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ABSTRACT: An easy and powerful access to 3,3′,6,6′-tetrasubstituted 9,9′-spirobifluorene
derivatives with tetrahedral orientation of the peripheral groups (i.e., −I, −CN, −NO2, −CH
O, −COOH, −CCH, −4-Py) was developed. The NMR and HRMS results are in agreement
with the proposed formula and the solid-state molecular structures obtained by single-crystal X-
ray diffraction. They form molecular solids self-assembled via exclusive hydrophobic
interactions. Solid-state selection and adaptation can be obtained on the basis of variable
compact packing of functional groups present on the 9,9′-spirobifluorene backbone.

Hydrophobic interactions are of fundamental importance
for many biological functions. The spatial positioning of

hydrophobic residues within the proteins can determine their
architectures and folding behaviors.1 Because of the great
significance of these processes, design of synthetic artificial
superstructures, exclusively driven by the hydrophobic effects,
has become an area of expanding interest.2 Related approaches
are based on lipophilic systems showing efficient integrated self-
assembly, but the prediction of the final superstructures remains
challenging.3 Directional forces (i.e., H-bonding, electrostatic or
coordination interactions, etc.) are the most important driving
forces that induce the self-assembly of artificial superstructures.
For most artificial systems, directional interactions play an
important role in reinforcing the dissipative hydrophobic self-
assembly.4 However, artificial superstructures based on unique
hydrophobic contacts remains rare.
Within this context, the 9,9′-spirobifluorene backbone

constituted from two fluorene units joined through a shared
spiro carbon5−8 represents an unusual structural motif, shedding
light on unique opportunities for investigating a variety of
fundamental aspects of hydrophobic self-assembly. The 9,9′-
spirobifluorene derivatives present aD2d point symmetry, with an
Onsager cruciform rigid spatial arrangement.7a Their single-
crystal structures show that 9,9′-spirobifluorene aggregates
through short (3.22−3.45 Å) intermolecular edge−edge π-
aromatic interactions7b or via the C−H···π(arene) interactions.8
The functionalization of the aromatic units of the 9,9′-spiro-
bifluorene platform results in the formation of porous molecular
solids with significant porosity (44−60%) for the inclusion of

guests9or of polymers with intrinsic microporosity (PIMs).10

Other applications are enantioselective recognition and
catalysis11 or organic light-emitting diodes (OLED) technol-
ogy.12

Herein, we report a series of 2,2′,7,7′-tetramethoxy-3,3′,6,6′-
substituted-9,9′-spirobifluorenes 3−12 (substituents: −I, −CN,
−NO2, −CHO, −COOH, −CCH, −4-pyridine) (Scheme
1). Four of these compounds (3, 5, 7, and 11, Scheme 2a) were
crystallized, and their structures determined by single-crystal X-
ray diffraction revealed that they adaptively form self-assembled
molecular solids via exclusive weak hydrophobic interactions.13

Their simultaneous self-assembly encodes the supramolecular
guiding information on the orthogonal arrangement of the rigid
fluorene units and the specific molecular packing of various
substituents grafted on an aromatic backbone, which adaptively
fill the available space with a very compact packing within the
network.
Our primary efforts were concentrated on developing novel

and powerful methods for the synthesis of tetrahedral 2,2′,7,7′-
tetramethoxy-3,3′,6,6′-substituted-9,9′-spirobifluorenes 3−12
by using methoxy (CH3O−) ortho-directing groups in the
2,2′,7,7′ positions. The chemically inert CH3O− moieties may
assist halogenation in the 3,3′,6,6′ positions, which may be used
for a series of further substitution reactions. The synthetic
strategy implied in the first step is the transformation of 9,9′-
spiro-bifluorene, quantitatively, with I2/bis[(trifluoroacetoxy)-
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iodo]benzene−PIFA in CHCl3 into the tetraiodinated derivative
1.14 The compound 1 in reaction withMeONa andCuI in DMF/
MeOH yielded the 2,2′,7,7′-tetramethoxy-spiro-bifluorene 2.
The iodination of 2 under similar conditions (I2/PIFA in CHCl3)
yielded the tetraiodinated (3) and the diiodinated (4)
derivatives, respectively, depending on the selected molar ratios
of 2:I2:PIFA. The nitration of 2 regioselectively yields (85%) the
tetranitro derivative 5, while the TiCl4-catalyzed formylation of 2
with Cl2CHOCH3 gave (40% yield) the tetraformyl derivative 6
(Scheme 1). The tetracyano derivative 7 was obtained starting
from 3 by classic substitution of iodine with CuCN inDMF (79%
yield). The hydrolysis of cyano groups was carried out with KOH
in ethanol and then acidulation with HCl led to tetracarboxylated
derivative 8 (75% yield). The reduction of the tetranitro
derivative 5 with H2, over Pd/C as catalyst, led to the tetraamino
compound 9 (87% yield) (Scheme 1). This optimized procedure
of only four steps instead of seven with considerably better
overall yields (65% instead of 20%) represents a simplified
alternative to previous reports9,15 for the synthesis of 3,3′,6,6′-
tetraamino-9,9′-spiro-bifluorene derivatives. To obtain the
tetraethynyl-spiro-bifluorene11, the Sonogashira cross-coupling
reaction provided compound 10 (51% yield), while the
deprotection reaction was almost quantitative (95% yield)
(Scheme 2a). The Suzuki−Miyaura cross-coupling reaction of
3 with the 4-pyridylboronic acid gave the tetrapyridyl-
spirobifluorene 12 (38% yield) (Scheme 2b).

The structures of compounds 2−12were confirmed by 1H and
13C NMR spectra, positive ES-HRMS measurements (Support-
ing Information), and single-crystal X-ray diffractometry.The
pattern of the 1H NMR spectra for the tetrasubstituted
compounds 3 and 5−12 contains three singlets with a ratio of
the intensities of 3/1/1 situated in the range 3.7−3.9 (OCH3),
6.8−6.9 (4-H, 4′-H, 5-H, 5′-H), and 7.5−7.6 (1-H, 8-H, 1′-H, 8′-
H). The expected 1H NMR spectra of compound 4 and its
regioisomer iso-4 (Figure 1) are similar and exhibit three singlets

(4: 4-H, 4′-H; 1-H, 1′-H and 8-H, 8′-H; iso-4: 4-H, 5-H; 1-H, 8-
H and 1′-H, 8′-H) and two doublets (4: 5-H, 5′-H and 6-H, 6′-H;
iso-4: 4′-H, 5′-H and 3′-H, 6′-H). The ROESY spectrum of 4
revealed a correlation between the singlet (δ = 8.12 ppm) of the
H4 and H4′ protons and the doublet (δ = 7.59 ppm) of the H5and
H5′ protons, confirming the formation of compound 4 inside its
isomer iso-4.
The X-ray single-crystal structures of the compounds 3, 5, 7,

and 11were determined using crystals obtained by slow diffusion
of diethyl ether or diisopropyl ether in dichloromethane
solutions at room temperature (Figures 1−4). The X-ray
diffraction reveals as a general feature the rigid spiro-backbone
of octasubstituted 9,9′-spirobifluorene with two orthogonal
fluorene units bearing CH3O− groups in positions 2,2′,7,7′ and
different electron-withdrawing substituents (−I,−CN,−NO2,
−CCH) in positions 3,3′,6,6′. In all structures, the
octasubstituted 9,9′-spirobifluorenes present distortions in
angles from the ideal sp3 hybridization geometry around the
central C atoms, probably as a consequence of the strain imposed
by the fluorene rings and the indirect steric effects. The dihedral
angles between the fluorene rings range from 87.89 to 89.78°,
calculated for all of the residues in the asymmetric units of the
crystal structures. However, despite the structural similarity of
the core backbone of the 9,9′-spirobifluorene compounds, their
interactions patterns and crystal packing are very different: 3, 7,
and 11 crystallize in achiral space groups P-1, Pbca, and P21/c,
respectively, while remarkably, 5 crystallizes in the chiral space
group P43.
Symmetry expansion of the crystal cell shows that the self-

assembly of the monomeric units forms tetrameric and
hexametric aggregates of different dimensions and shapes:
triangular hexamers for 3 (Figure 2), extended hexagonal
hexamers for 5 (Figure3), squared tetramers for 7 (Figure 4),
and star-type hexamers for 11 (Figure 5).
As a very interesting feature, the self-assembly is not based on

any specific/classic directional interactions such as hydrogen-
bonding, aromatic stacking, or electrostatic interactions.
Interweaved peripheral aromatic rings are in van der Waals
contact in a one-over/one-under fashion. Multiple aromatic
hydrophobic contacts between the external hypersurfaces of the
molecules are ubiquitous, strongly contributing to the cohesion
of the self-assembled aggregates. Embrace motifs are formed
between the aromatic units within the interstices between
molecules so that their internal available space is filled. Aromatic

Scheme 1. Synthetic Scheme for the Formation of
Compounds 2−9 from Compound 1

Scheme 2. Synthetic Scheme for the Formation of
Compounds 10−12 from Compound 3

Figure 1.Chemical representation for compound 4 and its regionisomer
iso-4.
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embrace motifs are well documented for a series of aromatic
clusters,16,17 and their significance in terms of interactions

(stabilization energy of the benzene trimer is estimated to be−20
kJ/mol) is widely recognized.18

At this point, an important question arises: what are the
structural insights and contributions to the generation of such
diversity of geometrically/constitutionally variable architectures
since they result from the hydrophobic aggregation of
structurally similar platforms? A very important structural detail
is related to dipolar interactions between the electron-donor
CH3O− groups and the grafted electron-acceptor −I, −CN,
−NO2, and−CCH groups. Within this context, we discovered
that the dipolar groups (−I, −CN, and −CCH) are
oriented toward the center of the supramolecular hexameric or
tetrameric structures, respectively, while the CH3O dipolar
groups surround the positions around the circular cavities. They
are strongly dependent on the nature, geometry, and spatial
orientation of the interacting dipolar groups: two oppositely
oriented dipoles for −CN groups, three iodine atoms, and six
acetylene groups. It may be considered as an important structural
factor that could further differently express the relative spatial
orientation of the 9,9′-spirobifluorene platforms and, thus, their
solid-state packing. The supramolecular information encoded in
these dipolar inner interactions is related to specific localized
steric and structural interactions between these substituents. As a
consequence, the compounds 3, 5, 7, and 11 are not isostructural
and display very different unit cells and packing arrangements.
The 9,9′-spirobifluorenes 3, 7, and 11 are organized in crystal

so that each successive molecule has an alternate opposite
chirality. Overall, the crystal is racemic: homochiral monomers of
opposite chirality are stratified.
The electronic nature and geometrical behavior of the −NO2

group do not allow the specific central packing observed for −I,
−CN, −CCH groups, which are packed in the central part
of the structure in symmetric arrangements. Therefore, the
ability of the −NO2 group to steer the packing of 5 is amazingly
different. Accordingly, the −NO2 and CH3O− are packed in a
chiral dissymmetric supramolecular arrangement in the central
part of the hexagonal architecture (Figure 3b). Similarly, in the
crystal, each 9,9′-spirobifluorene of one chirality interacts with six
other molecules of the same chirality so that each molecule
presents a tight contact. This results in the propagation of the
homochirality with the formation of a chiral crystal as we have
previously observed for double-helical architectures obtained
from achiral ligands and metallic ions.19

The hydrophobic packing invariable quartet and hexameric
motifs imposes a series of lamellar arrays in which the
spirofluorene molecules run in two nearly perpendicular
directions to generate the mesh interweaved layers (Figures
1−4d,e).
In conclusion, these results demonstrate that the weak

hydrophobic interactions, rather unconventional and so far
partially reduced option for multiple coding of the self-assembly
processes of artificial systems, are very powerful for generating
compact architectures in the solid state. Molecular information
confered by 9,9′-spirobifluorenes is promoted at the supra-
molecular level via the molecular packing of various substituents
of variable geometry and polarity orienting the external van der
Waals hypersurfaces of the molecules for further interactions in a
very adaptive way. Crystallization adaptively favors the formation
of tetrameric or hexameric clusters that allow closer molecular
packing, thereby optimizing the hydrophobic interactions. The
homochirality in the solid state of compound 5 is promoted by
asymmetric spatial arrangementof molecular substituents posi-
tioning the 9,9′-spirobifluorene platforms to interact via their

Figure 2. Crystal structure of (a) molecular synthon 3 and of the
associated hexamers 36 in (b) stick and (c) CPK representations; (d) top
and (e) side view of the crystal packing of 3.

Figure 3. Crystal structure of (a) molecular synthon 5 and of the
associated hexamers 56 in (b) stick and (c) CPK representations; (d) top
and (e) side view of the crystal packing of 5.

Figure 4. Crystal structure of (a) molecular synthon 7 and of the
associated tetramers 74 in (b) stick and (c) CPK representations; (d)
top and (e) side view of the crystal packing of 7.

Figure 5. Crystal structure of (a) molecular synthon 11 and of the
associated hexamers 116 in (b) stick and (c) CPK representations; (d)
top and (e) side view of the crystal packing of 11.
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external van der Waals hypersurfaces in the supramolecular
hexamers of the same chirality. The robustness of the multivalent
hydrophobic contacts is responsible for the transmission of the
supramolecular homochiral order. Similar packing processes
between chiral biosurfaces control the functions of the
gramicidin A ion channel,20a the self-assembly of collagen
fibers,20b and tobacco mosaic virus.20c
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