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Meervelt,? Steven De Feyter,® Wim Dehaen*?

A green multicomponent synthesis of previously unreported
octahydropyrimido[4,5-g]quinazoline-5,6-diones was developed
from simple building blocks. These highly symmetrical compounds
show strong propensity to self-assembled molecular network
(SAMN) formation on highly oriented pyrolytic graphite. The SAMN
type is easily tunable by changing molecular characteristics. The
redox behavior was studied by cyclic voltammetery.

Quinones are a class of redox-active molecules that are represented
widely in nature, where they function in a variety of vital electron-
transport processes including photosynthesis and respiration.12
Their unique properties give rise to a broad range of bioactivities
including in anticancer, antifungal, antibacterial and antiparasitic
drugs.3-6 Additionally, quinones have found many applications in
energy-harvesting and storage materials, for example in Li-ion
batteries and pseudocapacitors.” One persistent issue with these
quinone-based materials is their dissolution into electrolytes which
limits the recyclability of these materials. A possible solution could
be to immobilize the quinones using molecular self-assembly on a
conducting carbon-based nanomaterial such as graphene or
graphite.”8

A particularly interesting class of quinone compounds are 2,5-
diaminoquinones, due to their straightforward synthesis, interesting
reactivity, and self-assembly behavior. While it is known that
zwitterionic  m-diaminobenzoquinones  form  self-assembled
molecular networks (SAMNSs) on graphite via strong charge-assisted
hydrogen bonding,!! the self-assembly of p-diaminobenzoquinones
is far less investigated. The only reported strategy is the self-
assembly of a p-diaminobenzoquinone containing two long alkyl
chains that forms SAMNSs stabilized by r-mt interactions between the
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aryl group and graphite and by Van der Waals (VDW) interactions
between the long alkyl chains and the surface, and between adjacent
alkyl chains.12 For these compounds the only modifiable groups are
the alkyl chains, restricting the scope of 2D crystal engineering.
Additional design positions would be beneficial for optimizing the
control over SAMN formation, as well as other materials’ properties.

In this work, the enamine reactivity of p-dialkylaminobenzoquinones
was exploited in a multiple Mannich-aminal condensation, affording
1,2,3,4,6,7,8,-octahydropyrimido[4,5-g]quinazolin-5,10-diones
(Scheme 1). In contrast to the previously reported p-
diaminobenzoquinones, these compounds have four groups on the
nitrogen atoms that can be easily varied, the alkyl and the aryl
substituents, enabling straightforward design of the different
stabilizing interactions for SAMN formation. The pyrimido[4,5-
glquinazolin-5,10-diones with short alkyl chains do not have the
strong VDW stabilization of long alkyl chains that could favor the
formation of SAMNs. Nevertheless, they show a high tendency
towards dense and close-packed SAMN formation on graphite, via
parallel displaced m-stacking of the anilines. When transitioning to
long alkyl chain substituents on the pyrimido[4,5-g]lquinazolin-5,10-
diones a less dense structure is formed as VDW interactions again
become dominant.
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Scheme 1. The multiple Mannich-aminal condensation of 2,5-diamino-p-benzoquinones
allows straightforward access to SAMN forming pyrimido[4,5-g]quinazolin-5,10-diones
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Inspired by the synthesis of 1,2,3,4-tetrahydrobenzo[g]quinazolin-
5,10-diones from naphthoquinone derivatives,13-1> and by the many
Mannich-aminal  condensations of enaminones  towards
tetrahydropyrimidines,16-21 the reaction of p-dialkylaminoquinones
towards  octahydropyrimido[4,5-g]quinazolin-5,10-diones  was
optimized. To the best of our knowledge, octahydropyrimido[4,5-
glquinazolin-5,10-diones have not been previously described. The
developed multicomponent reaction, with seven reaction partners,
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allows simultaneous incorporation of six components onto the p-
diaminobenzoquinone core in a single step, using readily available
starting materials. Notably, this reaction is of minimal environmental
impact for two reasons. Firstly, ethanol and L-proline are used as
respectively green solvent and green organocatalyst. Secondly, the
reaction products are generally isolated via simple filtration.
Therefore, the reaction proved to be easily scalable, and could be
applied to gram-scale synthesis.

Under the optimized conditions (Scheme 2, for more details consult
Supp. Info section ‘1.3 Optimization studies’, pages S6 — S7), 2,5-
di(propylamino)benzoquinone 1a was reacted at 80 2C with 2
equivalents of aniline 2a, twofold excess (8 equivalents) of
paraformaldehyde 3, and 1 equivalent of proline 4 in ethanol (0.5 M).
The final compound 5a precipitated from the reaction mixture and
could be obtained in 76 % yield via simple filtration. The reaction
with p-anisidine 2b afforded compound 5b in 68 % yield. Pleasingly,
the cyclized products from both o- and p-toluidine 5¢ and 5d could
be obtained in similar yields of 82 % (5c) and 84 % (5d), indicating
that also more sterically hindered anilines are successful. Also, 4-
fluoro- and 4-bromo-substituted 5e and 5f could be obtained in 76 %
(5e) and 34 % (5f) yield, showing that weakly withdrawing groups are
tolerated. The lower yield of 4-bromoaniline 5f compared to 4-
fluoroaniline 5e presumably results from two reasons. Firstly, the
nucleophilicity of 4-bromoaniline 2f is slightly lower than 4-
fluoroaniline 2e, when comparing their Hammett constants o, of
0.23 and 0.06.22 Secondly, the solubility of bromo-substituted 5f is
greater than fluoro-substituted 5e which may hinder product
precipitation as thermodynamic driving force. Indeed, in the reaction
towards 5f the onset of product precipitation occurred
comparatively late. As expected, the reaction is unsuccessful when
poorly nucleophilic anilines, substituted with (strongly) withdrawing
groups, are used which is in line with the limitations for the
somewhat analogous Troger’s base synthesis.23 No product could be
isolated from the reactions of ethyl-4-aminobenzoate, 4-
aminobenzonitrile, 4-(trifluoromethyl)aniline and 4-nitroaniline. At
this point, the gram-scale synthesis was attempted using aniline 2a,
p-anisidine 2b and 4-bromoaniline 2f which gave comparable yields
of 59 % (5a), 69 % (5b) and 43 % (5f), clearly showing that the
reaction is scalable.

Finally, the reaction of 1a with propylamine and formaldehyde gave
compound 7 in a reduced yield of 11 %, presumably due to increased
solubility of 6 and decreased stability of the formed aliphatic tertiary
amine under the reaction conditions (Scheme 3). Next, the scope was
evaluated using various di(substituted amino)quinones 1b-d with
both aniline 2a and 4-bromoaniline 2f (Scheme 4). The reaction of
dimethylaminoquinone 1b gave compound 8a and 8b in 65 % and 50
% yield, both isolated by filtration. Dihexylaminoquinone 1c gave 9a
isolated via filtration in 62 % yield and 9b isolated by flash
chromatography in 29 % yield. For compound 9a the structure was
confirmed by single-crystal X-ray diffraction (for more details see
Supp. Info section ‘1.6. Crystal structure determination of 9a’, pages
S17 — S20). Didodecylaminoquinone 1d gave compounds 10a
isolated via filtration in 75 % isolated yield, and 10b isolated via flash
chromatography in 37 % vyield. However, the reactions of 2,5-
dibenzylaminoquinone  or  2,5-diphenylaminoquinone  were
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unsuccessful, and no conversion was observed due tothgir, very low
solubility in ethanol. DOI: 10.1039/D2CC02070J
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Scheme 2. Substrate scope for anilines. Reaction conditions: 1 (0.5 mmol), aniline 2 (1.0
mmol), paraformaldehyde 3 (4.00 mmol), L-proline 4 (0.5 mmol), EtOH (1 mL), 802C, 5h.
Isolated yields. 2 Yields from gram-scale experiment.
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Scheme 3. Evaluation of aliphatic amine. Reaction conditions: 1 (5 mmol), n-propylamine
6 (10 mmol), paraformaldehyde 3 (40 mmol), L-proline 4 (5 mmol), EtOH (30 mL), 802C,
2h30. Isolated yield.
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Scheme 4. Reaction of dialkylaminobenzoquinones 1b-d with unsubstituted and 4-
bromoanilines 2a and 2f. Reaction conditions: 1 (0.5 mmol), aniline 2 (1.0 mmol),
paraformaldehyde 3 (4.00 mmol), L-proline 4 (0.5 mmol), EtOH (1 mL), 802C, 5h. Isolated
yields. Single crystal X-ray structure for compound 9a.

The on-surface behavior of the different pyrimido[4,5-g]quinazolin-
5,10-diones was investigated using high-resolution scanning
tunnelling microscopy (STM) experiments. STM allows visualization
of SAMN formation at the liquid/solid interface. To determine the
effect of the molecular structure on the formed SAMNSs, both the
functional group on the aniline and the length of the alkyl chain were
varied. Solutions of 0.5 mM were made in 1-phenyloctane (1-PO)
which is a common solvent in STM experiments. This solvent was
chosen because of its low vapor pressure, electrochemical inertness,
and non-acidic behavior. The solution was drop-casted on a freshly

This journal is © The Royal Society of Chemistry 20xx
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cleaved highly oriented pyrolytic graphite (HOPG) surface and the
SAMN was visualized at the liquid/solid interface.

The first attempted variation included compounds derived from
anilines with variable functional groups. Four different aniline
derivatives were evaluated for determining their effect on SAMN
formation on the HOPG surface: i) aniline 5a, ii) 4-methylaniline 5c,
iii) 4-fluoroaniline 5e, and iv) 4-bromoaniline 5f. For compound 5a,
which contains two aniline moieties, no SAMN formation was
observed on HOPG. The other compounds, containing two 4-
methylaniline (5c), two 4-fluoroaniline (5e) or two 4-bromoaniline
moieties (5f), were observed to form a close-packed self-assembled
structure at the liquid/solid interface (Figure 1). The models indicate
stabilization by m-rtinteractions between the quinone moiety and the
graphite surface. While similar m-rtinteractions could be expected for
the aniline groups at the outside of the molecules, these groups were
observed to self-assemble edge-on to the surface to enhance m-nt
interactions between adjacent aniline groups in a parallel displaced
stacking. The edge-on orientation on the surface has been reported
for molecules containing largely conjugated systems, such as
porphyrins,24 or other strong directional intermolecular interactions,
such as hydrogen bonding.2> However, the results obtained from
these experiments show that a parallel displaced stacking of
substituted aniline groups can be sufficient to act as directional
intermolecular interactions in the SAMN and convert the aniline
groups to an edge on-orientation. Compounds 5c (methyl), 5e
(fluoro), and 5f (bromo) are observed to assemble in similar SAMNSs
where the difference in unit cell can be explained by the difference
in size and electrostatic interactions between the methyl, the fluoro
and the bromo group. The absence of SAMN formation for
compound 5a with two aniline moieties can be explained by
enhanced m-m interactions of substituted aryl groups, which are
absent for the aniline moieties in 5a.26?7 The second set of
experiments focuses on the effect of the alkyl chain length on the
SAMN formation on the surface, specifically by increasing the alkyl
chain length of the compound with 4-bromoaniline groups from
propyl (5f) to hexyl (9b) and dodecyl (10b) substituents. The
molecules containing propyl chains, as discussed previously, self-
assemble in close-packed structures. When the chain length is
increased to hexyl, no formation of a self-assembled structure on the
surface is observed. This absence of a SAMN for compound 9b can
be explained by increased steric hindrance of the hexyl chains, which
inhibits formation of the close-packed self-assembled structure.
Increasing the chain length to a dodecyl chain (10b) enables again
the formation of a SAMN, however, the packing of molecules on the
surface changed significantly. According to our proposed models, the
close-packed structure for propyl compound 5f is altered to a less
dense structure when going to dodecyl chains in 10b. This structure
with extended alkyl chains favors interdigitation of the alkyl chains
that increase the VDW interactions and stabilize the SAMN.

Quinone-containing compounds are known to show a reversible
response in cyclic voltammetry under aqueous conditions.28
However, considering that the octahydropyrimido[4,5-g]lquinazolin-
5,10-diones prepared in this work are poorly soluble in water,
dimethylformamide (DMF) was selected as solvent for establishing
the differences in redox behavior of these compounds. In general, in

This journal is © The Royal Society of Chemistry 20xx
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non-aqueous electrolytes the electrochemical behayigr,of.these
molecules is far more complex compared to B§lieGudE8HREI6AS TR
analysis of the different processes is not straightforward, involving in
most cases quasi-reversible and irreversible redox reactions.?® For
instance, the electrochemical response of isolapachol was studied in
DMF, showing electrochemical behavior with the occurrence of self-
protonation or hydrogen bonding intermediate formation.3°
Nevertheless, shifts in the potential for these voltametric features
can be used to indicate different reactivity of the compounds, and
gives valuable information.
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Figure 1. STM images at the liquid/solid interface, including the proposed models, the
unit cells (white), where a and b are the unit cell vectors and a is the unit cell angle, and
the inset, where the graphite symmetry axes (black lines) are compared to the unit cell
vectors (red dotted lines). a) Compound 5c (methyl), unit cell (Plane group p2, 1
molecule): a: 1.5240.01 nm, b: 0.9840.01 nm, a: 85.0+0.8°, b) Compound 5e (Fluoro),
unit cell (Plane group p2, 1 molecule): a: 1.65+0.06 nm, b: 0.96+0.02 nm, a: 86+3°, c)
Compound 5f (Bromo), unit cell (Plane group p2, 1 molecule): a: 1.74+0.07 nm, b:
1.01+0.03 nm, a: 81+4°, and d) Compound 10b (C12), unit cell (Plane group p2, 1
molecule): a: 2.27+0.04 nm, b: 2.02+0.04 nm, a: 9113°. On these figures, the proposed
models and the unit cells (white) are indicated. Imaging conditions: 0.5 mM in 1-PO, /=
0.020-0.050 nA, Vjes= -0.800 - -0.500 V.

Figure S2 (Supp. Info page 22) shows the cyclic voltammogram for
the dipropylaminoquinone 1la and several of the
octahydropyrimido[4,5-g]quinazolin-5,10-diones. All tested
compounds show characteristic oxidation and reduction peaks
relative to the blank (bare HOPG, black line). The aminoquinone 1a
oxidation occurs around 1.5 V (pink line), which clearly differs with
respect to the octahydropyrimido[4,5-g]quinazolin-5,10-diones,
whose oxidation occurs close to 1 V. However, this oxidation is
comparatively shifted towards less positive potentials in the case of
the aniline derived compound 5a, p-anisidine compound 5b and p-
toluidine compound 5c. For all compounds at least three redox
couples with a large irreversibility can be seen. A reversible couple is
found in several cases around 0.25V, which is especially clearly visible
in the case of the dodecylamino compound 10a.

J. Name., 2013, 00, 1-3 | 3
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Conclusions

In conclusion, an environmentally benign proline-catalyzed multi-
component synthesis of novel octahydropyrimido[4,5-g]quinazolin-
5,10-diones has been developed, using ethanol as green solvent and
L-proline as green organocatalyst. Products were generally isolated
via simple filtration. This reaction proved highly suitable for electron
rich anilines, however, unsuccessful for electron-withdrawing
substituents on aniline and primary alkylamines. These p-quinone
derivatives, octahydropyrimido[4,5-g]quinazolin-5,10-diones,
showed a strong tendency to form SAMNs on a graphitic surface,
which was observed for analogues with different alkyl chain lengths
and different aniline derivatives. The aniline groups were observed
to take an edge-on orientation with respect to the graphite surface
to maximize m-m interactions between adjacent aniline groups.
Additionally, the presence of substituted aniline groups was
observed to be key to the formation of a SAMN. The molecular
characteristics can easily be altered to change the type of SAMN that
is formed on the HOPG surface. The redox behavior was studied by
cyclic voltammetry in DMF.
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