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We report a crystalline supramolecular framework assembled by
H-bonding interactions between covalently fused monomers equipped
with two guanine—cytosine nucleobase pairs.

Supramolecular organic frameworks (SOFs) have reached an
important position in the field of crystalline molecular
materials." As their covalent and metal-organic counterparts,
COFs*® and MOFs,*” they are also formed by the interaction
between diverse building blocks through dynamic and reversible
bonds, and present similar features in terms of predictable
structure,® high surface area and tailored pore size/shape.” One
of the most interesting supramolecular interactions to construct
SOF materials is the hydrogen (H)-bond, which gives rise to the
so called H-bonded organic frameworks (HOFs).'®"®> Many
chemical groups are susceptible to be used as H-bond motifs,
and some of them, such as the diaminotriazine,>'* urea,'”
benzoic acid units'®'” or amidinium-carboxylate pairs,'® have
been employed in the literature to produce HOFs. The first
reports of porous materials made from these motifs were
described decades ago, as part of the structural study of other
systems, but their consideration and analysis as ordered frame-
works for structure-to-function correlations is relatively recent.®
It is now clear that the challenges imposed by the high direc-
tionality of H-bonds and the isomerism and multiple binding
possibilities of many H-bonding fragments, which often results
in crystal polymorphs,>® hampers the assembly of targeted
frameworks. Hence, the design of HOFs remains nowadays quite
unpredictable, with most HOF materials made serendipitously
or by trial-and-error approaches.
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A prototypical group of H-bonding modules is constituted by
the nucleobases. It is clear that mastering the use of these
bioinspired motifs in HOFs might bring unprecedented structural
designs due to their synthetic versatility and the availability of two
complementary DNA base pairs. However, despite their popular
use in functional supramolecular systems,* there are not many
examples of the utilization of nucleobases in crystalline HOF
materials. Wasielewski and co-workers recently reported different
crystalline materials by the formation of G-quartets between
building blocks formed by a large m-conjugated systems func-
tionalized with two guanines at the edges.”>** Their structural
determination was realized by comparing the recorded PDRX data
and different simulated diffractograms, in which they evaluated
various stacking modes between 2D layers. On the other hand,
Richert and co-workers described the use of a tetrahedral core
substituted with dinucleotide arms.>* This molecule formed
aggregates at 95 °C in water, supposedly by the complementary
interaction between nucleobases, but their small size prevented to
characterize them by X-ray diffraction. In any case, these scarce
examples reveal the difficulties in producing crystalline frame-
works by controlling H-bonding between nucleobases.

Here, we describe our first advances in the preparation of a
new family of HOFs built from supramolecular interactions
between nucleobases. This work is supported on our previous
studies on the cyclization of self-complementary dinucleoside
monomers in solution®® and onto graphite substrates,?® where
highly ordered 2D networks formed by cyclic units could be
imaged by STM at the solid-liquid interface (Fig. 1a). These
results clearly invited to generate related 3D crystalline materials
in which the bidimensional cavities could be extended along the
z-axis and materialized into actual pores. Unfortunately, the
formation of these 2D networks relied on weak and ill-defined
secondary interactions between cyclic entities, and therefore
the preparation of bulk crystalline materials from the same
dinucleoside monomers could not be realized. In order to solve
this problem, we considered a novel design that involved the
covalent fusion of two monomers (Fig. 1b). The idea was to rely
exclusively on Watson-Crick interactions between nucleobases
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Fig. 1 Comparison between (a) previous work in the group and (b) the
proposed process for the preparation of HOFs by covalent fusion, H-bonding
association in the plane, and consecutive layer staking.

to direct network formation. This would minimize the contribu-
tion of weaker and less defined intermolecular interactions, thus
facilitating the formation of crystalline materials with a targeted
structure. In the designed fused monomer GCGC (Fig. 1b),
two guanine(G)-cytosine (C) linear fragments are connected by
a bis-phthalimide linker through the central block. The selected
nucleobases were substituted at specific positions by alkyl chains
in order to occupy the (presumably formed) secondary pores and
to avoid as much as possible other relative conformations
between nucleobases. With this design, we intended to induce
the formation of a 2D network with pores of ca. 2.8 nm? (Fig. 1b).
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Scheme 1 Synthetic route to the fused monomer GCGC.
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The synthetic route to GCGC is shown in Scheme 1. As a
preliminary step, 5-/8-ethynylated C and G derivatives (C, G)
were obtained following reported routes.”” The synthesis starts
with the iodination of phthalic anhydride. This anhydride was
too labile to stand subsequent couplings and purification steps,
so its protection was mandatory. Inspired by strategies used in
the field of polymeric materials,”**® we decided to protect it as a
phthalimide through a condensation reaction with 2-aminopyridine,
to obtain the dihalogenated central block B. Due to the electron-poor
nature of the resulting phthalimide we were able to functionalize
later this position through a transimidation reaction with another
amine nucleophile. The synthetic route continues with a Sono-
gosahira reaction to couple the central block B and nucleobase C.
Then, the resulting compound (GCGC3) was fused first by a
transimidation reaction with excess of ethylenediamine, and, after
the evaporation of the unreacted diamine, a second condensation
with additional 1.1 equivalents of GCGC3 was carried out, to yield
GCGC2. Finally, a second Sonogashira reaction was used to couple
guanosine G, producing GCGC1. At this point, the protecting group
at the carbonyl position of the guanosine fragment, which supplies
solubility to the fused monomer, can be cleaved in acid media
(or, alternatively, in the presence of fluoride salts), leading to the
final fused compound GCGC.

GCGC turned out to be very insoluble even in polar solvents
that strongly compete for H-bonding, such as DMSO or DMF.
The aggregation process could only be monitored by "H NMR in
DMSO-d; (Fig. 2a and Fig. S1, ESIt). At room temperature, the
spectrum shows broad peaks, characteristic of strongly aggre-
gated species, that became sharper when the sample was
heated up to 100 °C, so they could be assigned to each proton.
No NMR peaks related to the formation of G:C H-bonded
species could be detected along this temperature range: either
the monomer is detected, with a characteristic DMSO-bound
G-amide proton at ca. 10.5 ppm, or large aggregates that
produce too broad H-bonded signals and that precipitate out
of solution are formed within the 107>-10"* M range.

These DMSO suspensions were also analysed within a lower
concentration range with absorption and emission spectroscopies
at lower concentrations (Fig. S2, ESIT). Room temperature GCGC
suspensions revealed a broad, low-intensity fluorescence emission
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Fig. 2 (a) 'H RMN spectra of GCGC in DMSO-dj at different tempera-
tures; (b) needle like crystals at the optic microscope with polarized light;
and (c) SEM images of GCGC crystals.

with maxima at 538 nm. When the temperature is increased or
the concentration is decreased, a significant increase in emission
intensity and a blue-shift to 458 nm was immediately noted, a
behaviour that is similar to other G-C monomers studied in the
group and that can be attributed to monomer dissociation.>®
However, the fully disaggregated samples at high temperatures
required several days to aggregate again and recover the spectro-
scopic features of the original suspensions, thus hampering us to
analyze the polymerization process as a function of temperature.
Next, we concentrated our efforts on optimizing the condi-
tions required for producing crystals. However, because of the
extremely low solubility of GCGC, and thus our limitation to the
use of DMSO at high temperatures and low concentrations to
fully dissolve it, the crystals obtained were of low quality.
We therefore decided to work with the more soluble GCGC1
precursor and carry out the deprotection of the carbonyl group
in a controlled way. This strategy, also used in MOFs,*® allows
to gain control over the crystallization process due to the
gradual release of GCGC in the reaction medium. After testing
different concentrations, solvent compositions and deprotec-
tion conditions, the best results were obtained when a solution
of GCGC1 in DMF was treated with a slight excess of HCI,
and MeOH was added. Additionally, a thermal treatment was
realised in order to improve crystallinity. Then, after washing
with MeOH, orange needle-shaped crystals were obtained.
Optical microscopy images of the solid obtained from MeOH
(Fig. 2b and Fig. S3, ESIt) suggested the formation of needle-
shaped crystals of 0.5 pm, as confirmed by SEM (Fig. 2c and
Fig. S4, ESIT). On the other hand, quantitative deprotection of
the molecules was confirmed by "H NMR analysis. In addition,
FT-IR (Fig. S5, ESIf) analysis in the C—=O stretching range
reveals a new couple of peaks at 1640 and 1650 cm ™ * that were
not observed in the protected fused monomer nor in each
of the nucleobases separately. However, the mixture of both
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nucleobases also reveals the presence of those peaks, so we can
attribute them to H-bonded carbonyl groups in GCGC.*

We preliminary checked the crystallinity of the solid in the
diffractometer available in our laboratory. As shown in Fig. S6a
(ESIYT), the powder X-ray diffraction (PXRD) pattern displays
broad diffraction lines with low intensity. Similar patterns were
obtained under different acid deprotection conditions, which
suggests that the structure formed is not very sensitive to slight
pH variations. In order to obtain data of sufficient quality to
guide the refinement of the PXRD pattern for building a
structural model, we collected Synchrotron diffraction at the
beamline BL04-MSPD in ALBA. These measurements are con-
sistent with the PXRD pattern collected in our facilities and
suggest the formation of a polycrystalline solid featuring dif-
fraction at low-angles, with the most intense diffraction line at
20 = 2.4°, as well as a peak of high relative intensity at 13.5°,
which was attributed to a n-n stacking distance of ca. 3.5 A
(/. = 0.82629 A, Fig. S6, ESI}).

We computationally designed several 2D H-bonded networks
by using Materials Studio (Fig. S7A, ESIt) to analyse similarities
with the experimental pattern. This set of potential candidates
included the targeted Watson-Crick-bonded network shown in
Fig. 1b. These 2D layers were then stacked in diverse relative
arrangements and compared to the experimental PXRD. In a first
approach, we simulated networks in an eclipsed conformation,
i.e. --AA--- stacking, and with a shift between layers, i.e. ---AB--
stacking with 5 A shifts (see ESIt for details). Among the
different potential networks, the best fit was obtained with the
one with cell parameters a = 22.6 A, b = 7.2 A, ¢ = 19.4 A and
f =97° in which alternated C:C and G:G interactions direct the
assembly of a layered framework (Fig. 3b and Fig. S7Ab, ESIf).
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Fig. 3 (a) LeBail profile fitting of the experimental PXRD pattern
(A =0.82629 A) and (b) proposed structure with C:C and G:G interactions.
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This network was then studied in more detail by changing the
relative disposition of the layers with a higher number of
possibilities. We also considered different numbers of layers in
the unit cell by varying the b axis without substantial changes in
the simulated PXRD pattern (Fig. S7C, ESIt). Eventually, the best
match was obtained by assuming an ---AB--- packing with a shift
of 12 A along the a axis y 18 A along the ¢ axis between layers
(Fig. 3). For this case, the LeBail refinement converged
with excellent residual values (Ryp = 2.55%, Rexp = 1.77%) to a
monoclinic crystal system. Furthermore, the absence of large
pores in the simulated structure is consistent with the low
adsorption capacity of the material, which is negligible for
N, and displays a small uptake of CO, at 273 K of 85 cm® g~*
(Fig. S8, ESIY). The final GCGC material is not very sensitive to
temperature changes and no significant weight loss is detected
up to 350 °C in thermogravimmetric analyses (Fig. S9, ESIt).

In short, novel crystalline framework materials derived from
H-bonding interactions between nucleobases have been
obtained in this work from a fused monomer substituted with
two complementary G and C base pairs. However, the resulting
structure obtained under thermodynamic conditions is not the
one expected in the original design. Since nucleobases present
multiple possibilities to form H-bonds aside from the Watson-
Crick pair,*” in this particular case the bases prefer to interact
through weaker doubly H-bonded C:C and G:G interactions,
thus leading to a different, more compact network with smaller
voids. These interaction modes, however, do not bring the
versatility and potential that complementary nucleobases could
supply if they are made to bind via Watson-Crick interactions,
as shown in our previous work.>>**** This first work suggests
that monomer structure needs to be redesigned to reach
such goal.
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