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Abstract

This manuscript reports the synthesis and liquid crystal behavior of isocyanoazulene gold(I)
complexes [AuX(CN-Az)] (Az = azulene; X = halide, perhalophenyl or alkynyl) and [p-
4,4’-CeF4CeF4{Au(CN-Az)}2]. The comparison of the X-ray structures of homologous
compounds, reveals that the introduction of a long substituent in the system produces a loss
of molecular planarity that induces a decrease in the melting temperatures. The free 2-
isocyanoazulene is not a liquid crystal itself, but its gold complexes bearing a Cio
hydrocarbon chain display a SmA mesophase, whose formation is driven by
nanosegregation between molten chains and aromatic parts. The free isocyanide is strongly
colored and displays fluorescence in solution associated with the azulene fragment, which

is largely diminished upon coordination to the gold fragment.



1. Introduction

Azulene, a classical azure-blue chromophore with a large permanent dipole moment, is
an attractive building block for the construction of advanced organic materials [1],
including conducting polymers [2], nonlinear optical materials [3,4], molecular sensors [5-
71, advanced materials for optoelectronic [8-11], and liquid crystals [12-17]. Azulene
derivatives are also gaining interest in medicine and pharmacology [18-20], as well as in
the cosmetic industry [21].

All these applications rely on rational modification of the molecular properties by the
substitution patterns of five- and seven-membered azulene rings [22-26]. There are many
reports on the effects of introducing different types of organic substituents in the azulene
core. However, the number of studies for inorganic substituents is lower [27-35]. The
majority of them are metal complexes involving multi-hapto coordination of the azulenic
framework to the metal [28-31], or azuliporphyrin derivatives [32-35].

A straightforward strategy to modulate the properties of azulene systems using metal
synthons, is the functionalization of the azulene core with coordinating groups that can act
as ligands for metal complex formation. In this regard, isocyanides are versatile ligands that
form stable organometallic complexes with most transition metals [36,37]. Isocyanide
metal complexes are of long-standing importance in catalysis [38], diagnostic medicine
[39], and material science [40,41], including liquid crystals [42]. Surprisingly, the great
potential of isocyanide derivatives has barely been exploited to modulate the properties of
azulene systems [43]. Only recently, a few mononuclear isocyanoazulene metal complexes
of Cr(0), W(0), Cr(I) and Ru(II) have been reported [44-48], as well as a series of

heterobimetallic Cr(0)/Au(I) complexes derived from 2-isocyano-6-mercaptoazulene [49].



On these grounds and as a part of our continuing research program on mesomorphic
metal complexes, we decided to prepare 2-isocyanoazulene gold(I) complexes of the type
[AuX(CN-Az)] (Az = azulene; X = halide, perhalophenyl or alkynyl) and [p-4,4’-
CeF4CsF4{Au(CN-Az)}2], aiming not only at modifying the properties of the system, but
also at exploring the applicability of these organometallic systems to prepare functional
organometallic liquid crystals. We have obtained examples of 2-isocyanoazulene gold(I)
complexes displaying liquid crystal behavior, of which, to the best of our knowledge, there

are no examples reported.

2. Results and Discussion

2.1. Synthesis and Characterization

The isocyanide complexes [AuX(CN-Az)] (Az = azulene), (X = CI (1), CsF5(2),
CeF40OCsH17 (3), CéF4OC10H21 (4), CeF4CsF4OC10H21 (5), [1-4,4’-CsF4CsF4{Au(CN-AZ)} 2]
(6) and [Au(C=C-C¢H4-R)(CN-Az)] (R = COOCH3 (7), COOCi0H21 (8)) were synthesized
by direct reaction of CN-Az with the corresponding gold(I) precursor as depicted in
Scheme 1. All the complexes were isolated as highly colored solids.

C, H, N analyses, yields, and relevant IR and NMR characterization data are given in the
experimental part (SM). The IR spectra of the gold complexes exhibit one v(C=N)
absorption at ca. 2206 cm™ for the isocyanide group, which appears at higher
wavenumbers than for the free ligand, as a consequence of coordination [50]. In addition,
alkynyl complexes display the corresponding v(C=C) absorption at around 2120 cm™! for
the alkynyl group. The '"H NMR spectra show the characteristic pattern of the azulene

group, similar to that of the free isocyanide ligand [47], as well as the corresponding



resonances from the auxiliary ligands present in the complexes. The complete assignment

of the signals is collected in the experimental part.
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Scheme 1. Synthesis of 2-isocyano-azulene gold(I) complexes.

Similarly, the 'F NMR spectra of the fluorophenyl complexes 2-6 show the typical
patterns of the corresponding fluorophenyl group: three resonances from an AA’MXX’
spin system for the CgFs derivative [51]; two somewhat distorted pseudodoublets from a
AA'XX' spin system, with Jaa> = Jxx for the tetrafluorophenyl complexes [42]; four
pseudodoublets from the two AA'XX' spin systems for the octafluorobiphenyl compound 5;
and two complex multiplets at -117.58 ppm and -141.50 ppm, corresponding to the ortho
and the meta fluorine atoms of the two AA'XX' spin systems, for the 4,4'-

octafluorobiphenyl compound 6 [50].
2.2. X-ray diffraction structures.

Compounds 1-8 have been characterized by single crystal X-ray diffraction studies. The
crystallographic data are summarized in Table S1-S3 in the Supporting Material, and the
molecular structures are given in Figures 1 and S1.

All the complexes show a nearly linear geometry for gold. Bond angles and bond lengths

fall within normal ranges [52-57]. The shortest and the longest Au—C™) distances



correspond to 1 (1.920(11) A) and 8 (1.970(7) A), respectively, according to the lowest
trans-influence of CI” and the highest frans-influence of the RC>™ group, compared to the
other ligands.

The mononuclear isocyanide complexes without a long substituent (1, 2, and 7) have a
planar structure, where the azulene group and the aromatic ring of the coligand (CsFs, -CC-
CeH4-COOCH3) are practically coplanar. In contrast, in their analogous complexes bearing
a long chain (3, 4), the mean planes of the two ligands are twisted relative to each other,
losing the molecular planarity. The same goes for the octafluorobiphenyl derivatives (5, 6),
where the two aryl rings of the octafluorobiphenyl system make a dihedral angle of about
53.7°. For 8, both types of structure, planar (dihedral angle of 4,6°) and non-planar (59.4°),
coexist in the crystal (Figure S5).

The alkyl or alkoxy chains are extended in all the complexes, but form a different angle
with the long molecular axis. In 3 the alkoxy chain is almost collinear (8.6°) with the best
line formed by the atoms C@?ene)_N=C-Au—C°liea"d) whereas in 4, 5 and 8, the extended
chain makes a higher angle [38.5° (4), 16.9° (5) and 51° (planar molecule of 8)] giving rise

to a bent molecular shape (Figures 1, S2 and S5).
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Figure 1. Crystal structures of 2-4 and 6 with thermal ellipsoids at 50% probability.

The organization of the individual molecules in each solid differs. The crystal packing
representations of all the compounds, as well as some of their intermolecular features, are
displayed in Figures 2-5 and S2-S5.

The crystal packing of 1 exhibits a polymeric zigzag chain of antiparallel molecules
linked via Au---Au interactions (3.435 A) (Figure 2). The polymer chains are additionally

cross-linked through Au/n contacts, as reported for [AuCl(CNCsHs-CnHon+1)] [58].

Figure 2. Partial view of crystal packing of 1 showing the infinite zigzag chain with
Au---Au distances of 3.435 A (left), and Au/z contacts between the zigzag chains (right).
Centroids of aromatic rings are shown as red circles and the centroid:--Au distance is 3.540
A. Color code: C, dark gray; N, blue; Au, yellow; Cl, lime green and H, gray.

In 2, the molecules self-associate in pairs through Au---Au interactions (3.46 A) and

-7 interactions between pentafluorophenyl groups (3.613 A), as well as between azulene

moieties (3.754 A). These dimers further interact by intermolecular 7-- -7 interactions



between azulene and pentafluorophenyl groups of neighboring molecules of contiguous
pairs (3.485 A) (Figure 3). A similar packing but with the molecules arranged in an

antiparallel disposition is found for 7 (Figure S4).

B e s

3.613 3.466 3.754

e —— -

3.485

—_—— =
< 3=

Figure 3. Partial view of crystal packing of 2 displaying the antiparallel arrangement of
dimers and their intermolecular features. Color code as figure 2.

In 3 there are not aurophilic interactions because the shortest distance between gold
atoms is 6.384 A. However, the molecules are associated side by side in layers by short C-
H-- 7 contacts (2.875 A) (Figure 4). Each molecule is shifted from the previous producing
an interpenetration of aromatic and aliphatic parts. Additionally, these layers are linked
through Fomo--H(9) intermolecular contacts (2.564 A). Similar packing with cross-linked

layers was also found in 6 (Figure S3).




Figure 4 Partial view of crystal packing of 3. (up) View perpendicular to the director of the
molecules showing the C-H:--m contacts which define the layers. (down) View parallel to
the director (long axis) of the molecules, showing the C— H---F contacts between layers.
Color code: C, dark gray; N, light blue; O, red; Au, yellow; F green and H, gray.

The crystal packing of complex 4, which is homologous to 3 but bearing a decyloxy
substituent, shows stacking of molecules in a parallel disposition, but each molecule is
shifted from the previous one, so that the shortest intermolecular distance observed is 2.648
A between one Fo.uo and a H atom of the f-CH, group of the alkoxy chain. Considering
that the sum of the van der Waals radii of H and F is 2.67 A, the intermolecular H-F
distance observed would exclude the existence of any significant covalent H---F
interaction, but not the contribution of an electrostatic interaction at the exclusion distance
of the aryl rings. This might be the reason for the antiparallel arrangement of the stackings
(Figure 5). It is worth noting that the aromatic parts and the alkoxy chains are segregated
giving rise to a layered structure with the long molecular axes mainly orthogonal to the
layers. This type of segregation is also observed in 5 and 8 (Figures S2 and S5), that is the

complexes that show mesomorphic behavior, as discussed below.




Figure 5. Partial view of crystal packing of 4. The presence of the long alkyl chain in 4
promoted the segregation of the alkyl chains from the aromatic cores.
2.3. Thermal behavior and self-organization properties.

The mesomorphic properties have been studied by polarized optical microscopy (POM)
and differential scanning calorimetry (DSC). The optical, thermal and thermodynamic data
are gathered in Table 1 and Figures S44-S52. The isocyanide gold complexes lacking a
long substituent (1, 2, 6 and 7) melt directly to an isotropic liquid, as it is also the case for
complex 3, with a Cg chain. However, although the free 2-isocyanoazulene is not a liquid
crystal itself, the gold complexes 4, 5 and 8, bearing a Cio hydrocarbon chain, display

mesomorphic behavior.

Table 1. Optical, thermal, and thermodynamic data for the free isocyanide and the gold(I)
complexes.

Compound Transition® Temperature® | AHP
(°C) (kJmol ™)
Isocyanide  (CN-Az) Cr-o1 70 8.2
[AuCI(CN-AZz)] §)) Cr - dec® 203
[Au(CsFs5)(CN-Az)] (2) Cr - dec® 220 22.1
[Au(CsF4OCgH17)(CN-AZz)] (3) Cr—o1 79 17.8
[Au(CsF40C10H21)(CN-Az)] (4) Cr - SmA 76 14.6
SmA - | 88 2.1
[Au{(CsF4)20C10H21)} (CN-Az)] (5) Cr-> SmA -1 162 18.8¢
[(u-4,4’-CsF4CeF4) {Au(CN-Az)}2] (6) Cr - dec® 240
[Au(CCC¢H4COOCH;3)(CN-Az)]  (7) Cr - dec® 182
[Au(CCCsH4COOC10H21)(CN-AZ)] (8) Cr - SmA 106 27.2
SmA — dec 150




a Cr, crystal phases; SmA, smectic A mesophase; 1, isotropic liquid; dec, decomposition. °
Data collected from the second heating DSC cycle. The transition temperatures are given as
peak onsets. ¢ Data collected from the first heating DSC cycle. ¢ Combined enthalpies.
Regarding the thermal stability of the compounds studied, thermogravimetric analysis

performed in a thermobalance by heating it up to 800 °C under N> shows a good thermal

stability up to temperatures above 200 °C (Figures S53-S60).

All the mesomorphic gold complexes display only a smectic A mesophase (SmA). This is
a very common mesophase in calamitic liquid crystals, identified in polarized optical
microscopy by its typical myelinic and homeotropic textures on heating from the crystal
phases, and the focal-conic fan texture on cooling from the isotropic phases [59,60] (Figure

6).
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Figure 6. Optical polarizing microscopy photographs (x 100) of: a)
[Au(CeF4OC10H21)(CN-Az)] (4) at 83 °C on cooling from the isotropic liquid; b)
[Au(CeF4CeF4OC10H21)(CN-Az)] (5) at 156 °C on cooling from the isotropic phase; and c)
[Au(C=C-CsH4-COOC10H21)(CN-Az)] (8) at 126 °C on heating from the crystal phase.
Crossed polarizers.

In order to confirm the lamellar nature of the SmA mesophases, XRD studies were
performed for compound [Au(CeFsOCioH21)(CN-Az)] (4), selected as a representative
example. The diffractogram recorded at 80 °C shows three peaks in the low angle region
with a d-spacing ratio of 1:1/2:1/3 (001, 002 and 003 reflections), followed by the typical
halo at ca. 20° (4.3 A) corresponding to the molten alkyl chains (Figure 7). The lamellar
periodicity (di) is 33.6 A, which is longer than the estimated all-trans length of the
molecule (L = 28.3) with a di/L ratio ~1.2 signifying a partial bilayer structure. These gold
compounds possessing a complex multipolar structure can be assimilated to two molecules
linked head-to-head, which, in fact, is the arrangement found in the solid state. Therefore,
as shown in Figure 8, the supramolecular organization of these species in the mesophase
can be described as the self-assembly of antiparallel pairs arrayed in a SmAg¢ mesophase,

similar to the mesophase reported for cyanobiphenyls [61].
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Figure 7. X-ray diffraction diffractogram of 4, recorded at 80 °C on cooling from the
isotropic liquid.
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Figure 8. Schematic representation of the antiparallel pairing of 4 and their self-assembly
into a partial bilayer SmA phase.

It should be noted that for compound 5, due to the narrow mesophase range, the melting
and clearing transitions appear overlapped in the DSC scans. However, its mesomorphic
behavior displaying a SmA mesophase is confirmed by the texture observed by POM
(Figure 6b) and by XRD data. The diffractogram recorded at 164° (Figure S61) only
contains one sharp X-ray diffraction line associated with the 001 plane, as frequently
observed for SmA phases with positional disorder of molecules along the normal to the
layer in SmA [61], as well as the characteristic broad scattering maximum in the high-angle

region corresponding to the molten alkyl chains.
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Regarding the structural and geometrical parameters responsible for mesophase induction
in 5, they are similar to those of the rest of the mesomorphic compounds 4 and 8. It
displays a no planar structure, the alkoxy chain is not collinear with the molecular core and
its crystal packing shows a layered structure with nanosegregation between molten chains

and aromatic parts.

Although the factors that drive the appearance of a liquid crystal phase are many and
difficult to analyze, data from the X-ray diffraction structures can help to understand the
behavior observed.

As discussed above, the mononuclear isocyanide complexes without a long substituent
(non-mesomorphic 1, 2, and 7) have a nearly planar structure where the aromatic rings of
the ligands are practically coplanar. In contrast, in their analogous complexes bearing a
long chain (3—5 and 8), the mean planes of the two ligands are arranged twisted relative to
each other, losing the molecular planarity. In general, more planar molecules should lead to
more compact packing and stronger interactions than nonplanar ones. Consequently, the
presence of a long substituent in these molecules produces a decrease of the melting points,
and promotes the appearance of liquid crystal behavior.

The effect of the chain is, however, more than the simple rupture of the molecular
planarity. In fact, the homologous complexes 3 and 4 bearing long substituents, although of
somewhat different lengths, display very different behavior. The octyloxy derivative 3 is
not mesomorphic, whereas the decyloxy analogous 4 is liquid crystal.

The alkyl chain is extended in all the complexes, but forming a different angle with the

long molecular axis so that the mesomorphic complexes (4, 5 and 8) have a bent molecular
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architecture. In contrast, the non-mesomorphic complex 3 has a rod-like shape (Figures 1
and S1).

Molecules tend to be packed in the most efficient way. For the compounds under
discussion that display mesomorphic behavior the packing consists of a lamellar
arrangement, where a microsegregation of aromatic units and flexible chains is produced
(Figures 5, S2 and S5). It is structurally similar to a conventional SmA mesophase with the
long molecular axes orthogonal to the layers. In contrast, for the non-mesomorphic 3 the
crystal packing shows a non-layered structure with the molecules arranged in an antiparallel
disposition, where each molecule is shifted from the previous one, generating some mixing
of the aromatic and aliphatic parts (Figure 4).

When these compounds are heated, the long alkyl chains melt at first to form a soft part,
but its effect is not the same in the two types of molecular packing. In 3, where there is
interpenetration of aromatic and aliphatic parts, the melting of the chains produces the
breaking up of the crystalline structure to give rise to an isotropic liquid. In contrast, in the
layered packing with microsegregation of aromatic and aliphatic parts, the melting of the
chains preserves the self-assembly of the central cores so that a smectic mesomorphism is

induced.

2.4. Photophysical studies.

The UV-Vis absorption and fluorescence data for the free isocyanide CN-Az and the
Au(I) complexes 1-8 in dichloromethane solution are summarized in Table S4.

The electronic absorption spectra of the free isocyanide and its gold complexes are all
very similar, displaying a spectral pattern with absorption bands and extinction coefficients

typical of the azulene moiety (Figure 8).
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Figure 8. UV-Visible (up) and normalized luminescence (down) spectra of the free ligand
CN-Az, the gold complexes [AuCI(CN-Az)] (1), and [Au(CCCsH4COOCH3)(CN-Az)] (7)
in dichloromethane solution (10> M) at 298 K.

The spectra show a weak and structured absorption in the visible region with Amax ranging
from 530 to 630 nm, which is assigned to the HOMO — LUMO excitation [47]. The
coordination of the isocyanide ligand to the metal center produces a slight bathochromic
shift (150-400 cm!), because of the stabilization of LUMO relative to HOMO, in
accordance with the higher electron withdrawing character of the coordinated isocyanide
group on the azulene core [25].

The free isocyanide exhibits a weak fluorescent emission (® = 0.33 %; t=1.1 £ 0.1 ns)

at room temperature in dichloromethane solution, which has not been previously reported.
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This emission has a well-defined vibronic fine structure with a vibrational spacing of ~1260

cm!, related to the v(C=C) frequency of the azulene core. The emission maximum
wavelength appears at 379 nm (Figure 8, down), which is typical of fluorescent azulene
derivatives involving S;—Sy transitions [62,63]. In the solid state (room temperature or

77 K) the luminescence is practically lost, as observed frequently in aromatic compounds
[64], including isocyanides [53a]. In the metal complexes, the profile of the emission
spectra is completely similar to that of the free isocyanide, but the intensity of the emission
is drastically reduced.

In order to confirm the nature of the absorption and emission spectra, the free isocyanide
ligand and the chlorogold derivative (1), chosen as a representative complex, were studied
theoretically by means of density functional and time-dependent density functional theory
(TD-DFT) calculations. Computational details can be found in the Experimental section
(SM). The ground-state geometry was optimized at the B3LYP level with no significant
changes in distances and angles from the structure determined by x-ray diffraction (see
Table S5 in the SM).

The calculated absorption energies associated with their dominant orbital excitations and
oscillator strengths, together with the experimental results are given in Tables 2 and 3 for
the free isocyanide and the chloro-gold complex, respectively. When the isocyanide ligand
is coordinated to the gold fragment to give the gold complex, DFT calculations predict the
bathochromic shift experimentally observed, in accordance with the higher electron
withdrawing character of the coordinated isocyanide group on the azulene core. These
results agree with those reported previously for the isocyanoazulene ligand and related

chromium complexes [47].
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Table 2. Dominant orbital excitations, calculated excited energies, and oscillator strength
(f) from TD-DFT calculations for CN-Az.

State | Excitation Coef. Ecale (€V) | Acale (nm) | f Aexp (Nm)

Si HOMO-1 - LUMO+1 -0.10 2.43 511 0.0148 | 556
HOMO -> LUMO 0.70

Sz HOMO-1 - LUMO 0.55 3.62 343 0.0431 | 341
HOMO -> LUMO+1 0.44

S4 HOMO-1 - LUMO -0.44 4.65 267 1.6036 | 280
HOMO -> LUMO+1 0.55

Table 3. Calculated excited energies, dominant orbital excitations, and oscillator strength
(f) from TD-DFT calculations for [AuClI(CN-Az)] (1).

State | Excitation Coef. Ecale (€V) | Acale (nm) | f Aexp (Nm)
Si HOMO - LUMO 0.69 2.36 525 0.0170 | 567
Sz HOMO-1 - LUMO 0.61 3.57 348 0.2351 | 357
HOMO -> LUMO+1 -0.36
Sg HOMO-3 - LUMO 0.44 4.60 269 1.3529 | 296
HOMO-1 - LUMO 0.26
HOMO-1 - LUMO+3 0.18
HOMO -> LUMO+1 0.45

The frontier molecular orbital compositions of both compounds (CN-Az and 1) are

collected in Figure 9. It can be seen that in both cases the highest occupied molecular

orbitals (HOMOs) are mainly centred in the azulene group. The LUMO for the free ligand

is extended over the whole molecule, including the isocyano group, while in the case of the

complex 1 the LUMO is very similar with a small contribution from the gold atom.
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Figure 9. Frontier molecular orbitals for 2-Isocyanoazulene (CN-Az) (left) and [AuCI(CN-
Az)] (1) [ (right).

The experimental fluorescence corresponds to the calculated S2—So emission in both
cases, where the S, excited states are derived from a combination of the HOMO —
LUMO+1 and HOMO-1 — LUMO transitions (Table S6). As previously reported, the large
energy difference between the S; and the S; states (AE(S2-S1)) explains the non accordance
of the emission of this kind of azulene derivatives with Kasha’s rule [65]. Moreover, the
decrease of the emission intensity observed upon coordination of the isocyanide to the gold
fragment can be explained by the corresponding decrease in the calculated AE(S>-S1),

which favors nonradiative deactivation processes.

3. Conclusions

We have prepared a new series of highly blue-colored and emissive metal complexes

based on 2-isocyanoazulene gold compounds of the type [AuX(CN-Az)] (X = halide,
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perhalophenyl or alkynyl) and [p-4,4’-CsF4CeF4{Au(CN-Az)}2] of potential interest in
display applications or sensors. The single crystal X-ray data show that in homologous
compounds, the introduction of a long substituent in the system produces a loss of
molecular planarity. Although the free 2-isocyanoazulene is not a liquid crystal itself, the
gold complexes 4, 5 and 8, bearing a Cio hydrocarbon chain, display mesomorphic
behavior, in which mesophase formation is driven by nanosegregation between molten
chains and aromatic parts. The supramolecular organization of these metal complexes in the
mesophase can be described as the self-assembly of antiparallel pairs arrayed in a partial
bilayer structure SmAg.

The free isocyanoazulene ligand shows a fluorescent emission centered on the azulene
group, which is largely diminished upon coordination to the gold fragment. In both cases
(ligand and complexes) the experimental fluorescence corresponds to the calculated S;—So
emission. The decrease in the emission intensity in the gold complexes is understood on the

basis of a decrease in AE(S2-S1), which favors nonradiative deactivation processes.
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Materials and methods. Full details of synthetic methods, spectroscopic and analytical
data for the new compounds. 'H, '°F and *C{'H} NMR spectra of all new compounds.

MALDI-TOF mass spectra, X-ray data and computational details.
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