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Abstract: The alkoxysilane nucleobase
adenine (A) and uracil (U) precursors
described in this paper generate in so-
lution a complex library of hydrogen-
bonded aggregates, which can be ex-
pressed in the solid state as discrete
higher oligomers. The different inter-
converting outputs that nucleobases
may form by oligomerization define a
dynamic polyfunctional diversity that
may be “extracted selectively” in solid
state by sol-gel transcription, under the

the sol-gel process, unique constitu-
tional preference for specific geome-
tries in hybrid materials is consistent
with a preferential arrangement of nu-
cleobase systems, favoring the self-as-
sembly by the Hoogsteen geometry.
FTIR and NMR spectroscopy and X-
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ray powder diffraction experiments
demonstrate the formation of self-or-
ganized hybrid supramolecular materi-
als. Electron microscopy reveals the
micrometric platelike morphology of
the hybrid materials. The M,_y hybrid
material is nanostructured in ordered
circular domains of 5 nm in diameter
of alternative light and dark rows with
an one-dimensional periodicity of
35A.

intrinsic stability of the system. After

Introduction

Nanosized supramolecular materials have received increas-
ing attention over the last two decades.'”” Supramolecular
synthesis provides a powerful tool for the non-covalent gen-
eration of such functional supramolecular architectures.")
Supramolecular polymers offer solutions for material mold-
ing at the macroscopic level, but their manipulation at the
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molecular (supramolecular) and nanoscopic levels is still dif-
ficult to controll.!?

Such polymers may be divided into two partially overlap-
ping classes: 1) supramolecular polymers formed by sponta-
neous polyassociation of a large number of monomers into
the large polymeric architectures through non-covalent in-
teractions (hydrogen bonding,'**? van der Waals,'*®! metal-
ion coordination,!'™ etc.) or reversible covalent bonds;!'¥ 2)
supramacromolecular polymers resulting from intermolecu-
lar self-organization of molecular components during a poly-
merization process or by molecular recognition of polymeric
backbones bearing self-assembling functional groups
(Figure 1a).l1e>*

Many groups including our own, have found new methods
for the elaboration of such self-organized nanomaterials by
sol-gel process. Shinkai and co-workers made an important
advancement and they provided useful insights in this field
by using organogels acting as robust macrotemplates during
sol-gel processes on supramolecular surfaces.”! Silsesquiox-
ane-based precursors, in which the functional organic and si-
loxane inorganic groups are covalently linked, are extensive-
ly employed for the controlled generation of self-organized
materials. Rigid aromatic molecules developed by Corriu
etal.,”) urea hydrogen-bonding ribbons,®® or hetero-
geneous catalysis®’ described by Moreau et al.'’! or by our
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Figure 1. a) Supramolecular (1) and supramacromolecular (2) polymers
resulting from intermolecular and intermacromolecular self-organization;
b) cross-linking and multiple output generation after the polymerization
of monomers in supramacromolecular polymorphs.

group” are used to transcribe a supramolecular self-organi-
zation in a siloxane matrix by a sol-gel process.

Despite such impressive progress, considerable challenges
still lie ahead and the more significant one is the “dynamic
marriage” between supramolecular self-assembly and the
polymerization process, which might communicate kinetical-
ly and sterochemically to converge to supramolecular self-
organization and functions in hybrid materials. The weak
supramolecular interactions (hydrogen bonds, coordination,
or van der Waals interactions, etc.) positioning the molecu-
lar components to give the supramolecular architectures are
typically less robust than the cross-linked covalent bonds
formed in a specific polymerization process. Accordingly,
the sole solution to overcome these difficulties is to improve
the binding (association) efficiency of molecular compo-
nents generating supramolecular assemblies. At least in
theory, an increased number of interactions between molec-
ular components and the right selection of the solvent might
improve the stability of the templating supramolecular sys-
tems communicating with the inorganic siloxane network.

Among these systems, nucleobases,”* nucleosides,”’ and
DNA! are known to have a high ability to form direction-
ally controlled multiple intermolecular hydrogen bonding of
complementary nature, C—H---O, hydrophobic, and stacking
interactions. Their remarkable self-association properties,
through Watson—Crick and Hoogsteen pairing, play a critical
role in the stabilization of higer order RNA haipirins loops,
double or triple helix DNA, and G-quartets or G-quadru-
plexes.® During the last decades several studies have re-
ported the preparation of discrete supramolecular assem-
blies,® synthetic polymers,” and hybrid materials®®!"! that
contain nucleobases or nucleic acids as side groups or at the
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end of the chains. Very recently, we reported on a long-
range amplification of the G-quadruplex supramolecular
chirality into hybrid organic-inorganic twisted nanorods fol-
lowed by the transcription into inorganic silica micro-
springs.[’®

Even though the Watson-Crick (WC) base-pairing is
prevalent in natural systems, other hydrogen-bonding motifs
are present in natural and artificial systems: reverse
Watson—Crick (rWC), Hoogsteen (H), reverse Hoogsteen
(rH), wobble (Wo) or reverse wobble (rWo).®l The adenine—
uracil interaction, which involves two hydrogen bonds
(K,210°M7Y/CDCLy), is weak and nonspecific with respect
that of guanine—cytosine, which involves three hydrogen
bonds (K,210°-10°m'/CDCL;).®! Homo- and heteropairing
of adenine and uracil derivatives, resulting in the formation
of interconverting dimers, trimers, and oligomers by the
combination of hydrogen-bond pairing, appear inadequate
to function in any predefined recognition scheme. Amaz-
ingly, a very diverse set of interconverting supramolecular
entities (oligomers) may be generated by using only these
two nucleobases (see Scheme 1S in the Supporting Informa-
tion).

In this paper we report the use of adenine and uracil
building blocks as molecular precursor to conceive hybrid
materials at nanometric scale. Our efforts involve the syn-
thesis and the self-assembly of adeninesiloxane (A) and ura-
cilsiloxane (U) monomers in hydrogen-bonded supramolec-
ular hybrid architectures. The main strategy is the genera-
tion of a dynamic pool of oligomeric ribbon-type or cyclic
supramolecular architectures exchanging in solution; these
structure are subsequently fixed in a hybrid organic—inor-
ganic material by using a sol-gel transcription process.

Results and Discussions

Synthesis of molecular precursors A and U: 3-Triethoxypro-
pylisocyanate was treated with the corresponding adenine or
uracil nucleobase (DMSO, RT, 12 h) to afford the N°-(3-tri-
ethoxysilylpropyl)adeninecarboxamide (A; 40%) and N'-(3-
triethoxysilylpropyl)uracil carboxamide (U; 50%) precur-
sors, respectively, as white powders (Scheme 1). The grafting
of the triethoxysilanepropylcarboxamide (TEPSCA) groups
on N°- (A) and N'-positions (U) of the nucleobases limits
the hydrogen-bond pairing for these molecules to Watson—
Crick and Hoogsteen interactions.

Synthesis of M,, My, and M,_y hybrid materials: the gener-
ation of hybrid materials M, My, and M,_y can be achieved
using mild sol-gel conditions. In a typical procedure, deion-
ized water (6 equiv) and benzylamine (3 equiv) as a catalyst
were added to 2x107*m solutions of precursors A, U, or to
an equimolar mixture of A:U (1:1, mol/mol) in acetone. The
mixture was kept at room temperature under static condi-
tions for 15 days. The solvent was then evaporated at yield-
ing the hybrid materials M,, My, and M,y as the white
powders.
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Scheme 1. Synthesis of ~N’-(3-triethoxysilylpropyl)adeninecarboxamide
(A) and N'-(3-triethoxysilylpropyl)uracilcarboxamide (U) precursors.

The precursors A and U as well as the resulting My, My,
and M,_y hybrid materials were characterized by FTIR and
¥Si NMR-MAS spectroscopy, X-ray powder diffraction
(XPRD), scanning electronic microscopy (SEM) and trans-
mission electronic microscopy (TEM).

FTIR and NMR spectroscopic analysis of the hybrid ma-
terials indicates the formation of a hybrid supramolecular
network. FTIR spectra of hybrid materials M,, My, and
M,_y show broad vibrations at 990-1150 cm™' (vg.o.) in-
stead of the vibrations at 950, 1075, and 1100 cm™' (vg or,)
initially observed for the molecular precursors A and U.
Evidence for the A--U hydrogen bonding was obtained
from the vibration shifts of the “C=0O bonds, detected after
hydrolysis—condensation reactions: vc_gs)=1725-1717, vc_
owy=1742-1731, and vc_oq)=1689-1647 cm™' (Supporting
Information). *Si MAS NMR spectroscopic experiments
confirm the presence of highly condensed phases within
hybrid materials M, My, and M,_y (80-85%), with only a
low amount of T1 [C-Si(OSi)(OH),] (10-14%) units and
containing mainly cross-linked T2 [C-Si(OSi), (OH)] (27-
29%) and T3 [C-Si(OSi);] (54-62 %) units, leading to a pre-
dominantly three-dimensional arrangement.

X ray powder diffraction and computational studies: Further
insights in the solid-state self-organization of the precursors
A and U and the hybrid materials My, My, and M,_y were
obtained by X-ray powder diffraction (XPRD). Figure 2
shows that well-defined long-range order is present in the
precursors, but also in the hybrid materials after the sol-gel
step, albeit that seen in latter is less pronounced than in the
precursor materials: there are fewer well-defined peaks
present than for the precursor and the average peak width
increases, indicating smaller domains in which coherent scat-
tering occurs.

To elucidate the self-organization patterns of the materi-
als, ab initio structure determinations were attempted from
the powder data, but they proved to be unsuccessful at this
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Figure 2. XRPD patterns of a) precursor A and hybrid material My, b)
precursor U and hybrid material My, and c) a 1:1 mixture AU,,;, of A:U
precursors and hybrid material My _g.

time; this was due to the presence of more than one phase
(vide infra), which inevitably causes severe peak overlap
and so proper indexing of the peaks was not possible.

For this reason another approach was chosen to deduce
structural information from the diffractograms. To find out
which geometry corresponds to which peak, the molecular
geometries of A and U were optimized by means of the
Dreiding force field (see the Supporting Information for de-
tails). The calculated electronic energies show the intramo-
lecular hydrogen-bonded structures A and U are favored
over the non-hydrogen-bonded ones by 1.1 and
1.4 kcalmol ™!, respectively. Moreover, the TEPSCA moiety
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is directionally fixed by intra-
molecular hydrogen bonding,
avoiding specific disorders in
the structure of the hybrid ma-
terial (Scheme 2 and Figure 1S
in the Supporting Informa-
tion).

The A and U precursors
generate self-organized super-
structures based on two en-
coded features: 1) they contain
a nucleobase moiety that can
form ribbon-like oligomers by
the combination of hydrogen-
bond pairing; 2) the nucleo-
base moiety is covalently
bonded to TEPSCA groups
that hydrophobically pack in
alternative layers and that can
transcribe their self-organized
superstructures  into  solid
hybrid materials by sol-gel
process. Based on this structur-
al information and on the crys-
tal structures of similar alkyl-
nucleobase derivatives,'""! the
relative arrangement of mole-
cules of A and U in powders
and in the M,, My, and M, _y
hybrid materials is probably
similar to previously reported
crown ether type™®¥ and urei-
doarene”™ superstructures. As
shown in Figure 3a, the postu-
lated model of self-organiza-
tion is that of parallel hydro-
gen-bonded nucleobase aggre-
gates and hydrophobic
TEPSCA layers which are al-
ternatively stratified and pres-
ent a tight contact. A charac-
teristic found in all XPRD dif-
fractograms of the precursors
A and U and the hybrid mate-
rials My, My, and M,_y is the
first diffraction peak at d spac-
ings between 23.6 and 27.1 A.
(Table 1, Figure 2). It was
postulated that this spacing
represents the interplanar dis-
tance between two Si atoms
(dsisi, Figure 3b) by using a
linear geometry for the propyl
substituents. Silicon is the most
electron-rich element in the
precursors and hybrid materi-
als, so it can be expected that
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Scheme 2. Dynamic self-assembly in solution and sol-gel transcription of a) precursor A, b) precursor, U and

c) a 1:1 mixture of precursors A:U.
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Figure 3. a) Postulated model of self-organization of parallel hydrogen-bonded nucleobase aggregates and hydrophobic propyltriethoxysilane layers; b)
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line is just a guide to the eye). The grey squares correspond to the unpolymerized powders of precursors A, U, and their 1:1 mixture AU,,;,, while black

circles correspond to hybrid materials M, My, and M,_.

Table 1. The corresponding Bragg peaks and distances calculated from
small angle diffractograms of precursors A, U, and the 1:1 mixture of
A:U (AU,,;,), and hybrid materials M, My, and M, _y.

Precursors and Bragg diffraction Bragg diffraction

hybrid materials peaks [°] distances [A]
A 3.41,3.74 25.9,23.6

U 3.97 222

AU, 3.25, 3.66 27.1,24.1
M, 3.74 23.6

My 3.95 221

M, v 3.67 24.1

the strongest peaks in the diffractograms are due to planes
containing a relatively high density of Si atoms. These mini-
mized molecular structures were then paired so as to pro-
duce the Watson-Crick, reverse Watson—Crick, Hoogsteen,
and reverse Hoogsteen geometries by using the hydrogen-
bonding distances described in the crystal structures of ade-
nine or 9-methyladenine,™ uracil or 1-methyluracil,? and
their adenine—uracil adducts.'¥] After optimizing these base-
pairs or quartets, the dg_g spacing was determined (Table 2,
Figure 3S in the Supporting Information) and found to be in
perfect linear correlation with the distances corresponding
to the first intense diffraction peaks observed in the XRPD

Table 2. Calculated interplanar dg; g distances from minimized structures.

Nucleobase Calculated Nucleobase Calculated
oligomer!®! dg; i [A] oligomer!*! dg; i [A]
A, wen 22.5 Uswe 20.8

Au 21.4 Uswe 15.5
AswcUsn 21.7 U, 24.6
AUzwe 229

[a] For details see Scheme 1S or Figure 3S in the Supporting Information;
the self-assembling of U,wewe, AswcUzbens AswcUzms AsuUswewe, and
A pUswe oligomers shown in Scheme 1S are stereochemically hindered
by the bulky blocking alkoxysilanecarboxamide groups of two neighbor-
ing nucleobase motifs.
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patterns (Table 1, Figure 2). Moreover, these distances are
very well correlated with the carbon—carbon distances dc¢_¢;
observed in three-dimensional RNA X-ray structures
(Figure 48, in the Supporting Information).

As a general rule, as shown by the differences between
the values of interplanar Bragg diffraction distances, the
condensation process between the ethoxysilane groups
during the sol-gel process results in the formation of the
more compact hybrid materials My, My, and M,_y relative
to the unpolymerized A, U, and AU,,;, powders (Table 1 and
Figure 3b).

The small-angle XRPD pattern of the precursor A, re-
crystallized in ethanol or acetonitrile, has two well-resolved
Bragg diffraction peaks at 20=3.41° (d=25.9 A) and 20=
3.74° (d=23.6 A) corresponding to two crystallographycally
distinct phases: A,wcn and A,y oligomers (Figure 2a). A
freshly synthesized solid sample of A is predominantly crys-
tallized as Watson—Crick/Hoogsteen A,wcy oligomer. A
second non-predominant polymorph of the all-Hoogsteen
A,y oligomers are present in powder as a result of breaking
of Watson—Crick hydrogen bonds and creation of the new
Hoogsteen hydrogen bonds. The small-angle XRPD pattern
of hybrid material M, presents a unique well-resolved
Bragg diffraction peak at 20=3.74° (d=23.6 A; Figure 2a),
corresponding to a crystallographically distinct and unique
phase A, g.

The two-dimensional molecular packing of the adenine
absorbed on graphite has been studied by STM!¥ and
AFM;1 it crystallizes in two-dimensional supramolecular
tapes through the formation of Hoogsteen N*~H--N’ hydro-
gen bonds. Similarly, 9-methyladenine!’*¥ and 9-ethyla-
deninel"'®! crystallize through the formation of unique
Hoogsteen hydrogen bonds, in two-dimensional layers.
These layers, which are alternatively stratified, exhibit two
types of interfaces: one surface contact due to the m-m
stacking of adenine tapes and another resulting from hydro-
phobic interactions of alkyl groups, which form in van der
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Waals interactions. Similarly, the structures of the A, oligo-
mers are most likely dictated by hydrophobic interactions
between the grafted ethoxysilanepropylcarboxamide groups
(Figure 3a). In a freshly prepared sample of A, the solvent
logged between hydrophobic groups favors the extended
A, wcn oligomers. The condensation reaction between the
ethoxysilane groups during the sol-gel process favors the
more compact A,y oligomers in which the hydrophobic
groups are interlocked, stabilizing thus the interaction be-
tween adenine Hoogsteen hydrogen-bonded layers.

The small-angle XRPD patterns of the precursor U and
of the hybrid material My have one Bragg diffraction peak
each at 20=3.97° (d=222A) and 20=3.95° (d=22.1A)
(Figure 2b), respectively, corresponding to a characteristic
Watson—-Crick U,we dimer (dg.;=20.8 A) (Figure 3). The
two other possible structures, the dimer U,we (dsisi=
15.5 A) and the quartet U, (dg_g;=24.6 A) do not correlate
with the experimental data.

A freshly evaporated solid sample of an equimolecular
mixture of A and U in acetone leads to two Bragg diffrac-
tion peaks in the diffraction pattern at 20=3.66° (d=
241 A) and 20=3.25° (d=27.1 A), corresponding to the
oligomers A,wcU,y and A,qU,wc, respectively. The small-
angle XRPD pattern of the hybrid material M,y has a
Bragg diffraction peak at 20=3.67° (d=24.1 A), corre-
sponding to a characteristic interplanar dg.g=217A dis-
tance of the Watson—Crick A,wcU,y oligomer (Figure 3).
Amazingly, the unique structure of the resulting hybrid ma-
terial M,_y is consistent with the formation of Hoogsteen
base pairs between uracil and adenine and Watson—Crick
base pairs between two adenine molecules. Early contribu-
tions by Etter,® Diederich,!'*®! and others have recently
been confirmed through calculations performed by Zimmer-
mann;® they indicate an almost exclusive preference for
Hoogsteen binding within 1:1 base-pairing complexes be-
tween alkyladenine and alkylthymine derivatives.'¥ Al-
though many have recognized that in the solid state the
uracil or thymine moieties preferentially bind adenine
through Hoogsteen binding, here the A,wcU,y oligomer is
quantitatively amplified from a dynamic pool of oligomers
in solution through sol-gel transcription.

The wide-angle XRPD patterns of the hybrid materials
M,, My, and M,_y have many well-resolved peaks in the
range 10-30°, indicating that these hybrid materials have
reasonably well ordered structures (Figure 4S, Supporting
Information). The Bragg diffraction peak at 260=24.5° (d=
3.5 A) corresponds to a characteristic m—m stacking distance
between two planar ribbon-like oligomers.

Electronic microscopy studies: Scanning electron microsco-
py (SEM) micrographs reveal that the hybrid materials M,
(Figure 4a) and My (Figure 4a) have a micrometric platelike
morphology, while the M,_y hybrid material (Figure 4c) con-
sists of crystalline nanorods.

Transmission electron microscopy (TEM) experiments of
hybrid material M,_y show that the structure is character-
ized by a short-range ordered circular domains of 5 nm in
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Figure 4. SEM images of a) My, b) My, and c¢) M,_y hybrid materials.

diameter. These oriented domains and the semicrystalline
nature of the material after the sol-gel process are clearly
seen in the Figure 5. The d spacings of 3.5 A are observed

Figure 5. TEM image of the M,_y hybrid material.

between alternate light, inorganic, siloxane layers and dark,
organic, hydrogen-bonded nucleobased rows with a perio-
dicity in one direction. The match between the periodicity
of parallel sheets and the distances observed in the XPRD
experiments (20 =24.5°—d=3.5 A) indicates that the hybrid
material M,_y has a sheet-like superstructure with an inter-
layer distance corresponding probably to the stacking inter-
actions between nucleobases nano-ribbons (a lateral view in
presumed model in Figure 3a).

The X-ray structural data and microscopy analysis allow
the following conclusions to be drawn.

1) In solution the precursors form different types of hydro-
gen-bonded aggregates that can be expressed in the solid
state as discrete higher unpolymerized oligomers based
on different possible hydrogen-bond base pairing: A,wc.n
and A,y for A, U,wc dimer for U, and A,wcU,y and
A,yU,wc for the equimolar mixture AU ;.
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2) After the sol-gel process, the constitutional preference
for M, — A,y (Scheme 2a) , My—U,wc (Scheme 2b) and
M, v —AswcUsn (Scheme 2¢) geometries in polymerized
hybrid materials is consistent with the natural arrange-
ment of similar systems favoring the self-assembly in an
compact Hoogsteen geometry.>4,

Conclusion

The above results describe the formation and the intercon-
version of hydrogen-bond architectures derived from the
alkoxysilane adenine (A) and uracil (U) nucleobase precur-
sors that are subsequently fixed in the hybrid organic-inor-
ganic materials by means of a sol-gel transcription process.
Dynamic self-assembly of supramolecular systems, undergo-
ing continous reversible exchange between different self-or-
ganized entities, may in principle be connected to kinetically
controled sol-gel processes in order to extract and select an
amplified supramolecular device under a specific set of ex-
perimental conditions. Such a “dynamic marriage” between
supramolecular self-assembly and sol-gel polymerization
processes that sinergistically might communicate leads to
“constitutionally driven hybrid materials”.

Nucleobase oligomerization® by hydrogen bonding can
be an advantageous choice to reinforce the controlled com-
munication between interconnected “dynamic supramolec-
ular” and “fixing siloxane” systems. Moreover, the hydopho-
bic interactions can play an important role in the stabiliza-
tion of compact packed superstructures, which may be “ex-
tracted selectively” under the intrinsic stability of the system
or external stimuli by polymerization in the solid state.

The combined features of dynamic constitutional diversi-
ty, controlled generation of hybrid materials by self-organi-
zation, and potential addressability make processes and spe-
cies such as those presented here of interest for the develop-
ment of a supramolecular constitutional approach to nano-
materials through “self-fabrication” toward systems of in-
creasing complexity.

Experimental Section

Materials and methods: Adenine, uracil, and 3-triethoxypropylisocyanate
were purchased from Aldrich and used as received. All other reagents
were obtained from commercial suppliers and used without further pu-
rification. All organic solvents were routinely dried by using sodium sul-
fate (Na,SO,). 'H and CNMR spectra were recorded on an ARX
300 MHz Bruker spectrometer in [D¢]DMSO with the use of the residual
solvent peak as reference. Solid-state NMR was performed on a Bruker
ASX400 spectrometer. Mass spectrometric studies were performed in the
positive ion mode on a quadrupole mass spectrometer (Micromass, Plat-
form 2+ ). Samples were dissolved in acetonitrile and were continuously
introduced into the mass spectrometer at a flow rate of 5SmLmin'
through a Waters 616HPLC pump. The temperature (60°C) and the ex-
traction cone voltage (V.=30 V) were set to avoid fragmentations. X-ray
powder diffraction measurements were performed with Cuy, radiation at
20°C on a Philips X'Pert diffractometer equipped with an Xcelerator de-
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tector. SEM images were obtained with a Hitachi S-4500 apparatus,
under a tension of 0.5-30 kV.

Synthesis of N’-(3-triethoxysilylpropyl)adeninecarboxamide A: 3-(Tri-
ethoxysilyl)propylisocyanate (3.7 g, 14.80 mmol) was added to a suspen-
sion of adenine (2 g, 14.80 mmol) in DMSO (50 mL). The reaction was
stirred for 12 h at room temperature. The reaction mixture was then pre-
cipitated in ice water, and the precipitate was filtered and recrystallized
from ethanol or acetonitrile to afford compound A as white powder
(226 g, 5.91 mmol; 40%). '"H NMR ([Ds]DMSO, 300 MHz): 6=8.94 (s,
1H), 8.53 (s, 1H), 8.37 (s, 1H), 6.15 (s, 2H), 3.84 (q, J=6.98 Hz; 6H),
3.51 (q, J=6.62Hz; 2H), 1.82 (q, J=7.25Hz; 2H), 1.24 (t, J=6.98 Hz;
9H), 0.74 ppm (t, J=8.4 Hz; 2H); "C NMR ([D¢]DMSO, 300 MHz): 6 =
155.9, 153.1, 149.0, 148.3 139.3, 120.1, 58.5, 42.9, 23.1, 18.3, 7.8 ppm; MS
(ESI): m/z (%): 384.2 (100) [A+H]*

Synthesis of N'-(3-triethoxysilylpropyl)uracilcarboxamide (U): Uracil
(2 g, 17.84 mmol) was dissolved in DMSO (50 mL) and 3-(triethoxysilyl)-
propylisocyanate (4.4 g, 17.84 mmol) was added. The mixture was stirred
for 12 h at room temperature, and then poured in to ice water. The pre-
cipitate was filtered and recrystallized from hexane to afford compound
U as white powder (3.21g, 8.90 mmol; 50%). 'HNMR ([Ds]DMSO,
300 MHz): 6=11.74 (s, 1H), 9.12 (s, 1H), 8.19 (d, /=843 Hz; 1H), 5.79
(d, J=2.12Hz; 1H), 3.75 (q, /=698 Hz; 6H), 3.25 (q, /=6.72 Hz; 2H),
1.57 (q, J=7.80Hz; 2H), 1.14 (t, /=698 Hz; 9H), 0.58 ppm (t, J=
8.4 Hz; 2H); "CNMR ([D¢]DMSO, 300 MHz): 6=162.3, 151.5, 149.7,
139.0, 103.8, 58.5, 43.7, 22.8, 18.3, 7.7 ppm; MS (ESI): m/z (%): 360.6
(100) [U+H]*

General procedure for the synthesis of hybrid materials M,, My, and
M, y: In a typical sol-gel experiment the precursors A (0.20 g,
0.52 mmol), U (0.19 g, 0.52 mmol), or the equimolar mixture of A (0.20 g,
0.52 mmol) and U (0.19 g, 0.52 mmol) were dissolved in acetone (20 mL).
Then deionized water (0.056 g, 3.13 mmol for M, or My and 0.11 g,
6.27 mmol for M,_y) and benzylamine (0.055 g, 0.52 mmol for M, or My
and 0.11 g, 1.05 mmol for M,_y) as a catalyst were added. Samples were
kept under static conditions at room temperature for eight days. Then
the solvent was then slowly removed at room temperature yielding the
hybrid materials M, M, and M,_y as white or light yellow powders.
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