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The preparation of chiral solid materials is an important step in
understanding how molecular chirality is transmitted in condensed
phases.1 Research into structures that are not inherently flat1 is
limited to a few examples2 and has focused heavily on the
preparation of purely inorganic structures.3 With a few notable
exceptions,4 these materials are generally prepared in either a
racemic or slightly enantiomerically enriched state, and chirality
is introduced exogenously through the use of chiral templates or
surfactants. Recent efforts in the area of organosilicate materials5

provide an opportunity to introduce chirality directly into the
backbone of the material by polymerization of chiral monomers.6,7

Polyorganosiloxanes are a well-known class of organic-inorganic
composite materials in which siloxane units are bridged by organic
backbones.8 When the polymerization of such organosiloxanes is
carried out in the presence of a surfactant template, order and
porosity are introduced and remain after removal of the surfactant.9

The resulting periodic mesoporous organosilicates (PMOs)5 differ
from conventional materials such as MCM-419b or SBA-159c in
that organic molecules are integrated into the walls of the material.10

In addition to surfactant-templated approaches to ordered PMOs,
Moreau and Man have prepared self-templated organic/inorganic
composite materials which have highly ordered helical morphologies
on the macroscopic level.11 Surfactant-templated PMOs employing
chiral molecules as the building blocks, however, are rare. Chiral
materials have been prepared by incorporation of chiral salen
complexes,6a binaphthyl species,6b hydroborated alkenes,6c and
tartaric acid derived species6d decorated with siloxanes; however,
silica (in the form of TEOS, Si(OEt)4) is virtually always employed,
making up more than 70% of the material in most cases. In rare
cases that do not require TEOS as the bulk constituent, racemization
is observed under the harsh synthetic conditions routinely employed
for condensation.7

We report herein a fundamentally different approach for the
introduction of chirality into ordered materials, in which a chiral
dopant is employed to induce chirality in the bulk material. This
work also represents the first preparation and characterization of a
PMO material derived from axially chiral biphenyl units.

For the bulk material, 4,4′-bis-(triethoxysilyl)biphenyl (1) was
employed, which has been used in the preparation of achiral PMO
materials.12 This monomer is interesting since it can adopt chiral
conformations by rotation around the central C-C single bond.13

For example, in the two most stable polymorphs of crystalline 4,4′-
tert-butylbiphenyl (2), the dihedral angle about the central C-C
bond is ca. 40°, similar to the minimum energy chiral conformation
of biphenyl observed in the gas phase.14 With a rotational barrier
about this bond of ∼10-15 kcal/mol in the solid state, we envisaged
biasing one conformer of these species in the solid state via co-
condensation with a homochiral additive.

Thus a chiral mesoporous material composed primarily of 1 was
prepared, along with varying levels of a chiral, resolvable biaryl

dopant. A 2,2′,6,6′-substituted biphenyl was chosen because the
high rotational barrier about the central C-C bond (ca. 40 kcal/
mol) should prevent racemization. Furthermore, the biaryl motif
has been shown to be highly effective at transmitting chirality. For
example, compound 3 (Chart 1) is a very effective chiral dopant in
smectic liquid crystal hosts with biaryl core structures,15a and
ligands such as Binap15b (4) are highly effective at transmitting
chirality through asymmetric catalysis. Hence, enantiomerically pure
axially chiral species 5 became our target structure.

Compound 5 was prepared from commercially available 2-nitro-
3-methylbenzoic acid (6) using an Ullman coupling reaction as the
key step in the formation of the biaryl bond.16 After resolution,
the M and P enantiomers of 7 were treated with NaNO2 and HI in
DMSO, yielding the corresponding diiodides 8 (Scheme 1). The
Si(OEt)3 units were introduced via a Rh-catalyzed reaction. Under
optimized conditions, both enantiomers of 5 were prepared in up
to 80% yield.

Using Brij-76 as the surfactant, co-condensation of racemic 5
and achiral 1 in a 15:85 ratio produced ordered porous materials
with pore sizes of ca. 25 Å without the addition of an inorganic
silica source (Table S-1 and Figure S-1). The powder X-ray
diffraction pattern reveals an intense peak below 2θ with a d-spacing
of 52.5 Å indicating that the material exhibits mesoporosity (Figure
S-2). The TEM image shown in Figure 1a reveals a 2D ordered
porous material with an estimated lattice constant of 60 Å, consistent
with that calculated from pXRD data (52.5 Å).

29Si CP MAS NMR (Figure 1b) displays only T-type resonances,
indicating that cleavage of the Si-C bonds did not occur during
the synthesis of the material. 13C CP MAS NMR and IR spectra
both confirmed the presence of the substituted biphenyl derived
from 5 (Figures S-3 and S-4).

Having identified the requisite bulk characteristics of the racemic
PMO material, the synthesis was repeated using both enantiomers

Chart 1. Biaryl Structures in Materials and Chirality Transfer

Scheme 1. Synthesis of Enantiomerically Pure Monomer 5
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of 5 (eq 1). The chirality of the resulting materials (QChiMat-15)
was assessed by examination of their CD spectra as amorphous
powders dispersed in KBr pellets.17 As expected, mirror image CD
spectra were obtained when opposite enantiomers of 5 were
employed (Figure 2).

The strongest CD signal observed in QChiMat-15 appears at
ca. 315 nm, significantly red-shifted compared to the UV spectra
of both monomers (1, λmax ) 260 nm, 5, λmax ) 258 nm). A related
absorption is also observed in the solid state UV spectrum of the
materials (QChiMat-30 and 100 are shown in Figure S-5) confirm-
ing that this signal is not an artifact. To determine the origins of
this signal, a material was prepared using silica as the main
constituent and 5 as the sole organic component: co-condensation
of 5 (15%) with Si(OEt)4 (85%) carried out under identical
conditions results in QChiMat-SiO2 (eq 2). In this material, no
CD signal is observed at 315 nm, but one weak absorption appears
at 260 nm (Figure 2, black).

Interestingly, hydrothermal treatment of QChiMat-15 results in
a complete loss of the signal at 315 nm (Figure 3, blue/red) and is
characterized by a weak peak at 260 nm, overlapping with the signal
from QChiMat-SiO2 (pale blue). Considering these data, the signal
at 315 nm is reasonably assigned to an aggregate species consisting
of 5 and one or more units of 1 in the solid state.18 The loss of this
signal upon hydrothermal treatment is consistent with a restructuring

of the material that disrupts the interaction between 1 and 5 in the
solid state.19 Consistent with the predicted rotational barriers, the
axially chiral biphenyl units derived from 5 are configurationally
stable under these conditions: treatment of the resolved bis-siloxane
precursor 5 under identical conditions (boiling water, 24 h) did not
cause any loss of optical activity (Figure S-6).

QChiMat-30 and QChiMat-100 were also prepared, in which
30% and 100% of the axially chiral biphenyl monomer 5 was
employed. In the case of QChiMat-30, the most prominent signal
was again the signal at 315 nm, along with signals corresponding
to the isolated biaryl at 260 and 240 nm (Figure S-7). In the case
of QChiMat-100, the peak at 315 nm was again absent (Figure
S-8), supporting the hypothesis that this is attributed to an interaction
between 1 and 5. This signal is also absent in the UV spectrum of
QChiMat-100 (Figure S-5) although present in the 30% material,
further supporting its assignment as resulting from a chiral structure
resulting from the interaction of 1 and 5 (Scheme 2).20

Dimeric structures 9-11 were examined as models of the full
material, and their CD spectra simulated using time-dependent
density functional theory calculations at the B3LYP/6-31++G(d,p)
level of theory (Scheme 2). Although TEOS was not employed in
any materials synthesis, compound 10, with an extra silicon unit
in between the biaryls, was examined as a model of the alternating
biaryl structures proposed by Inagaki and co-workers.12a The
simulated CD spectra (Figure S-9) are in good agreement with
experimental CD and UV spectra.

The calculated spectrum of 5 exhibits a peak at 251 nm, which
is similar to the observed solution phase signal at 258 nm. The CD
spectra of dimeric species 9 and 11 are both red-shifted to 281 and
288 nm, respectively, indicating electronic delocalization between
the adjacent biaryl rings in both cases. The 288 nm signal calculated
for 11 is reasonably close to the observed value of 280 nm for the
UV spectrum of a PMO prepared entirely from 1 (Figure S-10),
especially considering the uncertainty in both the experimental and
calculated data.21

Figure 1. Racemic material QChiMat-15. (a) TEM image and (b) 29Si
CP-MAS NMR indicating no Si-C bond cleavage.

Figure 2. CD spectra of chiral materials derived from (+) and (-) 5, in
either 1 as the main component (blue/red) or SiO2 (black).

Figure 3. CD spectra of QChiMat-SiO2 and of QChiMat-15 ((+) and
(-)) after hydrothermal treatment.

Scheme 2. Dimeric Structures Employed in DFT Calculations as
Models of Chiral Interactions in the Solid State and Relationship
Between the Distance Between the Carbon Atoms of the Central
Bond in 11 (dC-C) and Calculated λmax
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The excitations associated with the longest wavelength peaks in
the spectra of 9 and 11 involve electronic transitions within the π
systems of each biphenyl component, as well as between adjacent
phenyl rings. This is shown in the MO diagrams for the electronic
transitions contributing to the peak at 287.8 nm in the CD spectrum
of 11 (Figure S-11). The excitations associated with the low energy
peaks in the CD spectra of 10 involve electronic transitions
occurring primarily within the π systems of each biphenyl
component, with minimal electron transfer between adjacent phenyl
rings.

A series of calculations were performed on 11 varying the
distance (dC-C) between the carbon atoms of the biaryl bond
(Scheme 2). As the two biaryls are moved closer together and dC-C

is decreased from 4.4 to 3.8 Å, the wavelength of the lowest energy
peak shifts systematically from 294 to 312 nm, which is remarkably
close to the 315 nm signal observed in QChiMat-15.

These results indicate that the formation of complexes in which
the adjacent phenyl rings are well-aligned and sufficiently close
for electronic transitions to occur between the rings increases
the absorption wavelengths observed in the CD spectra. Thus, there
are likely regions within QChiMat-15-type materials where the
two monomers are forced to interact closely with one another.
Interestingly, the calculated formation energy of dimer 9 is higher
than that of 10, which may explain the loss of the signal at 315 nm
when the material is hydrothermally treated, and reorganizes into
a lower energy state in which the aryl rings are further apart.

In conclusion, we have demonstrated that chiral mesoporous
materials can be prepared using a combination of 4,4′-bis(triethox-
ysilyl)biphenyl and axially chiral, enantiomerically pure biphenyl
derivatives of similar structure. The resulting materials retain the
chirality of the dopant and, in addition, contain regions in which
the dopant appears to influence the structure of the biphenyls
resulting in new chiral aggregates within the material. To the best
of our knowledge, this is the first example of a chiral PMO prepared
with an axially chiral monomer and the first example of chirality
transfer within a PMO material. The application of these materials
in catalysis and separation science is ongoing in our laboratories.
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