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1,3-Disubstituted Ferrocene-
Containing Thermotropic Liquid
Crystals: Synthesis,
Mesomorphic Properties and
the Crystal and Molecular
Structure

Robert Deschenaux*, Isabelle Kosztics, Jean-Luc Marendaz**,
and Helen Stoeckli-Evans

Abstract. Two families of 1,3-disubstituted ferrocene derivatives have been synthe-
sized and their liquid-crystal behavior investigated. Compounds of series I, (7°-
C,H,)Fe[(n’-CsH,)-1,3-(COOCH,00CCH,OC H,,,),] (n=1-14, 16, 18), exhibit-
ed remarkable mesomorphic properties. Indeed, nematic and/or smectic C phases,
associated with large anisotropic domains, were observed. Derivatives of series II, (7°-
CsHo)Fe[(7°-CsH,)-1,3-(COOCH,0C H,, . ),] (n = 1-9), were found to be non-
mesogenic. The crystal and molecular structure of Ih (n = 8) was determined by means
of X-ray analysis. The crystallographic data confirmed both a highly anisometric
structure for Ih and a compact arrangement of the molecules in the crystal. The present
results have shown that a critical length/depth ratio of ca. 5-7 must be passed for
obtaining liquid-crystal properties.

Introduction

In the last few years, increasing atten-
tion has been paid to 1,1'-disubstituted
ferrocene-containing liquid crystals [1].
The possibility of studying metallomes-
ogens possessing a novel three-dimen-
sional organometallic unit mainly moti-
vated these investigations. However, most
of the compounds studied thus far showed
only limited mesomorphic properties. In-
deed, either monotropic smectic A or C
phases [la], or narrow enantiotropic smec-
tic C domains [ld] were obtained. In other
cases, the textures could not be identified
[1b,c].
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Recently, we [2] and others [le] re-
ported the first two series of 1,1'-disubsti-
tuted ferrocene derivatives which exhibit-
ed broad enantiotropic nematic and/or
smectic A phases. These results clearly
proved that the ferrocene framework is a
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valuable organometallic unit for forming
metallomesogens having stable mes-
ophases, which prompted us to extend our
investigations to other metallocenes. This
led us to design the first 1, 1'-disubstituted
ruthenocene-containing liquid crystals [3].
These latter compounds and their ferrocene
analogues, series II in [2], exhibited sim-
ilar mesomorphic behavior [2][3] but dif-
ferent electronic spectra and redox poten-
tials [4]. This is of particular interest for
the tuning of optical and electrochemical
properties in organized molecular assem-
blies built up from metallomesogen-con-
taining building blocks.

To explore the influence of substitu-
tion on the liquid-crystal properties, we
have synthesized, for the first time, some
ferrocene derivatives substituted in the
1,3-positions [5]. Remarkable mesomor-
phic behavior resulted from these struc-
tures. Indeed, the latter gave rise to large
enantiotropic nematic phases, while their
1,1'-isomeric analogues [5], and series I
in [2], exhibited either monotropic or
non-mesogenic properties. Undoubtedly,
the 1,3-disubstituted ferrocene deriva-
tives are interesting compounds and war-
rant special attention. Therefore, follow-
ing our preliminary investigations [5],
we decided to study their structure-meso-
morphic properties relationship in more
depth.

We report herein two series of homol-
ogous 1,3-disubstituted ferrocene deriva-
tives which contain either two (series I)) or
one (series IT) aromatic ring(s) on each
side of the substituted cyclopentadienyl
nucleus. Comparison of their thermal prop-
erties, in addition to information obtained
by means of X-ray diffraction for deriva-
tive Ih (n=8), allowed us to propose some
structural requirements which must be
satisfied for designing thermotropic 1,3-
disubstituted ferrocene derivatives.
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Results and Discussion

Syntheses. The ferrocene derivatives |
and Il were prepared by esterification of
the ferrocene-1,3-diacid chloride [6] with
the 4-hydroxyphenyl4-(  alkyloxy )benzoa-
tes (n = 1-14, 16, 18) [2], and the 4-
alkyloxyphenols (n = 1-9) [7], respective-
ly. The syntheses were carried out in dry
CH.CI, at reflux in the presence of Et;N.
Purification by column chromatography
(see Exper. Part) and crystallization from
CH,CI/EtOH afforded the desired com-
pounds as orange solids. The structures
were confirmed by IH-NMR spectrosco-
py and elemental analysis.

Mesogenic Properties. The thermal
properties of! and Il were investigated by
a combination of differential scanning
calorimetry (DSC) and polarized optical
microscopy. The transition temperatures
and enthalpy changes are reported in Ta-
ble 1, and the phase diagram of I is illus-
trated in Fig. 1. The mesomorphic proper-
ties of If-h (n = 6-8) have recently been
reported [5].

The ferrocene derivatives la-k (n = I-
11)displayed enantiotropic nematic phas-
es. Due to their high clearing tempera-
tures, the first members of the series, la-
¢ (n = 1-3), started to decompose when
they reached the isotropic state. An in-
crease in the alkyl chain length led to are-
gular decrease of the isotropization tempe-
rature. The crystal-to-nematic transition
(Temy increased slightly from la (Tcin
246°) to Ic (Ton 254°), then decreased
rapid ly as far as If (n = 6) (Ten 184°), and
finall y fluctuated around 175-180°. Com-
pound Il (n = 12) presented a monotropic
smectic C phase, and an enantiotropic
nematic one. The nematic-to-smectic C
modification was observed by DSC as
well as by polarized optical microscopy.
Ferrocene derivatives 1m, n, p (n = 13,14,
16) gave two enantiotropic mesophases, a
smectic C phase, and a nematic one. The
smectic C range broadened rapidly and,
inversely, the nematic one narrowed rap-
idly from 1m to Ip. This evolution was
further confirmed by Ir (n = 18), which
exhibited only a large smectic C phase
(20°).

The mesophases were identified by
observation of the textures in the different
liquid crystal states. The nematic phases
led to typical Schlieren textures [8]. In
some cases, nematic droplets [8] could be
observed when the compounds were cooled
slowly from the isotropic liquid. On cool-
ing from the nematic phase, the Sc phases
appeared in the Schlieren form. A repre-
sentative example is shown in Fig. 2. In
the case oflr, on cooling from the isotrop-
ic state, either a Schlieren texture or a
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Fig. 2. Representative

thermal polarized optical micrograph of the smectic C Schlieren texture

displayed by In (n = 14) upon cooling from the nematic phase to 168°

Fig. 3. Representative thermal optical micrograph of thefocal conic texture displayed by Ir (n = 18)

upon cooling from the isotropic liquid to 165°

focal-conic
icrograph ofthefocal-conic
sentedin  Fig. 3.

None of the ferrocene derivatives |l
exhibited liquid crystal behavior. When
heated they clearly and directly melted
into an isotropic state; on cooling from the
isotropic  liquid, a supercooling was ob-
served (see Table 1), but they all gave
isotropic liquid-to-crystal state transitions.
As expected, the melting point was higher
for the first members of the series, but
decreased as the alkyl chain length in-
creased. No sign of decomposition  was
detected, even for the high-melting deriv-
atives.

one was observed. A photom-
texture is pre-

Structure. Crystals oflh (n = 8) suita-
ble for X-ray analysis were grown at a
CH,Cl/benzene 1:5 interface. Two dif-
ferent views of the molecular structure are
presented in Fig. 4, with the atom number-
ing scheme given in Fig. 4a. The planes
are defined as follows: disubstituted cy-
clopentadienyl ring: Plane 1; unsubstitut-
ed cyclopentadienyl  ring: Plane 2; C(7),
0(1),0(2): Plane 3; C(8)-C(13): Plane 4;
C(14), 0(3), 0(4): Plane 5; C(15)-C(20):
Plane 6. To our knowledge, this is the first
X-ray crystal-structure  analysis of a fer-
rocene derivative substituted in the 1,3-
positions with such extremely long sub-
stituents.
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The X-ray structure confirmed the 1,3-
substitution, with the two organic molec-
ular halves presenting identical structural
features as the molecule possesses crystal-
lographic Cq symmetry. The dihedral an-
gle of 1.2° between Planes 1 and 2 indi-
cates that the two cyclopentadienyl (Cp)
rings are almost parallel to one another.
From Fig. 4b, it can be seen that the Cp
rings are in a staggered conformation.
These observations are in agreement with
literature data [9].

The average bond length and bond
angle in the Cp rings, 1.443(10) A. and
107 .2( 10)°, respectively, are normal with-
in experimental error. The averag..e metal
to C(Cp) distance of 2.050(13) A is the
same, within experimental error, as that
observed in ferrocene, 2.04 A. [9].

In contrast to a structure determined
for ai, 1'-disubstituted ferrocene-contain-
ing liquid crystal [l OJ,the carboxyl groups
are not coplanar with the Cp rings. Indeed,
an angle of 14.9(9)° is observed between
the Planes 1and 3. The dihedral angle of
90.8(6)° shows that the first aromatic ring
(Plane 4) is perpendicular to the first ester
function (Plane 3). As for the two aromatic
rings (Planes 4 and 6), they form adihedral
angle of 35.0(6)°. Finally, the small tor-
sion angle (7.4(11)°) defined by C(17)-
C(18)-0(5)-C(21) and the all-trans con-
formation of the alkyl chain indicate that
the molecule is in the most extended con-
formation.

The crystal packing oflh is presented
in Fig. 5. As the molecules are in the most
extended conformation (see above), they
are almost as long as the b axis of the
crystal unit. The molecules assemble in
pairs with a head-to-tail arrangement of
the ferrocene frameworks. Interestingly,
the space between the Cp rings of a fer-
rocene core is occupied by an organic
moiety of another molecule. This organi-
zation allows maximal occupation of the
space leading to ahighly compact packing
of the molecules in the crystal.

The 1,3-disubstituted ferrocene deriv-
atives | gave rise to remarkable mesomor-
phic behavior. Indeed, for the first time, a
family of homologous ferrocene-contain-
ing liquid crystals exhibited broad enanti-
otropic domains within the entire series.

An explanation of the thermal proper-
ties of compounds | can be formulated
taking into account the crystallographic
data obtained for Ih. Firstly, despite an
angle of 142° petween the two substitu-
ents, compound Ih showed a linear shape
with a highly anisometric structure (Fig.
4). Secondly, the crystal packing indicates
that a molecular arrangement, allowing
strong intermolecular interactions, is pos-
sible. Undoubtedly, these findings dem-
onstrate that ferrocene derivative Ih, and
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ithomologues, have the required structur-
al characteristics for exhibiting stable
mesophases.

The ferrocene derivatives H were syn-
thesized to emphasize the influence of the
rigid rod length on the thermal properties.
The lowering of the melting points, on
going from series I to series II, is in
agreement with literature data obtained
for wholly organic liquid crystals, and is
attributed to a weakening of the intermo-
lecular attractions {11]. However, the total
loss of the liquid crystal properties for all
the members of family II was unexpected
considering the strong mesomorphic char-
acter of compounds I. Nevertheless, this
result is of particular interest for investi-
gating the structure-liquid crystal proper-
ties relationship as it shows that a limit
exists for observing mesogenic behavior
in the case of ferrocene derivatives substi-
tuted in the 1,3-positions.

It is known that a 1,3-disubstituted
cyclopentane, when incorporated into a
rigid rod, does not impede the formation
of liquid crystals [12]. Thus, in II, the
ferrocene moiety, due to its depth (d), acts
as a spacer separating the aromatic rings
from each other. As a consequence, the
intermolecular attractions become too
weak to give rise to mesogenic behavior.
Therefore, to thwart the undesired effects
induced by the ferrocene core, intensifica-
tion of the intermolecular attractions is
necessary to restore liquid crystal behav-
ior. This can be achieved by increasing the
length (§) of therigid rod, i.e. by increasing
the number of aromatic rings. And indeed,
this situation is reflected by compounds I,
as well as by a ferrocene derivative con-
taining a biphenyl system on either side of
the substituted Cp ring, which also exhib-
ited a large enantiotropic nematic phase
(see compound 2d in [5]).
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The above considerations indicate that
the I/d ratio is an important structural
parameter for the successful designof 1,3-
disubstituted ferrocene-containing liquid
crystals. Fromeither crystallographic data
or CPK models, the following length val-
ues of the rigid segments have been deter-
mined: 27.5 A, 23.7 A, and 15.1 A, for I,
2d in [5], and 11, respectively. The depth
of the ferrocene being ca. 3.3 A 9], id
ratios of 8.3, 7.2, and 4.6 are obtained for
I, 2d in [S], and II, respectively. There-
fore, these values suggest that liquid crys-
tal behavior develops from a //d ratio > 5~
7.

Conclusions
The synthesis of a series of homolo-

gous 1,3-disubstituted ferrocene deriva-
tives exhibiting broad enantiotropic mes-

1=275A

a)

Fig.4. PLUTOplot[15]
of 1Ih, showing a) the
atom-numbering sche-
me, and b) a projection
onto the Cp rings

S

Fig. 5. Crystal packing diagram [16] of Th
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Table 2. Elemental Analytical Data o_f Ferrocenes | and Il

U kulat d {'<lund
I H
66.1. 4.16 6-.94 41,
2 6 454 66.76 4.4
67. - 4. b7.60 4.7
6 .15 .2 67.81 i,
6 .74 5.53 6 .64 5 3
6 692 1 69.11 . 5
7 69 6.0 69.0L 6.05
70.2 6.0 0.__ 644
9 707 6. 7 70. _ 66
10 7116 6.0 71.0 6.3
1 7156 7.nl 71.57 7.n
1- 7194 7.21 71.9 7.2
13 7230 7.39 n.9 7.46
14 7265 757 72.49 7.79
16 732 7.91 7 .07 0_
716 X.21 1.1,76 1
ophases has been successfully achieved.

Rationalization ~ of the structure-thermal
properties relationship highlighted some
important  structural features which must
befulfilled in order to obtain liquid crystal
behavior. These considerations might be
used for other metallomesogens  built up
from a three-dimensional  organometallic

unit. Finally, the present results, and those
published recently in the case of I, 1*-
disubstituted  ferrocene- [2] and I, I'-dis-
ubstituted ruthenocene- [3] containing lig-
uid crystals, have shown that sandwich-
type transition-metal complexes are valu-
able organometallic units for the design of
metallomesogens.

We acknowledge Ciba (Switzerland) for fi-
nancial SUppOltto J. -L. M., and for the elemental
analyses, Veba 01 AG (Germany) for a generous
gift of acetylferrocene used to prepared ferrocene-
1,3-dicarboxylic acid, and the Swiss National
Science Foundation for financial support to H.
St.-E.

Experimental Part
General. See [2].

Ferrocene-] ,3-diacid chloride [6J,4-hydrox-
yphenyl  4-(alkyloxy)benzoate [2 and 4-(al-
kyloxy)phenol [7] were prepared following pub-
lished procedures.

Syntheses. Syntheses ofbis{ 4-[4-(aLkyloxy)-
benzoyloxy]phenyl} ferrocene-1 ,3-dicarboxylate

aleul t~d . und

H C:H
64.22 4.5 6:\94 4.5.
6.3" \10 6 .0J 17
6.43 7 66.15 .55
67.14 6. 4 669 6.10
6 ._. 6040 6 .24 6.3
69'(Il 6.76 6 .69 6.6
69.72 7.0 6 .79 7.19
70. , 7._e 70.1 7.-9
70.9 7.66 71 2 7.7\

I and bis[ 4-(alkyloxy)phenyl]
carboxylate |II.

ferrocene-] ,3-di-

General Procedure. A mixture offerrocene:
1.3-diacid chloride, 2.2 equiv. of the desired
phenol derivative, 2.2 equiv. of EtgN, and CH,C1,
(5 1111) was heated at reflux for 2 h. The soln. was
cooled to rt. and washed with a sat. NaHCO3
soln. The org.layer was separated, dried (MgS04)'
and evaporated. Purification of the resulting res-
idue by CC (silica gel, CH,C1/AcOEt 50: | for
la~, and for lla-i, and 100: | for If-n, p, r) and
crystallization from CH2CLiEtOH gave the de-
sired compounds in 70-80% vyields. The elemen-
tal analytical dataofl and Il are reported in Table
2.

X-Ray Crystal Structure oflh. CS4Hs80I0Fe,
M, =922.9, orthorhombic, Pnma, a =7.602( I), b
=57.538(3), c= 10.760(1) A, V=4706.5 A3,z=
4, Dx =\302 gcm-3, A.=0.71073 A, Jl =38
em-l, F(000) = 1952. 3074 unique reflections,
1401 observed [/> 20(1)]. R =0.102. Res=0.132,
k =0.006, S= 1.53. Max shift/sigma ratio 0.126,
residual density (elA3) max. 0.83, min -0.56.

Intensity data were collected at r.t. on a Stoe
AED2 4-circle diffractometer using MoKagraph-
ite monochromated radiation. The crystal did not
diffract well beyond 35° in 2€ hence the limited
data available for refinement and the rather high
R factor and poor distances and angles. The
structure was solved by Patterson and difference
Fourier syntheses using the NRC VAX [13] sys-
tem, which was used for all further calculations.
Neutral complex-atom  scattering factors in
NRCVAX [13] are from [14]. The H aloms were
included in calculated positions and held fixed
(Viso = (Veq(C) + 0.0]) A2). The non-hydrogen
atoms were refined anisotropically using weight-
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ed full-matrix least-squares, where w= 1/[&(F)
+ k(Fo2)]. Atomic parameters and complete ta-
bles of bond distances and angles have been
deposited with the Cambridge Crystallographic
Data Celltre, Union Road, Cambridge CB2IEZ,
England. Figs. 4 and 5 were drawn using the
programmes PLUTO [15] and SCHAKAL 88B
[16], respectively. Further detajls may been ob-
tained from H. St.-£.
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