–4.17 ppm and two protons (OCH2 group) at d
4.04–4.31 ppm region. The presence of all the characteristic peaks
was further supported by 13C NMR spectrum. The crystal structure
of 2, shown in Fig. 1, confirms the structural assignment made on
the basis of spectroscopic results. The C„C bond distance of
1.186(4) Å in 2 (C13–C14, in Fig. 1) is consistent with the linear
arrangement of acetylene.
Fig. 1. Molecular structure of Fe(g5-C5H5)(g5-C5H4)(CH2OCH2CCH), 2 with thermal
ellipsoid drawn at the 30% probability level. Selected bond length (Å) and angles (�):
C(3)–Fe(1) 2.019(4), C(1)–Fe(1) 2.020(3), C(2)–Fe(1) 2.019(3), C(7)–Fe(1) 2.045(3),
C(8)–Fe(1) 2.034(3), C(9)–Fe(1) 2.036(3), C(6)–Fe(1) 2.057(3), O(1)–C(12) 1.425(4),
C(1)–C(5) 1.425(7), C(9)–H(9) 0.9800, C(14)–H(14) 0.9300; C(3)–Fe(1)–C(2) 39.4(2),
C(2)–C(3)–Fe(1) 70.3(2), C(3)–Fe(1)–C(8) 109.85(14), C(1)–Fe(1)–C(9) 176.04(15),
C(12)–C(13)–C(14) 178.4(3).
2.2. Synthesis and spectroscopic characterization of Fc(CH2OCH2-
C„CH)2, 3

Room temperature reaction of 1b with a three fold excess of
propargyl bromide in presence of NaOH yielded yellow alkynyl
substituted ferrocene, Fc(CH2OCH2C„CH)2, 3 in good yield
(Scheme 2). Compound 3 has been characterized by mass spec-
trometry, IR and multinuclear NMR spectroscopy and single crystal
X-ray diffraction studies. Description of the characterization of 3 as
follows.

The composition of 3 was confirmed by FAB mass spectrometry
which shows the molecular ion peak at m/z 323. As observed in 2,
the IR spectrum of 3 features an absorption band at 2121 cm�1 due
to C„C bond. The symmetrical 1H NMR spectral pattern shows the
presence of cyclopentadienyl rings protons (8H), two equivalents
of characteristic acetylenic protons peak at d 2.46 ppm, and two
sets of OCH2 groups in the region of d 4.13–4.37 ppm. Correspond-
ing peaks were observed in the 13C NMR spectrum. The spectro-
scopic data are consistent with the solid state X-ray structure
which is shown in Fig. 2. The C„C bond distance of 1.181(19) Å
and the bond angle of 177.9(15)� in 3 are comparable with that
of 2. The acetylenic bond angle is comparable to other ferrocenyl
alkyne molecules [22–29], e.g., C(Fc)2(OCH3)(C„CH) (177.6) [28],
C(Fc)(OCH3)(Ph)C„C(Ph) (OH)Fc (177.3�) [29].

In ferrocene, the UV–Vis spectrum shows two absorption bands.
The band at 442 nm is due to the lower energy transition
(1E1g 1A1g) and 325 nm is due to the higher energy transition
(1E2g 1A1g). The UV–Vis spectrum changes dramatically upon
substitution of the cyclopentadienyl ring with conjugated and/or
acceptor groups, as was observed when an alkoxy Fischer carbene
complex, [(CO)5M@C(OCH3)(–CH@CH–)n(C5H4)Fe(C5H5), M = W,
Cr, n = 1–4] was attached to the Cp ring of ferrocene [30]. However,
the effect is not significant while the ferrocene ring is substituted
by unconjugated acceptor or donor groups. This is evident from
the UV–Vis spectrum of 2 and 3, shown in Fig. 3.
2.3. Description of the crystal structures of alkynyl substituted
ferrocene complexes 2, 3

The alkyne substituted functionality in 2 and 3 [–C„C–H���O–
(R)2 (where O–(R)2 is ether functional group)] is responsible for
the C–H���O interactions that lead to the formation of hydrogen



Fig. 2. Molecular structure of Fe(g5–C5H4)2(CH2OCH2CCH)2, 3 with thermal
ellipsoid drawn at the 30% probability level. Selected bond length (Å) and angles
(�): C(3)–Fe(1) 2.0456(13), C(1)–Fe(1) 2.0393(12), C(4)–Fe(1) 2.0456(13), C(5)–
Fe(1) 2.0366(11), C(7)–O(1) 1.4224(15), O(1)–C(6) 1.4412(15), C(5)–C(6)
1.4943(17), C(7)–H(7A) 0.99, C(4)–H(4) 0.99, C(9)–H(1X) 0.87(3); C(3)–C(2)–Fe(1)
69.72(7), C(6)–C(5)–Fe(1) 123.06(8), O(1)–C(6)–C(5) 113.55(10), C(7)–C(8)–C(9)
177.90(15).
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Fig. 3. UV–Vis spectra of ferrocene, 2 and 3 in CH3CN solution.

Fig. 4. Crystal structure illustration of 2: (a) 1D zig-zag hydrogen bonded network
via C–H���O. (b) Offset packing of 2 in the crystal lattice stabilized by C–H���O and C–
H...p interactions.
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bonded networks 1D zig-zag and 2D microporous sheet in 2 and 3
respectively. The compound 2 got crystallized in centrosymmetric
monoclinic space group P21/c whereas the compound 3 in mono-
clinic space group P21/n. In the asymmetric unit of 2, one full
molecule was found and one half of the molecule was found
(located on the inversion center) for the compound 3. The acidic
hydrogen in a terminal alkyne group forms stronger C–H���X hydro-
gen bonds than most hydrocarbon donors, with either an electro-
negative atom (e.g., O or N) or the p electron cloud of the C„C
bond acting as the acceptor.

In the crystal structure of 2, C–H of the alkyne functionality is
involved in hydrogen bonding with O of the ether functionality
via C–H���O interaction [C���O = 3.166(4) ÅA

0

; \C–H���O = 166(2)�]
resulting in the formation a 1D zig-zag hydrogen bonded network
with micropores (Fig. 4). Each such 1D network is further stabilized
by C–H���p interaction [31,32] [C��� p = 3.644–3.786] (Fig. 5) and
due to the offset packing, the micropores are filled by adjacent
1D zig-zag layers (Fig. 4).

In the crystal structure of 3, the C–H of the alkyne functionality
is also involved in hydrogen bonding with the O of ether function-
ality via C–H���O interaction [C���O = 3.181(16) ÅA

0

; \C–H���O =
166(3)�] resulting in the formation of a 2D hydrogen bonded
microporous network (view down crystallographic axis c)
(Fig. 6). The micropores, however, are filled by adjacent layers
because of offset packing via C–H���p interactions [31,32] involving
C–H of –CH2– with p electron cloud of cyclopentadienyl ring and
alkyne. [C���p = 3.703–3.787 ÅA

0

] (Figs. 6 and 7).

2.4. Electrochemical study

The electrochemical property of the redox-active ferrocene
moiety and its derivatives, 2 and 3 has been studied by cyclic vol-
tammetry (CV). Cyclic voltammograms of ferrocene, 2 and 3 in
Bu4NClO4–MeCN are shown in Fig. 8, showing one electron oxida-
tion and reversible one electron reduction waves in the potential
range between 0 and 1.0 V vs. SCE for both complexes. The CV
showed a reversible redox couple of ferrocene/ferrocenium at
E0

Fc=Fcþ ¼ ðEpa þ EpcÞ=2 ¼ 0:395 V for ferrocene, 0.493 V for 2 and
0.532 V for 3. An increase in potential value is generally associated
with an electron-acceptor property of the substituent [33,34].
Therefore the gradual increase of the E0 value of compound 2



Fig. 5. Crystal structure illustration of 2: C–H���p interaction in the crystal structure.

Fig. 6. Crystal structure illustration of 2 (a) 2D hydrogen bonded network of 2 via
C–H���O interaction; (b) offset packing of two adjacent 2D hydrogen bonded
networks.

Fig. 7. Crystal structure illustration of 2: C–H���p interaction in the crystal structure.

Fig. 8. Cyclic voltammograms of ferrocene, 2 and 3 at glassy carbon in 0.1 M
Bu4NClO4 as supporting electrolyte and acetonitrile as solvent. The scan rate
employed as 0.1 V s�1.
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and 3 from the ferrocene moiety clearly indicates the electron-
acceptor property of the alkynyl ether linkage attached to the fer-
rocene unit.
3. Conclusions

In conclusion, we have demonstrated a facile, efficient synthesis
of mono- and doubly- alkynyl substituted ferrocene complexes 2
and 3. The alkyne functionality in 2 and 3 are responsible for the
C–H���O interactions (–C„C–H���O supramolecular synthon) which
leads to the formation of 1D zig-zag hydrogen bonded microporous
network in 2 an 2D hydrogen bonded microporous network in 3.
The synthetic utility of the products has been demonstrated and
their electrochemical property was evaluated by CV studies. Fur-
ther work on these compounds for the preparation of metallacar-
boranes of early transition metals (e.g., V, Nb or Ta), and possible
utilization as ligands in catalytic organic reactions are in progress.

4. Experimental

4.1. General procedures and instrumentation

All the operations were conducted under an Ar/N2 atmosphere
using standard Schlenk techniques and Glove Box. Solvents were
distilled and degassed prior to use under Argon. propargyl
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bromide, butyl lithium, tetramethylethylenediamine (TMEDA) (Al-
drich), tetrabutyl ammonium bromide, allyl bromide, ferrocene
purchased were of analytical grade and used without further puri-
fication. DMF purchased from Aldrich and freshly distilled prior to
use. Mono and 1, 10-dihydroxymethyl ferrocene complexes, 1a–b
were prepared according to the literature [35,36]. Chromatography
was carried out on 3 cm of silica gel in a 2.5 cm diameter column.
Thin layer chromatography was carried on 250 mm diameter alu-
minum supported silica gel TLC plates (MERK TLC Plates). NMR
spectra were recorded on 400 or 500 MHz Bruker FT-NMR spec-
trometer. Infrared spectra were obtained on a Nicolet 6700 FT-IR
spectrometer. Crystal data were collected and integrated using
Bruker Apex II CCD area detector system equipped with graphite
monochromated Mo Ka (k = 0.71073 Å) radiation at 150 K.

4.2. Synthesis of Fc(CH2OCH2C„CH), 2

A solution of 1a (0.5 g, 2.3 mmol) in 15 ml DMSO was treated
with NaOH (0.11 g, 2.76 mmol) at room temperature for 30 min.
Propargyl bromide (0.4 ml, 3.45 mmol.) was added dropwise to
the reaction mixture and stirred for 24 h. The reaction mixture
was diluted with 10–15 ml of cold water and extracted with EtOAc.
The organic layer was dried over anhydrous Na2SO4 and solvent
was removed under reduced pressure. The pure product was iso-
lated by silica gel column chromatography and elution with
EtOAc:hexane (25:75 v/v) yielded yellow Fc(CH2OCH2C„CH), 2
(0.29 g, 50%).

4.2.1. Compound 2
MS (FAB) P+(max): m/z (%) 255; 1H NMR (400 MHz ,CDCl3,

22 �C): d = 2.37 (t, 1H), 4.04 (d, 2H), 4.31 (s, 2H), 4.08 (t, 5H, Cp),
4.17 (t, 2H, Cp), 4.23 (t, 2H, Cp); 13C NMR (CDCl3, 22 �C):
d = 79.96 (C„C), 82.34 (C„C), 56.46 (OCH2), 67.61 (OCH2), 69.54
(Cp), 68.64 (Cp) 68.01 (Cp); IR (hexane): 2171 m(C„C), 3296
m(C„C–H) cm�1. Anal. Calc. for C14H14FeO: C, 66.17; H, 5.55. Found:
C, 64.85; H, 5.87%.

4.3. Synthesis of Fc(CH2OCH2C„CH)2, 3

A solution of 1b (1 g, 4.06 mmol) in 15 ml DMSO was treated
with NaOH (0.406 g, 10.15 mmol) at room temperature for
30 min. Propargyl bromide (1.34 ml, 12.18 mmol.) was added
dropwise to the reaction mixture and stirred for 24 h. Reaction
mixture was diluted with 10–15 ml of cold water and extracted
with EtOAc. The organic layer was dried over anhydrous Na2SO4

and removed under reduced pressure. The pure product was iso-
lated by silica gel column chromatography and elution with
EtOAc:hexane (30:70 v/v) yielded yellow Fc(CH2OCH2C„CH)2, 3
(0.74 g, 56%).

4.3.1. Compound 3
MS (FAB) P+(max): m/z (%) 323; 1H NMR (400 MHz , CDCl3,

22 �C): d = 2.46 (t, 2H), 4.13 (d, 4H), 4.37 (s, 4H), 4.16 (t, 4H, Cp),
4.23 (t, 4H, Cp); 13C NMR (CDCl3, 22 �C): d = 78.85 (C„C), 81.9
(C„C), 55.59 (OCH2), 66.39 (OCH2), 68.3 (Cp), 68.83 (Cp); IR (hex-
ane): 2121 m(C„C), 3225 m(C„C–H) cm�1. Anal. Calc. for
C18H18FeO2: C, 67.10; H, 5.63. Found: C, 68.01; H, 6.14%.

5. X-ray structure determination

Suitable X-ray quality crystals of 2 and 3 were grown by slow
diffusion of a hexane:CH2Cl2 (6:4 v/v) solution and single crystal
X-ray diffraction studies were undertaken. X-ray single crystal data
were collected using Mo Ka (k = 0.71073 Å) radiation on a BRUKER
APEX II diffractometer equipped with CCD area detector. Data col-
lection, data reduction, structure solution/refinement were carried
out using the software package of SMART APEX. All structures were
solved by direct method and refined in a routine manner. In most
of the cases, nonhydrogen atoms were treated anisotropically.
Whenever possible, the hydrogen atoms were located on a differ-
ence Fourier map and refined. In other cases, the hydrogen atoms
were geometrically fixed.

5.1. Crystal data for 2

Formula, C14H14FeO; Crystal system, space group: Monoclinic,
P21/c. Unit cell dimensions, a = 13.9336(13) Å, b = 7.6206(7) Å,
c = 10.6460(9) Å, b = 97.529(3)�; Z = 4. Density (calculated)
1.506 Mg/m3. Final R indices [I > 2r(I)] R1 = 0.0449, wR2 = 0.1145.
Index ranges �18 � h � 17, �10 � k � 9, �11 � l � 14. Crystal size
0.20 � 0.12 � 0.06 mm3. Reflections collected 12182, independent
reflections 2616, [R(int) = 0.0529], Goodness-of-fit on F2 1.073.

5.2. Crystal data for 3

Formula, C18H18FeO2; Crystal system, space group: Monoclinic,
P21/n. Unit cell dimensions, a = 10.1852(3) Å, b = 7.7449(2) Å,
c = 10.4820(3) Å, b = 117.3080(10)�; Z = 2. Density (calculated)
1.456 Mg/m3. Final R indices [I > 2r(I)] R1 = 0.0258, wR2 = 0.0696.
Index ranges �13 6 h 6 13, �10 6 k 6 10, �13 6 l 6 12. Crystal
size 0.42 � 0.38 � 0.15 mm3. Reflections collected 5484, indepen-
dent reflections 1826, [R(int) = 0.0187], Goodness-of-fit on F2 1.063.

6. Supplementary material

CCDC 747629 and 747630 contain the supplementary crystallo-
graphic data for 2 and 3. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.
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