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Guanidine-Based Azines from N-Heterocyclic Carbene (NHC)-
Derived Selenoureas and Diazo Compounds: Synthesis, Structural
Diversification, and Biological Evaluation

Dimitrios K. Giannopoulos,? llias Papantzimas,® Spyridon A. Ferikoglou,? Efstathios Tonis,? Nikolaos
V. Tzouras,>¢ Athanasios Pseftogas,® Fady Nahra,>d Steven P. Nolan,¢ Aristides G. Eliopoulos*® and
Georgios C. Vougioukalakis*?

Guanidine-based azines combine two functional groups in their structure, both of which are widely encountered in
medicinal chemistry. Such molecules are accessible, among others, via the versatile reaction of N-heterocyclic carbene
(NHC)-derived selenoureas with diazo compounds. Our present work introduces a highly efficient version of this
transformation, simultaneously expanding its structural scope beyond the currently known ester-containing analogues. By
utilizing a broad scope of diazo compounds, bearing amide, ketone, or heteroatom rich functionalities, we access various
azine derivatives of biological significance. Key innovations of this new synthetic protocol include the use of polystyrene-
supported triphenylphosphine as a recyclable reagent, enabling a streamlined purification process, eliminating the need
for column chromatography, and allowing its repeated use under ambient conditions. Post-synthetic functionalization
strategies further expand the structural diversity of the azine scaffold, and preliminary biological evaluation identifies
several compounds with in vitro anti-cancer activity. The findings highlight guanidine-based azines as a promising scaffold

for further chemical and biological exploration.

Introduction

Azines, formally known as N-N linked diimines (RR’C=N-
N=CRR’), represent a versatile and widely studied scaffold in
modern synthetic chemistry. These compounds have found
extensive applications in organic synthesis, materials science,
and medicinal chemistry.2 More specifically, they exhibit a
wide range of biological activities, including antibacterial,3
antiviral, and anticancer properties,® making them valuable
targets for pharmaceutical innovation.® Azines are also
commonly used as intermediates in the synthesis of more
complex bioactive molecules, such as the generation of
heterocycles.” Moreover, they play a pivotal role in materials
science, as chemical sensors,® and as structural units of
conducting polymers.® As a result, the development of efficient
synthetic methodologies towards azines remains an important
goal in the field of organic chemistry.210.11

In addition to the success of azines across diverse applications,
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their combination with a guanidine framework has increased
potential in the context of biologically relevant molecules.
Regarding the synthesis of such molecules, the Ma group has
reported that 2,2,2-trifluorodiazoethane reacts with aldehydes
or ketones under “aza-Wittig” type conditions.’>13 In a related
study, they showed that the same diazo reagent also reacts
with in situ generated NHCs (from azolium salts), providing a
range of trifluoromethylated products.!® In order to target
guanidine-based azine frameworks tailored towards biological
applications, we have focused on developing a synthetic
protocol with wide functional group tolerance, by utilizing the
reactivity of selenoureas.1>16

Selenoureas exhibit unique reactivity, due to the presence of
selenium,” including enhanced nucleophilicity and strong
coordination to metal centers.’®21 Given their useful chemical
properties, selenoureas have attracted interest in various
fields, including catalysis,??23 medicinal chemistry,?* and the
development of novel functional materials.?> N-Heterocyclic
carbene (NHC)-derived selenoureas comprise a subclass of
selenoureas, where a NHC moiety is directly bound to the
selenium center.?® These compounds are typically synthesized
via the reaction of NHCs with elemental selenium.?”.28 The
selenium center in these molecules serves as a spectroscopic
probe for the electron-accepting properties of the parent
NHCs, while also enabling synthetic and other applications.2?-3>
Among the various methodologies developed for the synthesis
of azines,#36-41 the use of N-heterocyclic carbene-derived
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selenoureas in combination with diazo reagents has recently
emerged as a versatile strategy. Specifically, we introduced a
methodology furnishing guanidine-based azines in air from
diazo reagents and selenoureas, relying on a reaction
reminiscent of the aza-Wittig reaction. This transformation is
mediated by a phosphine, yet follows a mechanism that is
distinct of the aza-Wittig reaction, while it is enabled by the
presence of selenium (Scheme 1).%>

In our previous study (Scheme 1), we investigated the
mechanistic details of this transformation using a combination

Triphenylphosphine and the diazo compound werg, shaw®,t@
reversibly generate an aza-ylide, whe 1sEI&NEaFEY0HRA
phosphine react to produce a free N-heterocyclic carbene
(NHC). The free carbene is then rapidly and irreversibly
trapped by the diazo species to form the azine product. The
transformation shown herein is expected to follow the same
proposed mechanism.1>

of experimental and computational methods.
Previous work from our group (2024):
/\
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Scheme 1. The known selenourea/diazo reagent-based protocol and the herein reported synthetic strategy.
Our present work significantly broadens the structural
diversity of azines, by introducing a wide range of functional
groups, including amides, ketones and hetero-atom rich Results and Discussion
motifs, such as phosphorus-containing moieties and scaffolds g previous work,!> demonstrated that NHC-derived

bearing both an amide and an ester group. This demonstrates
the remarkable functional group tolerance of the synthetic
method, as the scope includes several base-sensitive
functionalities. In  addition, explore the post
functionalization of these scaffolds, introducing iodide or
bromide substituents. Importantly, a polystyrene-supported
triphenylphosphine (PS-PPhs) resin promotes the reaction,
enabling recycling and reuse, in addition to product isolation
without the requirement for column chromatography.
Notably, the reaction works well under ambient conditions,
without the need for dry solvents or an inert atmosphere,
making it operationally simple. This synthetic approach
advances the current state-of-the-art significantly, granting
access to previously unexplored azine derivatives. The
biological evaluation of the synthesized compounds shows
very promising results, showcasing these molecules as
potential pharmacologically relevant scaffolds and providing
insight into the structure-activity relationship of functionalized
azines.

we

2| J. Name., 2012, 00, 1-3

selenoureas couple efficiently with ester-functionalized diazo
compounds leading to azine derivatives bearing a guanidine
core. The optimal conditions of this protocol include the use of
triphenylphosphine in toluene, at 110°C for 16 h. These
conditions comprise the starting point of our present approach
that targets the construction of novel guanidine families.

With the optimal conditions established, we turned to a
systematic evaluation of the substrate scope of the reaction,
by studying the influence of diazo compounds bearing
electron-withdrawing and/or electron-donating groups. We
initially targeted a diazo compound bearing a phosphorus
(phosphonate ester group) functionality, which underwent the
reaction smoothly to afford the desired product in high
isolated yield (90 %) (Scheme 2, 1). Introduction of a carbonyl
group on the diazo substrate, was also well tolerated. Diazo
compounds bearing a ketone or an ester group provided the
desired azine products in very good isolated yields, as well (84-
90 %, Scheme 2, 2-5).

In addition, following the synthesis of the latter products, post-
functionalization of two azines derived from the same diazo
precursor (2) was carried out using N-halosuccinimides.

This journal is © The Royal Society of Chemistry 20xx
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(Scheme 2, 6-8). Specifically, halogenated azines bearing
bromide or iodide substituents were efficiently obtained in
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Encouraged by this reactivity, and the opportunity. far.further
functionalization, we next sought to pFSbelGlfePiacveoeiss2s

very good to excellent isolated yields (75-90 %), demonstrating component, and define the structural limits of this
the utility of the method in late-stage diversification. transformation.
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Scheme 2: Final azine products bearing different functionalities. Conditions A: Selenourea (0.125 mmol, 1 equiv.), diazo compound (1.2 equiv.), triphenylﬁhosphine

(3.0 equiv.), 0.5 mL of toluene, reflux, 16 h. Conditions B: Azine product (0.046 mmol, 1 equiv.), DBU (3 equiv.), NIS or NBS (2 equiv.), 0.3 mL of DCM, 1

yields are shown in parentheses.

We continued our study by employing the in situ generated
diazo compounds (1-(diazomethyl)-4-nitrobenzene,
phenyldiazomethane and diazodiphenylmethane). However,
these substrates, when reacted with the NHC-derived
selenoureas to provide the corresponding azines, displayed
low reactivity under the above reaction conditions. In only one
case the product was identified in the reaction mixture by 'H
NMR in a 20% conversion (Scheme S1 and Figure S3,
Supporting Information), but its isolation and purification via
column chromatography was not possible. We attribute this
low reactivity to rapid competitive decomposition pathways of
these benzylic-diaryl diazo compounds under the conditions
employed. This outcome highlighted the need for diazo
partners bearing stabilizing electron-withdrawing substituents
that could promote productive coupling.

Accordingly, a series of amide-containing diazo compounds
bearing electron-withdrawing cyano and/or carbonyl groups
were synthesized and investigated (Scheme 3). These
compounds exhibit high reactivity, affording the desired azines
in very good isolated yields (70-90 %), demonstrating excellent
tolerance towards amide-containing functionalities under the
reaction conditions. Specifically, diazo compounds bearing a
cyano-substituted amide motif perform particularly well,

This journal is © The Royal Society of Chemistry 20xx

Isolated

affording the corresponding products in high isolated yields
(90 %, Scheme 3, 9-12), while increasing heteroatom content.
Changing the cyclic amide environment was also very well
tolerated (Scheme 3, 13, 14).

In addition, a variety of saturated and unsaturated NHC-
derived selenoureas were screened. Using unsaturated
selenoureas, the azines were obtained in high yields (84-90 %)
by employing only 1.2 equivalents of diazo reagent (Scheme 3,
9-14, 18, 20-24). In contrast, saturated selenoureas required
an increased diazo loading of 2.0 equivalents, to achieve good
to very good yields (70-90 %, Scheme 3, 15-17, 19). This
comparison suggests that saturated NHC-derived selenoureas
are less reactive under identical conditions, but the
transformation remains broadly effective once diazo
stoichiometry is adjusted.

Substrates incorporating an additional carbonyl functionality in
the diazo counterpart (Scheme 3, 18-22), also reacted
efficiently, affording azines in excellent yields (85-90 %).
Moreover, amide-containing diazo-compounds bearing an
additional ester group remained fully compatible, affording
the desired azines in very high isolated yields (85-90%, Scheme

4,23, 24).

J. Name., 2013, 00, 1-3 | 3
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Scheme 3: Substrate scope usmF amide-containing diazo compounds. Condltlons Selenourea (0.125 mmol, 1 equiv.), diazo compound (1.2 equiv. or 2 equiv. for
p

saturated Selenoureas), triphenylphosphine (3.0 equiv.), 0.5 mL of toluene, reflux, 1

To streamline the purification process and render the azine
synthesis more straightforward and user-friendly, we explored
the use of a polystyrene-supported triphenylphosphine (PS-

PPhs) resin, as a solid phase promoter for our system. This
approach leads to the desired products in very good isolated
yields (80-90 %) under ambient atmosphere without the need

Please do not adjust margins
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for column-chromatography (Scheme 4, 25, 2, 6, 10, 24). Upon
reaction completion, the resin was recovered by filtration and
found to contain a mixture of phosphine oxide (PS-PPh3=0)
together with a selenium-bound species (PS-PPhs=Se). A
practical regeneration protocol was also established, by using
TDMS (1,1,3,3-Tetramethyldisiloxane) in the presence of
Ti(OEt)s as an additive, enabling efficient reduction of the
oxidized/selenated resin. This treatment restored the active
PS-PPh; functionality and allowed the resin to be reintroduced
into subsequent reactions (Scheme S3 in Supporting
Information for recyclization process, Figure 1 and Figures S54-
S56, Supporting Information). This recycling protocol was first
validated using the synthesis of compound 25 (Figures S52-
S54, Supporting Information). The corresponding 'H and 31P-

lecular Chemist

ARTICLE

NMR spectra were recorded from the condensed, filttates
obtained after removal of the solid-slppPotéesYeEsirBorkhése
data show that the reaction proceeds successfully for at least
four consecutive cycles. After the fourth cycle, a minor
phosphorus-containing byproduct, assignable to oxidized
phosphine-derived species, was detected in the filtrate
(Figures S55, S56, Supporting Information), likely due to the
competitive oxidation of the phosphine under ambient
atmosphere, which becomes increasingly difficult to reverse as
the resin ages. By the fifth cycle, an increased proportion of
phosphorus-containing byproducts was detected in the H-
NMR and 3'P-NMR spectra (Figures S54-S56, Supporting
Information), and further recycling was discontinued.
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Scheme 4: Substrate scope using PS-PPhs. Conditions: Selenourea (0.125 mmol,
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Figure 1. Recycling performance of polystyrene-supported triphenylphosphine over five cycles for the synthesis of compound 25.
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In vitro anti-cancer activity of guanidine-based azines

To evaluate the biological activity of our new scaffolds, we
performed an initial viability screen of the entire family of
compounds at 10 and 30 uM in A2780 ovarian carcinoma cells,
using an MTT conversion assay, with the chemotherapeutic
agent cisplatin as a positive control. Compounds 5, 7, 14 and
16 each reduced the MTT signal by more than 50% at both
concentrations (Figure 2A and Figures S57A-C, Supporting
Information) and were selected for follow-up viability analysis
in VM-CUB-1 bladder carcinoma cells. As shown in Figure 2B
and Figure S57D in the Supporting Information, all four
compounds also decreased MTT conversion in VM-CUB-1,
albeit to a lesser extent than cisplatin.

Because MTT cannot distinguish growth arrest from cell death,
we assessed putative effects of compound 16 on A2780 cell
cycle distribution using propidium iodide (PI) staining coupled
with flow cytometry. Compound 16 did not produce a
consistent accumulation of A2780 cells in any specific cell cycle
phase (Figure 2C). Similarly, compounds 5, 7 and 14 failed to
elicit phase-specific accumulation despite lowering MTT
readouts (Figure S58, Supporting Information). As expected,*?
cisplatin induced a robust G2-phase arrest (Figure 2C).

To determine whether loss of viability was associated with
apoptosis, we performed Annexin V/PI staining coupled with
flow cytometric analysis. Compound 16 increased both early

View Article Online

DOI: 10.1039/D60OB00548A

and late apoptotic fractions in A2780 cultures, with the overall
extent of cell death at 10 uM remaining ~50% lower than that
observed with cisplatin (Figure 2D).

Induction of p53 is a canonical response to DNA damage and
ribosomal/nucleolar stress, capable of triggering cell-cycle
arrest or apoptosis.*3> We therefore examined p53 protein
levels by immunoblotting in A2780 cells and found
concentration-dependent p53 accumulation. At 30 uM,
compound 16 increased p53 to levels comparable to those
observed with 10 uM cisplatin (Figures 2E).

Overall, compounds 5, 7, 14, and 16 reduced the viability of
A2780 ovarian and VM-CUB1 bladder carcinoma cells, which
harbor wild-type and mutated TP53, respectively. In A2780
cells treated with compound 16, p53 induction and cell death
occurred in the absence of detectable accumulation in specific
phases of the cell cycle (Figures 2C & 2D), suggesting that
compound 16 preferentially engages a pro-apoptotic program
rather than a cytostatic checkpoint. Apoptosis induction in the
absence of phase-specific arrest has been documented for
other classes of anticancer agents, including TRAIL-receptor
agonists,44 BCL-2 inhibitors,*>%® and proteasomal inhibitors
such as epoxomicin.?” The structural modularity of the azine
scaffold and the synthetic accessibility of diverse derivatives
position this chemotype as a promising platform for systematic
structure - activity exploration and mechanistic investigation.
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Fiﬁure 2. Effects of selected guanidine-based azines on cancer cell death. (A) & (B) Viability of A2780 ovarian carcinoma (A) and VM-CUB-1 bladder carcinoma (B) cell
cultures following 48-hour exposure to 10uM or 30uM of compound 16 or, as control, 10uM cisplatin. Viability was assessed by MTT conversion and,is\depictecdas%

reduction relevant to control untreated cultures which were

iven the arbltrary value of 100%. Data is the mean (+SD) of 4 mde endenmﬁseim%
16 does not induce major changes in A2780 cell cycle distribution. Representative flow cytometry profiles of DNA content of A2780 4

g

compound 16 or cisplatin (CP) vs untreated controls (CNT) (/eft panel) and collective data from 3 independent assessments (right panel) are shown. (D) Compound 16

induces apoptosis in A2780 cells. The left panel shows representative flow cytometry profiles of A2780 cells treated wit
3/ Early apoptotic cells are Annexin-V* / PI- (bottom right quadrant), late apoptotic are
quadrant). Collective data from 3 independent experiments (mean values) is shown in the

controls, following staining with FITC-labelled Annexin-V (x-axis) and PI (¥ axis
Annexin-V* / PI* (upper right), and necrotic are Annexin-V- / PI* (upper left

compound 16 or cisplatin vs untreated

right panel. (E) Compound 16 induces p53 accumulation. A2780 cell cultures were exposed to 10 pM or 30 uM of 16 for 6 hrs or left untreated, followed by
immunoblotting for p53, with B-actin as loading control. Cisplatin treatment (10 uM, 6 hrs) was used as positive control. Data shown is representative of 4

independent experiments.

Experimental Information

Experimental Procedure for the Synthesis of diazo compounds:
Diazo compounds were synthesized according to published
procedures.*®>% An amide (1 mmol) was dissolved in 2 mL of
dry CHsCN. Under an inert atmosphere, a solution of the
appropriate azide (1  mmol) (triflic  azide,*®  4-
acetamidobenzenesulfonyl azide,*® 4-toluenesulfonyl azide®°)
was added dropwise at 0 °C (ice-water bath). Dry
trimethylamine (2 mL) was then added, and the reaction
mixture was stirred at room temperature for 18 h. The solvent
was removed under reduced pressure, and the crude mixture
was purified by silica gel column chromatography (petroleum
ether:ethylacetate 90:10) to afford the desired diazo
compound.

Experimental Procedure for the Synthesis of Azine Derivatives:

To a 4 mL vial equipped with a magnetic stirrring bar and a
septum sealed screwcap, were added the NHC-based
selenourea (0.125 mmol, 1 equiv.), PPhs (0.375 mmol, 3
equiv.), or PS-PPhs (0.25 mmol, 2 equiv.), toluene (0.5 mL) and
the diazo compound (0.15 mmol, 1.2 equiv.). The reaction
mixture was stirred at 110 °C for 16 h in air. The solvent was
then removed under reduced pressure, and the crude mixture
was purified by flash column chromatography on silica gel
(ethyl acetate: petroleum ether, 5:1 to 1:1) to afford the pure
product

Conclusions

We have developed a highly efficient synthetic methodology
for the construction of guanidine-based azines via the reaction
of diazo compounds with N-heterocyclic carbene (NHC)-
derived selenoureas. We investigated the effects of different
functionalities and broadened the substrate scope beyond
ester-based diazo compounds, to construct a variety of new
scaffolds. The ability to couple selenoureas with diazo
compounds bearing enolizable ketones and other base-
sensitive functional groups, is an important feature of this
method. Additionally, attempts to introduce further
complexity, through the functionalization of the azine core
with halogens (Br, 1), yielded the desired products in high
yields, demonstrating the synthetic potential of the
methodology. A significant finding is the use of recyclable
polysterene-supported triphenylphosphine (PS-PPhs), which
allow the synthesis of high purity products, without the need
for column chromatography. Preliminary biological evaluation
revealed that several azine derivatives reduce cancer cell

This journal is © The Royal Society of Chemistry 20xx

viability in vitro. In particular, compound 16 induces p53
accumulation and apoptosis without detectable cell-cycle
arrest, distinguishing its cellular response from that of
canonical DNA-damaging agents such as cisplatin. These
findings identify guanidine-based azines as promising scaffolds
for further structure—activity studies and mechanistic
investigation.
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