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Mechanochemical synthesis and spectroscopic properties of
1,1′-ferrocenyldiacrylonitriles: the effect of para-substituents

LUCY M. OMBAKA, PATRICK G. NDUNGU, BERNARD OMONDI and
VINCENT O. NYAMORI*

School of Chemistry and Physics, University of KwaZulu-Natal, Durban, South Africa

(Received 18 November 2013; accepted 1 May 2014)

An efficient and simple solvent-free mechanochemical approach for the synthesis of 1,1′-ferrocenyl-
diacrylonitriles was achieved by grinding together 1,1′-ferrocenedicarboxaldehyde (1) and
phenylacetonitriles. A range of 1,1′-ferrocenyldiacrylonitriles and ferrocenylacrylonitriles (2–7) were
synthesized within short reaction times, with water as the only by-product. In a similar manner,
grinding together ferrocenemonocarboxaldehyde (8) and phenylenediacetonitrile yielded phenylene-
3,3′-bis-(ferrocenyl)diacrylonitrile (9) and 3-ferrocenyl-2-(acetonitrophenyl)acrylonitrile (10). The
yield and selectivity towards formation of ferrocenyldiacrylonitriles was strongly influenced by the
electronegativity of the para-substituent on the phenyl ring of phenylacetonitriles. The compounds
were characterized using NMR, IR, and UV–visible spectroscopy and HR-MS. Cyclic voltammetry
measurements of selected compounds highlighted the role of ligands in tuning the electrochemical
properties of 1,1′-ferrocenyldiacrylonitriles. X-ray crystallographic analysis highlighted the effect of
the electronegativity of the para-substituent on the conformation of cyclopentadienyl rings attached
to a ferrocenyl moiety.
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1. Introduction

Solvent-free synthesis of compounds is a growing research field in the quest for greener
synthetic processes [1]. Mechanochemical synthesis of organometallic compounds, under
solvent-free conditions, is of particular interest since a number of reactions can occur in the
solid state [2], thereby eliminating the use of toxic solvents and reducing the overall cost of
the synthesis [1]. Compared to reactions in solvents, solvent-free reactions take a shorter
reaction time, exhibit higher atom economy, and allow for easier product isolation [3].
Although, numerous synthetic procedures used to synthesize compounds have been
explored under solvent-free conditions [4], they remain relatively unexploited in the synthe-
sis of ferrocenyl derivatives.

Mono- and di-substituted ferrocenyl derivatives containing substituted phenyl rings are
good examples of ferrocenyl derivatives that can be synthesized via a solvent-free approach.
In these compounds, the ferrocenyl moiety is an electron donor while the attached ligand is
a π-electron acceptor. Such ferrocenyl derivatives are potential new materials with desirable
properties for application in various fields. They could be useful in fluorescence [5], nonlin-
ear optical devices [6], electron transfer processes [7], electrochromic devices [8], medicinal
applications [9] and even as catalysts in the synthesis of shaped carbon nanomaterials such
as carbon nanotubes (CNTs) [10]. Research geared towards the synthesis of nitrogen-doped
carbon nanotubes (N-CNTs) using nitrogen-containing organometallic compounds as cata-
lysts is of interest [11–13]. The incorporation of nitrogen into the graphene structure of
CNTs (i.e. doping CNTs with nitrogen) has been reported to enhance both the electronic
and physical properties of CNTs [14]. Hence, nitrogen-containing ferrocenyl derivatives
such as 1,1′-ferrocenyldiacrylonitriles are potential organometallic catalysts for the synthesis
of N-CNTs.

Under mechanochemical conditions, di- and mono-substituted ferrocenyl derivatives can
be synthesized from condensation of 1,1′-ferrocenedicarboxaldehyde and ferrocenemono-
carboxaldehyde, respectively, with other compounds. For example, 1,1′-ferrocenyldiimines
were synthesized from the condensation of 1,1′-ferrocenedi-carboxaldehyde and aromatic
amines [15], while ferrocenylimines were synthesized by the condensation of ferrocene-
monocarboxaldehyde and aromatic amines [16]. Similarly, bis-ferrocenylethenes and
bis-ferrocenylimines have been synthesized by condensation of ferrocenemonocarboxalde-
hyde with phosphonium salts [17] and diaminoalkanes [18], respectively.

Although the mechanochemical reactions of 1,1′-ferrocenedicarboxaldehyde have been
reported [15], the synthesis of 1,1′-ferrocenyldiacrylonitriles, in particular, has not yet been
reported. In this study, a simple and efficient solvent-free procedure for synthesis of 1,1′-
ferrocenyldiacrylonitriles and bis-ferrocenyldiacrylonitrile was achieved by mechanochemi-
cal grinding of solid reactants to obtain the desired product. Additionally, the spectroscopic,
electrochemical, and X-ray crystallographic analyses of selected compounds are also dis-
cussed.

1906 L.M. Ombaka et al.
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2. Results and discussion

2.1. Synthesis of 1,1′-ferrocenyldiacrylonitriles

Grinding together 1,1′-ferrocenedicarboxaldehyde 1 and substituted phenylacetonitriles in
the presence of catalytic amounts of piperidine yielded a range of 1,1′-ferrocenyldiacrylonitr-
iles (2, 3, 4, and 6) and ferrocenylcarboxacrylonitriles (5 and 7) as depicted in scheme 1.

Different mole ratios of 1 : phenylacetonitrile (ca. 1 : 2 and 1 : 2.2) were used and it was
noted that a mole ratio of 1 : 2.2 gave products in higher isolated product yields. Generally,
the mixture containing the starting materials readily turned into a melt or a gum upon grind-
ing at ambient temperatures. The obtained melt or gum was dried under vacuum, and IR
and 1H NMR spectroscopy were used to confirm reaction completion. Formation of
1,1′-ferrocenyldiacrylonitriles was marked by disappearance of a sharp IR absorption band
at ≈1650 cm−1 (CHO) and the appearance of a strong nitrile absorption at ≈2200 cm−1.
From 1H NMR spectra, the formation of 1,1′-ferrocenyldiacrylonitriles was marked by the
disappearance of a carbonyl proton resonance peak (≈10 ppm) and the appearance of an
ethylene proton resonance peak (≈7.4 ppm).

The synthesis of 1,1′-ferrocenyldiacrylonitriles involved two mechanistic steps (scheme 2).
First, the methylene carbon on the phenylacetonitriles was deprotonated by piperidine. Sec-
ond, a Knoevenagel condensation occurred between the anionic methylene carbon and the
carbonyl carbon [19].

Selectivity towards ferrocenyldiacrylonitrile formation showed a dependence on the elec-
tronegativity of the para-substituent on the phenyl rings. For example, para-substituted
phenyl rings containing more electronegative groups (CN and CF3) selectively formed only
1,1′-ferrocenyldiacrylonitriles (2 and 3) as depicted in table 1. In contrast, the relatively less
electronegative substituents (Cl and F) in the para-position of the phenyl ring formed both
1,1′-ferrocenyldiacrylonitriles (4 and 6) and ferrocenylcarboxyacrylonitriles (5 and 7). This
could imply that more electronegative groups stabilize the deprotonated methylene interme-
diate (scheme 2) more than the relatively less electronegative groups leading to selective
formation of 1,1′-ferrocenyldiacrylonitriles. The stronger electronegative substituents (CN
and CF3) also gave larger isolated product yields compared to relatively less electronegative
substituents (Cl and F). The higher isolated yields (74–78%) were comparable to those of
similar compounds synthesized from 1,1′-ferrocenedicarboxaldehyde in solvents [20, 21].

Interestingly, the para-Cl substituted phenylacetonitrile formed ferrocenyldiacrylonitrile
(4) as the major product, while the para-F equivalent did not form ferrocenyldiacrylonitrile
(6) as the major product (table 1). This observation may suggest that the para-Cl substituent
was more reactive than the para-F substituent. It is plausible that the activity difference of

Scheme 1. Mechanochemical synthesis of 1,1′-ferrocenyldiacrylonitriles and ferrocenylcarboxacrylonitriles under
solvent-free conditions.

1,1′-Ferrocenyldiacrylonitriles 1907
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para-Cl and -F substituents may be attributed to the electronegativity dipole and resonance
dipole of chlorine versus fluorine when attached to a phenyl carbon [15]. Fluorine is more
electronegative than chlorine and has an efficient 2p orbital that overlaps with carbon result-
ing in a strong resonance dipole, however, the two dipoles cancel out leading to a net dipole
of zero [22]. In the case of the chlorine substituent, with inefficient 3p–2p orbital overlap
with carbon (thus resulting in a weak resonance dipole), the electronegativity dipole

Scheme 2. Plausible reaction mechanism for formation of 1,1′-ferrocenyldiacrylonitriles.

Scheme 3. Mechanochemical reactions of 8 and phenylenediacetonitrile under solvent-free conditions.

1908 L.M. Ombaka et al.
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dominates over the resonance dipole leading to a net electron-withdrawing effect. Hence,
the para-Cl substituent on the phenyl ring could give a more stable intermediate, which
leads to better selectivity towards 1,1′-ferrocenyldiacrylonitrile formation, and higher iso-
lated yields than for the para-F substituent.

2.2. Mechanochemical reactions of ferrocenemonocarboxaldehyde and phenylenedi-
acetonitrile

Bis-metallocenyl compounds can be synthesized by attaching two metallocenyl moieties to
a bidentate ligand or addition of another metallocene to a monodentate metallocenyl deriva-
tive. For example, Braga et al. [23] reported the synthesis of bis-ferrocenyl complexes by
reacting ferrocenyl derivatives with transition metal salts. In this report, we utilize a mecha-
nochemical approach to attach two ferrocenyl moieties to a bidentate ligand (phenylenedi-
acetonitrile). Grinding together ferrocenemonocarboxaldehyde 8 and phenylenediacetonitrile
in the presence of 1–2 drops of piperidine, and at ambient temperatures, gave phenylene-
3,3′-bis-(ferrocenyl)diacrylonitrile 9 and 3-ferrocenyl-2-(acetonitrophenyl)-acrylonitrile 10
(scheme 3).

To determine whether the reactions leading to formation of 9 and 10 were complete,
1H- and 13C NMR spectroscopy was used. From the 1H NMR spectrum, formation of 9
was marked by the disappearance of a carbonyl proton resonance (≈10 ppm) and the
appearance of an ethylene proton resonance (≈7.43 ppm). Similarly, formation of 10 was
marked by the disappearance of a carbonyl proton resonance (≈10 ppm) and the appear-
ance of an ethylene proton resonance (≈7.59 ppm) and a methylene resonance peak
(≈3.75 ppm). From the 13C NMR spectrum, the conspicuous absence of a strong car-
bonyl carbon resonance (≈190 ppm) marked the formation of either 9 or 10.

To optimize the reaction conditions, different mole ratios of 8 : phenylenediacetonitrile
(ca. 1 : 1, 1.4 : 1 and 2 : 1) were used. Among the three sets of mole ratios used, a mole ratio
of 1.4 : 1 gave the highest yield. Since phenylenediacetonitrile was the limiting reagent, a
mole ratio of 1.4 : 1 that contains an excess of phenylenediacetonitrile resulted in higher
conversions of 8–9 and 10. In all cases, the major product obtained was 9 while the minor
product was 10. Generally, the reaction occurred within 5–10 min of grinding. This could
imply that under solvent-free conditions, phenylenediacetonitrile is less reactive than phen-
ylacetonitrile which immediately reacts with 8 at room temperature [15]. Longer reaction
times (≈20 min) favored production of 9, while shorter reaction times (≈5 min) yielded
almost equivalent quantities of 9 and 10. Thus, longer reaction periods allow for greater
conversion of 10–9 until a steady-state condition reaction is attained.

Table 1. Isolated yields of 1,1′-ferrocenyldiacrylonitriles
and ferrocenylacrylonitrile.*

Compound Para-substituent Yield (%)

2 CN 74
3 CF3 78
4 Cl 52
5 Cl 10
6 F 7
7 F 24

*Isolated yields based on 1 as the limiting reagent.

1,1′-Ferrocenyldiacrylonitriles 1909
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2.3. UV–visible spectroscopy

UV–visible absorption spectra of selected compounds are shown in figure 1 and the peak
absorption data are summarized in table 2. All compounds exhibit absorptions in the UV and
visible regions attributed to π–π* ligand-centered transitions and metal–ligand centered tran-
sitions, respectively [24]. A shoulder was observed in the absorption spectra of di-substituted
1,1′-ferrocenyldiacrylonitriles (2, 3, and 4, i.e. 313, 301, and 302 nm, respectively, table 2
and figure 1). In 10 and related mono-substituted ferrocenylacrylonitriles [15], similar shoul-
ders were not observed. This could imply that electronic interactions occur between the two
ligands attached to a single ferrocenyl moiety in di-substituted 1,1′-ferrocenyldiacrylonitriles.
Substitution of the ferrocenyl electron donor with phenylacrylonitriles resulted in a signifi-
cant red-shift of the absorption peaks. Comparison of 2, containing a more electronegative
para-substituent, with 4, containing a less electronegative para-substituent, shows that 2 is
more red-shifted than 4 (table 2). This implies that stronger electron-withdrawing groups on
the phenyl para-position increase the electronic interactions between the ligands and the
ferrocenyl moiety metal center, resulting in a greater red-shift [25]. A comparison of 2,
containing one ferrocenyl moiety, and 9, containing two ferrocenyl moieties, shows that 9
has a larger red-shift. Compound 9, that exhibited a strong absorption in the UV region, has
previously been reported for application in optical recording materials [26]. Thus, 2 which
showed a more intense absorption in the UV region can be investigated for possible
applications in optical recording materials.

The solvatochromic behaviors of 2, 3, and 4 were recorded in DMF, acetonitrile, and
DCM (table 3). All three compounds exhibited a red-shift upon an increase of solvent

0

5000

10000

15000

20000

25000

30000

35000

250 400 550 700

2 3 4

9 10

Wavelength (nm)

M
ol

ar
 a

bs
or

pt
io

nc
oe

ff
ic

ie
nt

(m
ol

-1
dm

3 cm
-1

) 
 

Figure 1. UV–visible spectra of 2, 3, 4, 9, and 10 in acetonitrile.

Table 2. Maximum absorption wavelength and corresponding molar absorption
coefficients in acetonitrile.

Compound λmax/nm (εmax/M
−1 dm3 cm−1)

Ferrocene [23] 435(1276) 324(1120)
2 514(2095) 447(3244) 313(29,679)
3 506(2244) 434(3367) 301(30,727)
4 505(1831) 427(2567) 302(24,572)
9 509(4206) 362(16,251)
10 494(3753) 324(29,537)

1910 L.M. Ombaka et al.
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polarity with 2 showing the greatest shift (figure 2). Thus, the electronegativity of the
phenyl para-substituent influenced the dispersion interactions and the dipole-dipole
interactions between the compounds and solvents [27]. Since all three compounds exhibited
solvatochromic behavior, they are potentially useful for nonlinear optical studies [28].

2.4. Cyclic voltammetry

The redox potentials of selected compounds (table 4) showed a reversible or quasi-revers-
ible [29] redox process within a potential range of Ep½ = 600–850 mV. Reversibility was
taken to imply that the peak potential separation (ΔEP = Epa − Epc) was 80 mV or less, and
that the peak current ratio (ipa/ipc) was approximately one.

Table 3. Maximum absorption wavelength of selected 1,1′-ferr-
ocenyldiacrylonitriles in DMF, dichloromethane, and acetonitrile.

Compound

λmax/nm

DMF DCM Acetonitrile

2 491 454 447
319 317 313

3 469 436 434
310 304 301

4 460 428 427
355 313 302
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Figure 2. UV–visible spectra of 2 in acetonitrile, DMF, and dichloromethane.

Table 4. Redox potentials of ferrocene and selected 1,1′-ferrocenyldiacrylonitriles.

Compound Epa (mV) Epc (mV) ΔEp (mV) Ep12
(mV)

Ferrocene [15] 516 401 115 459
2 859 818 41 839
3 879 798 81 839
4 834 763 71 799
9 718 582 136 650
10 657 592 65 624

1,1′-Ferrocenyldiacrylonitriles 1911

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

14
 0

9 
D

ec
em

be
r 

20
14

 



A single reversible or quasi-reversible oxidation peak (figure 3) was observed associated
with ferrocenium–ferrocene oxidation (Fc+/Fc) [30]. A positive shift of the ferrocenyl redox
potential was noted for substituted ferrocenyl compounds compared to free ferrocene [31].

A comparison of 2 and 4, which differ only in their phenyl para-substituent, shows that
para-CN caused a more positive shift in the redox potential of the ferrocenyl moiety com-
pared to para-Cl. This implies that, as the electronegativity of the para-substituent
increases, the positive charge on iron increases making the ferrocenyl moiety harder to oxi-
dize [32].

Compound 2, containing two ligands on one ferrocenyl moiety, showed a more positive
redox potential than 9 which has two ferrocenyl moieties attached to one ligand. Thus, attach-
ing two ligands onto one ferrocenyl moiety increased the donor–acceptor coupling, making it
harder to oxidize the ferrocenyl moiety [33]. This can also be attributed to a stronger electron-
withdrawing effect of the ligands on the ferrocenyl moiety in 2 than in 9 [34]. Compounds 2,
9, and 10 showed different redox peak separation values (ΔEP = Eps − Epc), indicating that
the electron transfer processes and HOMO–LUMO gaps can be influenced by the number of
π-acceptor ligands attached to the ferrocenyl moiety. Compound 2 has a lower ΔEp value (41
mV) compared to that of 9 (136mV). This could suggest that, attaching two π-electron-accep-
tors to one ferrocenyl moiety (2) increases the electron transfer process while, attaching two
ferrocenyl moieties to a single π-electron-acceptor depresses the electron transfer process.
Consequently, 9 can be studied further for applications in electron transfer processes such as
molecular switches [33].

2.5. X-ray crystallography

The molecular structures of 2 and 4 are shown in figure 4(a) and (b), respectively, along
with the atom numbering scheme. Selected bond distances and angles are compared in
table 5. The two compounds are isomorphous; the difference being mainly in the β angle of
119.733(3)° in 2 and 108.902(4)° in 4. The molecular structure of 2 features two cyanoethyl
benzonitrile groups attached to two cyclopentadienyl rings of the ferrocenyl moiety in a
slightly twisted fashion as opposed to the energetically favored trans conformation. In the
structure of 4, a Cl replaces both the p-cyano groups but also maintains the cis conforma-
tion.

(a) (b)

Figure 3. Cyclic voltammograms of (a) 2 and (b) 9 at a platinum working electrode, silver/silver chloride refer-
ence electrode, and at a scan rate of 100 mV s−1 in acetonitrile.

1912 L.M. Ombaka et al.
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The para-substituents play a role in the conformations of the cyclopentadienyl rings of
the two compounds where in 2 they are staggered by 15.85(3)° from an ideal eclipsed
geometry while in 4, they have an eclipsed geometry, twisted only by an average of 0.654
(2)°. The electron-withdrawing effect of the cyano group is greater than that of the chloro
substituent and therefore there is a greater decrease in the π-stacking ability of the aromatic
moieties. Furthermore, the π … π distance of 3.644(3) Å between the phenyl rings of the
benzonitrile moiety is considerably longer than that between the chlorobenzyl moieties in 4
of 3.570(3) Å. Since the substituted phenyl rings have short π … π distances, it therefore
indicates that electrostatic and inductive effects appear to be more important [35]. For 2,
repulsive interactions dominate. There is low planarity between the cyclopentadienyl rings
and the substituted phenyl rings attached to them; the planarity is slightly better in 2 than in
4. All Fe–C bond distances and angles are within the expected ranges of similar ferrocene
derivatives [36].

ORTEP drawings for 9 and 10 are shown in figure 5(a) and (b), respectively, along with
the atom-numbering scheme. Selected bond distances and angles are compared in table 6.
The molecular structure of 9 consists of two ferrocenyl units connected by a substituted
2-phenylacrylonitrile ligand. The configuration around the substituted 2-phenylacrylonitrile
ligand is trans; the planes of the substituted cyclopentadienyl rings and the plane of the
phenyl ring are unsymmetrical with dihedral angles of 28.11(7)° on one end and 42.95(6)°

Figure 4. ORTEP diagram along with the atom-numbering scheme for (a) 2 and (b) 4. Ellipsoids are drawn at
50% probability level. Hydrogens have been omitted for clarity.

Table 5. Selected bond lengths (Å) and angles (°) for 2 and 4.

2 4 2 4

C–CCp 1.448(3) 1.453(5) C–CCp 1.449(3) 1.445(5)
C=C 1.355(3) 1.359(5) C=C 1.353(3) 1.349(5)
C–CPh 1.485(3) 1.492(5) C–CPh 1.483(3) 1.490(5)

CCp–C=C 128.85(17) 128.7(4) CCp–C=C 130.78(17) 128.3(4)
C=C–CPh 124.74(16) 122.6(4) C=C–CPh 123.67(17) 122.2(4)
C=C–CN 120.65(17) 121.8(4) C=C–CN 121.04 121.8(4)
CPh–C–CN 114.59 115.6(3) CPh–C–CN 115.29 116.0(3)

C=C–CPh–CPh 165.86(18) 156.3(4) C=C–CPh–CPh 164.22(18) 154.0(4)

Note: CCp means a carbon on a cyclopentadienyl ring; CPh means carbon on a phenyl ring; CN means a carbon on a cyano group.

1,1′-Ferrocenyldiacrylonitriles 1913
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on the other, meaning therefore that the molecule belongs to a C1 point group. In addition,
whereas one of the ferrocenyl moieties adopts a twisted conformation (small staggering
angle of 2.12°), the other adopts an ideal staggered conformation (staggering angle of
45.99°). This lack of planarity is seen in the reduced π-conjugation in the molecule and
especially along the phenylene dipropenenitrile ligand. The cyclopentadienyl rings of each
of the ferrocenyl moieties are planar with a tilt angle of approximately 1.8° in one and 1.4°
in the other. Compound 10 crystallizes with two molecules in the asymmetric unit, 10I con-
taining Fe1 and 10II containing Fe2. The two molecules are not related by symmetry given
the different orientations of the ferrocenyl moieties.

The cyclopentadienyl rings in each of the two molecules are essentially planar with
angles between the set of planes of each of the rings being 0.15° and 1.56° in 10I and 10II,

Figure 5. ORTEP diagram along with the atom-numbering scheme for (a) 9 and (b) 10. Ellipsoids are drawn at
50% probability level. Hydrogens have been omitted for clarity.
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respectively. Each of the molecules has two sets of planes: the plane of the cyclopentadienyl
rings [C1–C5 and C11, and C22–C26 and C32 in 10I and 10II, respectively] and the plane
of the phenyl ring and the adjacent carbons [C14–C19 and C2 and C20; C35–C40 and C33
and C41 in 10I and 10II, respectively]. The nitrile groups project away from these two
planes differently in each of the two molecules. In 10I, the angle between the two sets of
planes is 36.82(13)° while in 10II, the same angle is 45.33(15)°. The cyclopentadienyl rings
in the two ferrocenyl moieties adopt a slightly staggered geometry and have staggering
angles that are different in the two molecules: 9.60° in 10I and 6.28° in 10II. Bond dis-
tances and angles do not show any significant differences between the two molecules and
are comparable to 2 and 9, as well as to those of related structures [37].

The lattice structures of 9 and 10 are dominated by a series of C–H⋯N intermolecular
hydrogen bonds. In 9, these hydrogen bonds link centrosymmetrically related molecules
into chains that run diagonally across the crystallographic bc plane. In the crystal structure
of 10, the C–H⋯N hydrogen bonds connect molecules to form layered chains of molecules
that run along the crystallographic b-axis (table 7).

3. Conclusion

The mechanochemical synthesis of 1,1′-ferrocenyldiacrylonitriles provided an efficient
approach for a range of ferrocenyl compounds. The method yielded high to moderate

Table 6. Selected bond lengths (Å) and angles (°) for 9 and 10.

9 10I 9 10II

C–CCp 1.449(2) 1.446(6) C–CCp 1.448(2) 1.448(6)
C=C 1.353(2) 1.355(5) C=C 1.349(3) 1.354(5)
C–CPh 1.481(2) 1.487(5) C–CPh 1.481(2) 1.483(5)

CCp–C=C 129.75(16) 127.4(4) CCp–C=C 129.36(16) 126.7(4)
C=C–CPh 124.40(15) 124.6(3) C=C–CPh 123.32(15) 125.6(4)
C=C–CN 120.30(16) 119.7(4) C=C–CN 120.67(16) 119.4(4)
CPh–C–CN 115.22(15) 115.6(3) CPh–C–CN 116.01(15) 115.1(3)

C=C–CPh–CPh −162.70(17) −164.3(4) C=C–CPh–CPh 150.73(17) −163.4(4)

Note: CCp means a carbon on a cyclopentadienyl ring; CPh means carbon on a phenyl ring; CN means a carbon on a cyano group.

Table 7. Hydrogen bonding geometry for 9 and 10 (Å/°).

C–H⋯N C–H H⋯N C⋯N <C–H⋯N Symmetry operator

9
C11–H11⋯N2 0.95 2.51 3.321(2) 143 1 − x, −y, 2 − z
C15–H15⋯N2 0.95 2.60 3.544(2) 170 1 − x, −y, 2 − z
C22–H22⋯N1 0.95 2.44 3.317(2) 154 −x, −y, 1− z
10
C8–H8⋯N2 1.00 2.61 3.521(7) 152 1 − x, 1− y, 1 − z
C20–H20a⋯N1 0.99 2.40 3.321(5) 155 1 − x, −y, 1 − z
C30–H30⋯N4 1.00 2.44 3.399(7) 160 2 − x, 2− y, 1 − z
C32–H32⋯N1 0.95 2.49 3.365(5) 154 x, 1 + y, z
C41–H41A⋯N3 0.99 2.40 3.322(5) 155 2 − x, 2− y, 1 − z
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quantities of 1,1′-ferrocenyldiacrylonitriles depending on the electron-withdrawing group
attached to the phenyl para-position. Selectivity towards ferrocenyldiacrylonitrile formation
was favored by the presence of a strong electron-withdrawing group on the para-substituent
of the phenyl rings. The reaction times were short and all compounds were conveniently
isolated. Therefore, similar solvent-free procedures can be developed for synthesis of bime-
tallic compounds containing similar or different metal centers. Herein, we also demonstrate
that by attaching an appropriate π-acceptor group to the ferrocenyl moiety it allows the
optoelectronic properties of the ferrocenyldiacrylonitriles to be tuned. In addition, the
donor–acceptor electronic interactions and electron transfer processes are enhanced when
two π-acceptor ligands are attached to one ferrocenyl moiety. On the contrary, attaching two
ferrocenyl moieties to a single π-acceptor reduced the electron transfer process. Hence, the
redox behavior of 1,1′-ferrocenyldiacrylonitrles can be switched from reversible to
irreversible by attaching an appropriate number of π-acceptor groups. The X-ray crystallo-
graphic analysis showed the different preferred solid state conformations of the ferrocenyl
moiety in mono- and di-substituted ferrocenyldiacrylonitriles.

4. Experimental

4.1. General chemicals and instrumentation

Solvent-free reactions involving grinding of reactants were performed in the open air. All
reactants were used as received. Solvents used in purification of compounds and for
growing crystals were dried by using standard literature methods prior to use. Aluminum-
backed silica gel 60 F254 plates were used to carry out thin-layer chromatography in
solvents of varying polarity. Purification of products by column chromatography was
accomplished by using silica gel 60, 0.063–0.2 mm. The melting points of various
compounds were determined either by using a Bibby Stuart Scientific model SMP3 appara-
tus or by using a Shimadzu Differential Scanning Calorimeter (DSC 60) apparatus. Infra-
red spectroscopy was conducted on a Perkin Elmer Universal ATR Spectrum 100 FTIR
spectrometer. 1H and 13C NMR spectra were recorded on a 400MHz Bruker Ultrashield
spectrometer at RT. For NMR spectroscopic analysis, samples were dissolved in deuterated
chloroform and values were obtained relative to tetramethylsilane. Mass spectra of various
compounds were obtained from an Agilent Technologies, 1100 series, ion-trap mass
spectrometer. Electronic spectra were recorded in acetonitrile, dichloromethane, and DMF
with a Perkin Elmer Lambda 35 UV–visible spectrophotometer with 10 mm path length
quartz cuvettes. Cyclic voltammetry measurements were performed on a Metrohm ion
analysis instrument with 757 VA Computrace software. A three-electrode configuration
consisting of a rotating platinum disk working electrode rotating at 2000 rpm, platinum-
wire auxiliary electrode and silver/silver chloride reference electrode was used. The vol-
tammetry measurements were made in dry acetonitrile with 10−2 M tetrabutylammonium
tetrafluoroborate as the supporting electrolyte. For the cyclic voltammetry measurements,
10 cm3 of solution containing approximately 10−3 M of each compound was used. A scan
rate of 100 mV s−1 was used and E1/2 values were obtained by averaging the anodic and
cathodic peak potentials.
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4.2. Synthesis of 1,1′-ferrocenyldiacrylonitriles compounds from 1,1′-
ferrocenedicarboxaldehyde; general procedure

The general procedure for synthesizing 1,1′-ferrocenyldiacrylonitriles was developed from
that described by Imrie et al. [15]. Compound 1 (1 eq.) and substituted phenylacetonitriles
(2.2 eq.) were mixed in a Pyrex tube fitted with a ground-glass joint. The compounds were
thoroughly ground with a glass rod. One to two drops of piperidine was added into the
Pyrex tube and the mixture was further ground at RT until a melt was formed. The Pyrex
tube was sealed and placed in a shaker for approximately 20 min. To evaporate the remain-
ing piperidine (boiling point 106 °C) and water formed as a by-product, the samples were
first dried in open air, and thereafter under a vacuum line. The products were further
purified by silica gel chromatography. The formation of the products was determined using
IR or NMR spectroscopy (1H and 13C). In solid-state IR spectra, formation of the products
was characterized by the disappearance of the sharp carbonyl absorption at approximately
1650 cm−1 and the appearance of a strong nitrile absorption at approximately 2200 cm−1.
1H and 13C NMR spectra showed the disappearance of the carbonyl resonance and the
appearance of alkene resonance peaks. Pure compounds were further analyzed by mass
spectrometry, microanalysis, and X-ray diffraction.

4.2.1. Synthesis of 1,1′-ferrocenyldi[-2(4-cyanophenyl)acrylonitrile] (2). The general
procedure described in Section 4.2 was followed by using 1,1′-ferrocenyldi-carboxaldehyde
(1) (145.0 mg, 0.60 mM) and 4-cyanophenylacetonitrile (188.0 mg, 1.32 mM). Upon grind-
ing a deep maroon paste was formed, which was dried to obtain a maroon solid. Reaction
completion was monitored by using preparative TLC plates with a solvent system of
hexane/diethyl ether (1 : 1), and the product was then purified by column chromatography
with a solvent system of hexane/diethyl ether (1 : 1) to obtain the product as dark maroon
crystals (219.0 mg, 74%) and 37.0 mg of 1,1′-ferrocenedicarboxaldehyde (1). d.p. ca.
325 °C; IR (cm−1) 3182, 2926, 2852, 2213, 1608, 1587, 1510, 1452, 1417, 1371, 1319,
1251, 1180, 1035, 996, 918, 830, 819, 542, 501, 486, 456, 425; 1H NMR spectra (CDCl3)
7.55 (4H, d, J 8.4 Hz, ArH), 7.47 (4H, d, J 8.5 Hz, ArH), 7.34 (2H, s, CH), 5.08 (4H, s,
C5H4), 4.65 (4H, s, C5H4);

13C NMR spectra (CDCl3) 132.7, 125.3, 77.2, 73.7, 72.2;
HR-MS (C30H18FeN4) ES: [M + H+] m/z Calcd 491.0959, found 491.0969.

4.2.2. Synthesis of 1,1′-ferrocenyldi[-2(4-{trifluoromethyl}phenyl)acrylonitrile] (3). The
general procedure described in Section 4.2 was followed by using 1,1′-ferrocenyldi-carbox-
aldehyde (1) (145.0 mg, 0.60 mM) and 4-(trifluoromethyl)phenylacetonitrile (244.0 mg,
1.32 mM). Upon grinding a deep red paste was formed, which was dried to obtain a red
solid. Reaction completion was monitored using preparative TLC plates with a solvent sys-
tem of hexane/diethyl ether (1 : 1) and the product was then purified by column chromatog-
raphy with a solvent system of hexane/dichloromethane (1 : 1) to obtain red crystals as the
product (268.0 mg, 78%) and 31.0 mg of 1,1′-ferrocenedicarboxaldehyde (1). m.p. 252 °C;
IR (cm−1) 3059, 2924, 2216, 1617, 1593, 1456, 1421, 1324, 1255, 1157, 1111, 1070, 1000,
925, 824, 729, 667, 642, 621, 584, 477, 421; 1H NMR spectra (CDCl3) 7.40 (8H, q,
J 5 Hz, ArH), 7.31 (2H, s, CH), 5.12 (4H, s, C5H4), 4.62 (4H, s, C5H4);

13C NMR spectra
(CDCl3) 141.4, 125.9, 124.8, 107.3, 79.1, 77.2, 73.1, 72.9; HR-MS (C30H18F6FeN2) ES:
[M]+ m/z Calcd 576.0724, found 576.0717.
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4.2.3. Synthesis of 1,1′-ferrocenyldi[-2(4-chlorophenyl)acrylonitrile] (4) and ferroce-
nyl-carboxl-2(4-chlorophenyl)acrylonitrile (5). The general procedure described in
Section 4.2 was followed by using 1,1′-ferrocenyl-dicarboxaldehyde (1) (145.0 mg, 0.60
mM) and 4-chlorophenylacetonitrile (200.0 mg, 1.32 mM). Upon grinding the two sub-
stances in the presence of piperidine, the mixture formed a brown paste, which eventually
turned red. Reaction completion was monitored using preparative TLC plates with a solvent
system of hexane/dichloromethane (1 : 1). The red paste was dried, then purified by column
chromatography in hexane and dichloromethane (1 : 1) to obtain two fractions of red solids
(Rf = 0.5 and 0.375) and 87.0 mg of 1,1′-ferrocenedicarboxaldehyde (1). Characterization of
the solid obtained from the less polar fraction (Rf = 0.5) gave 4 (153.0 mg, 52%) m.p.
238 °C; IR (cm−1) 3087, 3050, 2209, 1898, 1649, 1598, 1493, 1456, 1411, 1374, 1329,
1305, 1251, 1186, 1094, 1037, 997, 917, 827, 815, 774, 745, 540, 499, 489, 437, 396; 1H
NMR spectra (CDCl3) 7.22 (4H, s, ArH), 7.18 (4H, s, ArH), 7.15 (2H, s, CH), 5.06 (4H, s,
C5H4), 4.56 (4H, s, C5H4);

13C NMR spectra (CDCl3) 140.1, 129.1, 126.0, 79.3, 72.7,
71.5; HR-MS (C28H18Cl2FeN2) ES: [M]+ m/z Calcd 508.0196, found 508.0199.

Characterization of the solid obtained from the more polar fraction (Rf= 0.375) gave 5
(22.0 mg, 10%) m.p. 138 °C; IR (cm−1) 3096, 2925, 2851, 2211, 1680, 1663, 1599, 1509,
1492, 1455, 1407, 1368, 1243, 1184, 1094, 1036, 1013, 997, 921, 825, 741, 485, 410; 1H
NMR spectra (CDCl3) 9.93 (H, s, CHO), 7.54 (2H, d, J 8.4 Hz, ArH), 7.38 (2H, d, J 8.4
Hz, ArH), 7.18 (H, s, CH), 5.03 (2H, s, C5H4), 4.84 (2H, s, C5H4), 4.62 (2H, s, C5H4),
4.57 (2H, s, C5H4);

13C NMR spectra (CDCl3) 193.3, 141.4, 134.8, 132.7, 129.4, 127.4,
126.7, 118.3, 108.3, 80.3, 78.8, 74.5, 72.7, 72.5, 71.2, 71.2, 71.1; HR-MS (C20H14OClFeN)
ES: [M +H+] m/z Calcd 376.0192, found 376.0180.

4.2.4. Synthesis of 1,1′-ferrocenyldi[-2(4-fluorophenyl)acrylonitrile] (6) and ferrocenyl-
carboxl-2(4-fluorophenyl)acrylonitrile (7). The general procedure described in Section 4.2
was followed by using 1,1′-ferrocenyl-dicarboxaldehyde (1) (145.0 mg, 0.60 mM) and
4-fluorophenylacetonitrile (178.0 mg, 1.32 mM). Upon grinding, a red solution was formed
which gradually turned into a reddish-brown solid. Reaction completion was monitored
using preparative TLC plates with a solvent system of hexane/dichloromethane (1 : 1) and
the product was then purified by column chromatography with a solvent system of hexane/
diethyl ether (1 : 1) to obtain two fractions (Rf = 0.25 and 0.125) and 100.0 mg of 1,1′-ferro-
cenedicarboxaldehyde (1). The less polar fraction was isolated as a reddish-brown solid
while the more polar fraction was isolated as a red solid. Characterization of the solid
obtained from the less polar fraction (Rf= 0.25) gave 6 (20.0 mg, 7%) m.p. 214 °C; IR
(cm−1) 3052, 2921, 2851, 2212, 1604, 1593, 1510, 1456, 1418, 1372, 1311, 1281, 1265,
1236, 1163, 1107, 913, 814, 760, 725, 650, 594, 510, 480, 447, 426, 388; 1H NMR spectra
(CDCl3) 7.32 (4H, q, J 3.5 Hz, ArH), 6.92 (4H, t, J 8.48 Hz, ArH), 7.13 (2H,s, CH), 5.03
(4H, s, C5H4), 4.56 (4H, s, C5H4);

13C NMR spectra (CDCl3) 139.9, 129.8, 126.7, 126.7,
118.6, 116.0, 115.8, 107.6, 79.4, 72.6, 71.4; HR-MS (C28H18F2FeN2) ES: [M]+ m/z Calcd
476.0787, found 476.0789.

Characterization of the solid obtained from the less more polar fraction (Rf = 0.125) gave 7
(51.0 mg, 24%) m.p. 115 °C; IR (cm−1) 3087, 2920, 2850, 2213, 1680, 1662, 1602, 1591,
1508, 1454, 1413, 1367, 1265, 1233, 1163, 1103, 1034, 1000, 921, 833, 763, 742, 651, 616,
593, 489, 445, 427, 398; 1H NMR spectra (CDCl3) 9.93 (H, s, CHO) 7.59 (2H, s, ArH), 7.12
(2H, s, ArH), 7.10 (H, s, CH), 5.03 (2H, s, C5H4), 4.84 (2H, s, C5H4), 4.62 (2H, s, C5H4),
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4.56 (2H, s, C5H4);
13C NMR spectra (CDCl3) 193.3, 140.8, 130.4, 127.3, 127.3, 118.5,

116.3, 116.0, 108.5, 79.0, 72.5, 71.1; HR-MS (C20H14 OF1FeN) ES: [M]+ m/z Calcd
359.0409, found 359.0412.

4.3. Reactions of ferrocenemonocarboxaldehyde (8) and phenylenediacetonitrile

Ferrocenemonocarboxaldehyde (8) (400 mg, 1.86 mM) and phenylenediacetonitrile (203
mg, 1.30 mM) were added into a Pyrex tube fitted with a ground glass joint. The mixture
was thoroughly ground with a glass rod in the presence of one to two drops of piperidine.
A deep red gum formed which turned into a melt upon further grinding. The Pyrex tube
was sealed and placed in a shaker for 20 min. The sample was subsequently dried in air fol-
lowed by high vacuum drying to obtain a red solid. The reaction completion was monitored
using preparative TLC plates with a solvent system of hexane/diethyl ether (3 : 2) and the
product was then purified by column chromatography with a solvent system of hexane/
diethyl ether (3 : 2) to obtain a major and a minor product and 58 mg of starting ferrocene-
monocarboxaldehyde (8). The major product (Rf = 0.325) was isolated as red crystals and
identified as phenylene-3,3′-bis-(ferrocenyl)-diacrylonitrile, 9. The minor product (Rf = 0.1)
was isolated as reddish-orange crystals and identified as 3-ferrocenyl-2(acetonitrophenyl)
acrylonitrile 10. Further characterization of 9 gave (319.0 mg, 65%); d.p. ca. 275 °C; IR
(cm−1) 3107, 2212, 1594, 1457, 1408, 1363, 1275, 1249, 1106, 1033, 997, 889, 837, 813,
721, 689, 507, 482, 463,448; 1H NMR spectra (CDCl3) 7.62 (4H, s, ArH), 7.43 (2H,s,
CH), 4.98 (4H, s, C5H4), 4.56 (4H, s, C5H4), 4.23 (10H, s, C5H5);

13C NMR spectra
(CDCl3) 143.6, 134.5, 125.6, 118.9, 105.8, 77.2, 71.9, 70.3, 69.9; HR-MS (C32H24Fe2N2)
ES: [M]+ m/z Calcd 548.0638, found 548.0641.

Further characterization of 10 gave (152.0 mg, 30%) m.p. 151 °C; IR (cm−1) 3094, 2934,
2212, 1919, 1783, 1594, 1515, 1456, 1408, 1361, 1320, 1268, 1249, 1191, 1104, 1049,
1032, 997, 915, 837, 813, 722, 690, 613, 481, 449, 429; 1H NMR spectra (CDCl3) 7.61
(2H, s, ArH), 7.59 (2H, s, ArH), 7.37 (1H, s, CH), 4.96 (2H, t, J 1.7 Hz, C5H4), 4.54 (2H,
t, J 1.8 Hz, C5H4), 4.23 (5H, s, C5H4), 3.75 (2H, s, CH2)

13C NMR spectra (CDCl3) 144.0,
134.8, 129.8, 128.6, 125.8, 118.9, 117.4, 105.6, 77.2, 71.8, 70.3, 69.9, 23.4; m/z; [M+],
352.1 HR-MS (C21H16FeN2) ES: [M]+ m/z Calcd 352.0663, found 352.0671.

5. X-ray crystallography

5.1. Structural analysis of 2, 4, 9, and 10

Data for X-ray diffraction of 2, 4, 9, and 10 were collected from APEX [38] with cell
refinement of SAINT-Plus [38]. The data reduction was done by using SAINT-Plus and
XPREP [38] while the structures were solved by direct methods with SHELXS9 [39] pro-
gram(s). The structures obtained were refined by using SHELXL97 [39] and their molecular
graphics were obtained by using ORTEP-3 [40]. The software WinGX was used to prepare
material for publication [41]. The crystal data and structure refinement for 2, 4, 9, and 10
are summarized in table 8.
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Supplementary material

Tables and figures giving 1H and 13C NMR spectra, IR spectra, and HR-MS analysis for 2,
3, 4, 5, 6, 7, 9, and 10. UV–visible spectrophotometric and cyclic voltammetric data for 2,
3, 4, 9, and 10. CIF files and crystallographic data of 2, 4, 9, and 10. Responses to the vari-
ous alerts from CIF validation are provided in the CIF files under the publication section,
experimental refinement section.
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