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A B S T R A C T

The goal of present work is the study of NO releasing mechanisms in nitrofuroxanoquinoline (NFQ) derivatives. Mechanisms of their structural non-rigidity and
pathways of NO donation - spontaneous or under the action of sulfanyl radicals or photoirradiation - were considered in details, both experimentally and quantum
chemically. Furoxan-containing systems of the discussed type are not capable of spontaneous or photoinduced decomposition under mild conditions, and sulfanyl
(radical) induced processes are the most preferable. It was shown that appropriate modification of NFQ through [3 + 2] cycloaddition and subsequent aromatization
is a powerful tool to design new prospective donors of NO molecule. Two newly obtained NFQ derivatives were proven to have unusually high NO activity in full
accordance with the theoretical model. We hope that these examples will encourage community to seek for new NO active molecules among cycloadducts and
modified furoxanes.

1. Introduction

Nitrogen (II) oxide is a multimodal regulator of various physiolo-
gical processes (relaxation of vessels, thrombocyte aggregation inhibi-
tion, immune and nervous system operation), and also pathological
conditions in a human organism (inflectional, inflammatory, and tu-
morous diseases) [1–3]. In this regard, synthesis of new exogenous NO-
donors is one of the priority tasks of medicinal chemistry.

In a series of such compounds derivatives of nitrobenzofuroxans
(nitrobenzoxadiazoles) with a wide range of biological activity, driven
by their NO-donor properties, stand out [4,5]. Furoxan derivatives are
also efficient against tuberculosis bacteria [6], could serve as in-
flammatory and antiparasitic agents [7,8], exhibit the DNA protecting
activity [9], and have an effect on oncogenesis processes [8]. As a rule,
the NO release from exogenic sources is related to catalytic effects of
the Р450 enzyme or glutathione transferase, and the involvement of
endogenic thiols is required for the non-enzymatic process [10–12].
Therefore, the issue of a search for efficient exogenic sources of NO
combined with the known difficulties [13–15] of NO determination
both in vivo and in vitro requires the use of specific approaches towards
probable mechanisms of NO-donation, in particular, quantum chem-
istry methods.1

As demonstrated by analysis of structure-property relationship, a
number of furoxan derivatives with a high NO-donor activity often exist

in equilibrium mixture of N1- and N3-oxide tautomers (Scheme 1
[9,18]).

The interrelationship of tautomers in this mixture is still unexplored
but deserves careful attention, at least, for following reasons:

• Intermediate dinitroso form C can act as an independent source of
NO;

• NO-donor activity might be a result of the interaction of each tau-
tomer (A, B and C) with sulfanyl radicals RS•;

• Donating from A, B and C can occur under the UV excitation in-
dependently.

Previously we studied the processes of NO formation from furoxan,
benzofuroxan and nitrobenzofuroxan derivatives induced only by such
thiol-containing systems as hydrogensulfide SH− and sulfanyl radicals
RS• [16,17]. Other ways of NO donation were not considered at all. We
showed that RS• radicals are responsible for nitric oxide formation and
not the anions SR− as it was commonly accepted by the community.
Previous research was focused only on benzannulated systems whereas
the ones annulated with quinoline were not analyzed theoretically.
Thus the criteria for their structure modification remain unknown up to
date. Certainly, the expansion of the number of potential NO donors
based on furoxan, benzofuroxan, quionlinofuroxan derivatives will
allow to reveal the receipt of systematic design of oxazole drugs.
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1 Earlier, we have theoretically analyzed the mechanisms of thiol-induced transformation of furoxans yielding NO [16,17]. It was found that the formation of NO
was related to the attack by HS• radical (but not by thiolate anion) of the carbon atom included in the oxadiazole ring.
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Therefore, in this work we studied all possible non-enzymatic pathways
of NO release from nitrofuroxanoquinoline (NFQ) derivatives.

NFQ exists as an inseparable mixture of isomers 1a and 1b (Scheme
2) regardless of preparation method. It's well known that isomeric
products of [4 + 2] cycloaddition to its endocyclic C=C–NO2 bond also
co-exist in equilibrium [19,20]. At the same time, the effect of dear-
omatization processes of a six-membered carbocycles (Scheme 2) on the
kinetics and thermodynamics of N-oxide tautomerism and possible
paths of NO generation induced by these transformations, is significant.

Our previous studies have shown that the introduction of a five-
membered pyrrolidine or pyrrol rings in cycloaddition reactions in-
creases the NO-donating capacity of furoxans [9,18]. That's why the
present work, at first time and thoroughly, explored [3 + 2] cycload-
dition of NFQ to substituted azomethine ylide. As follows from the
above, the NO-donating processes in such systems can be fundamen-
tally influenced both by the structural features of systems (annelated
rings nature and N-oxide tautomerism) and external factors (sulfanyl
radicals attack and photoexcitation).

The effect of water solution on NO-donation can be considered in-
significant, as we have shown earlier [16,17and20]. That's why we
preformed quantum chemical calculations for the NFQ derivatives in
the gas phase. Generally, in present study the range of investigated
nitric oxide donating mechanisms have been significantly expanded.
For the first time recently proposed model of sulfanyl-induced NO re-
lease was justified by in vivo experiment. In addition, all research
methods are presented more widely: synthetic, biological and quantum
chemical.

2. NO activity of NFQ

When NFQ reacts with azomethine ylide in situ generated from

sarcosine and paraform in benzene, a mixture of isomers 2a and 2b in a
ratio of 1:1 is produced (Scheme 3).

Herewith, compounds 2a and 2b are not the sole products of cy-
cloaddition. We isolated from the reaction mass two more species 3a
and 3b as a non-separable mixture of isomers in a ratio of 1:2, re-
spectively. These compounds are the result of HNO2 elimination from
cycloadducts 2a and 2b that leads to the aromatization of a six-mem-
bered carbocycle.2 Different isomer ratio in the reaction products 2a
and 2b, both in a solution3 and the crystalline state, is of particular
interest. For example, in a crystal, the ratio of isomers 2a and 2b, ac-
cording to X-ray structural analysis, is 3:1 in favour of isomer 2a and
differs from the ratio 1:1 in solution (Scheme 3). At the same time, the
ratio of isomers in products 2a and 2b is different from that in initial
NFQ 1, for which it is 3:2 (1a):(1b).

All of this may be related to: a) the reversible or irreversible nature
of isomerization of both the original NFQ 1 and reaction products 2 and
3; b) the different electron and spatial accessibility of the nitroolefinic
coupling of 1a and 1b NFQ isomers for the attack by N-methyl azo-
methine ylide; and c) crystal packing effects.

Despite the fact that research mainly focuses on systems 2a and 2b,
their precursor NFQ 1 was initially addressed. First of all, NFQ 1 is a
convenient model to explore N-oxide equilibrium in compounds 2.
Secondly, it is crucial to understand whether isomers 2a and 2b origi-
nate from parallel [3 + 2] cycloaddition to isomers 1a and 1b or are
formed purely due to the mutual transformations. Apparently, that
would help understand, in which cases preparative isomers separation
is possible. A close location of the N-oxide oxygen atom and the lone
electron pair of the pyridine nitrogen atom is a priori a destabilizing
factor, and therefore the existence of tautomer 1b itself (and also si-
milar tautomers 2b and 2b) looks pretty amazing. For instance, the
recently performed quantum chemical study of N-oxide tautomerism of
pyridinofuroxans [21] demonstrated extreme instability of one of the
isomers. That is related to the spatial proximity of the N-oxide oxygen
atom and the lone electron pair of the pyridine nitrogen atom.

Scheme 1. Furoxans N1,N3-oxide tautomerism.

Scheme 2. 5-Nitro-7,8-furoxanoquinoline (NFQ 1) and its [4 + 2] cycloaddi-
tion products [19,20].

Scheme 3. 1,3-Dipolar cycloaddition of 5-nitro-7,8-furoxanoquinolines 1 to
azomethine ylide and nitrous acid elimination.

2 Similar result was earlier obtained by M.A. Bastrakov et al. in the in-
vestigations of [4 + 2] cycloaddition to NFQ [19].

3 Signals in isomeric structures were assigned using COSY, NOESY, HMQC,
HMBC spectroscopy (see Figs. S1–4 in Supplementary materials).
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In order to explore the equilibrium in system 1, we performed
quantum chemical DFT calculations, according to which compound 1a
is only 0.2 kcal/mol4 more stable than isomer 1b, and hence should be
somewhat prevailing in the mixture, which is in full agreement with
experimental data.

According to calculations, single-step (concerted) tautomerism of
system 1may proceed by two competitive pathways via transition states
TS1 and TS2, which require almost the same activation energy in both
cases (Scheme 4). Intermediate structures become non-equivalent re-
sulting from rotation of the nitro group in relation to the quinoline
plane by an angle of ~35° which was also found experimentally. Ac-
cording to X-Ray data, a deviation in the crystal reaches 57° [22].

Based on Scheme 4, one may suggest a “rearrangement from top”
(TS1, when nitroso group is located above the plane of an aromatic
fragment in transition states) and a “rearrangement from bottom” (TS2,
when nitroso group is located below the plane).

There is also an alternative stepwise mechanism for NFQ 1 iso-
merization (Scheme 4) that suggests producing of the acyclic dinitroso
intermediate 1c which resembles transition states TS3 and TS4, but
having different mutual locations of nitroso groups. According to the
calculations, the stepwise process proceeds with an activation barrier of
21.6 kcal/mol (TS3) via a kinetically unstable intermediate, that is later
transformed almost without barrier into tautomer 1b. Obviously that
minimum energy pathways (MEPs) of synchronous and asynchronous
processes are very close. Therefore the tautomerism of NFQ may pro-
ceed via both pathways simultaneously.

The direct release of the NO molecule from dinitroso form 1c cannot
be excluded (Scheme 1). This intermediate tautomer (minimum on the
potential energy surface, PES) is extremely stable thermodynamically
towards spontaneous release of nitric (II) oxide: from Scheme 5 one
could see that this process is highly endothermic.

3. NO activity of [3 + 2] adduct

The findings unambiguously suggest that both isomers 1a and 1b
can act as direct precursors of [3 + 2] adducts 2a-b. It is worth noting
that molecules 2a and 2b are nonplanar, and the nitrogen atom of the
pyridine fragment formed in the [3 + 2] cycloaddition is axially or-
iented. Comparison of quantum chemical geometric characteristics for
isomers 2a and 2b with X-Ray data found their good agreement (Fig. 1).

Dearomatization as a consequence of cycloaddition leads to desta-
bilization of dinitroso form and to increase in activation barriers of
rearrangement 2a⇌2b (Scheme 5). According to the calculations, ex-
actly as for unsubstituted NFQ the considered isomerization may si-
multaneously proceed as one-step processes along two almost iso-
energetic MEPs, i.e. from “top” (“above”, TS5) and from “bottom”
(“below”, TS6) (Scheme 6).

We believe it is possible to explain such dramatic increase in acti-
vation barriers as follows. It is known that the activation energy of N-
oxide isomerization of isomer A type is substantially reduced during
transition from unsubstituted furoxan to annulated systems. This is
explained by the fact that energy losses from furoxan ring expansion
(~25 kcal/mol) are largely compensated (as high as 20 kcal/mol) by
the restoration of benzene ring aromaticity in the intermediate struc-
ture 2c (Scheme 6) [23,24].

Dinitroso intermediate 2c, as well as 1c, theoretically can undergo
monomolecular decay with the formation of nitric oxide. However,
according to our calculations, such a process is also highly endothermic,
and therefore unrealizable spontaneously (central part of Scheme 7).

In general, dearomatization of NFQ (more precisely its benzene
fragment), resulting from structural modification in [3 + 2] cycload-
dition, leads to the fact that system 2 begins to behave similarly to

furoxans 4 itself, and not its annulated aromatic derivatives (benzo-
furoxan 5 or NFQ 1). The proximity of activation barriers of the N-oxide
equilibrium in system 2 and unsubstituted furoxan 4, for which the
calculated activation energy of the degenerate synchronous re-
arrangement is 32.6 kcal/mol, proves it (Scheme 8).5

For comparison purposes we investigated concerted tautomerism of
aromatic 10π-electron benzofuroxan 5. As expected [24], the activation
energy of the N-oxide equilibrium in benzofuroxan 5 is significantly
lower than for non-aromatic analogue 4 (Scheme 6). The values of
barriers free energies acquired for systems 4 and 5 can be considered as
some sort of reference points that characterize typical non-aromatic and
aromatic furoxan-containing systems, respectively.

The stepwise isomerization of system 2, the molecular MEP of which
passes through two transition states (TS7 and TS8) and dinitroso in-
termediate 2c, is more energetically preferred than the concerted one
(Scheme 6). This proves our suggestion that intermediate 2c can also be
an NO-active substrate. Moreover, the pyrrolidine ring annulation re-
sults in enhanced activation characteristics of the stepwise process
compared to the initial NFQ 1. It is obvious that unlike tautomeric
cyclization 1a⇌1b, rearrangement 2a⇌2b is already not tautomeric:

Scheme 4. NFQ 1 rearrangements. Values of Grel are in kcal/mol. B3LYP/
6–311++G(d,p) calculations.

Scheme 5. Spontaneous release of NO molecule from dinitroso intermediate
1c. Changes of relative Gibbs free energies are in kcal/mol. For the reference
the free energy of system 1c was chosen. UB3LYP/6–311++G(d,p) calcula-
tions.

4 Henceforward, that entails changes in relative values of the Gibbs free en-
ergy in kcal/mol.

5 Experimentally measured values of the activation barrier in various non-
aromatic furoxan 4 derivatives are also ~32 kcal/mol [23].
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the transformation barrier is higher than 30 kcal/mol [25,26].
In summary, the calculations testify that systems 2a and 2b are

formed not as results of intramolecular isomerization 2a⇌2b but as
products of independently occurring sterically inequivalent and low-
barrier cycloaddition reactions of an azomethine ylide to systems 1a
and 1b (Scheme 3) [38–40]. Herewith, the experimentally observed
prevalence of isomer 2b is highly likely to be related to the thermo-
dynamic control of the reaction, in other words, energetic preference of
2b compared to 2a.

4. [3 + 2] adducts aromatization via HNO2 elimination

Scheme 7 presents competitive transformation ways for [3 + 2]
cycloadducts that lead to releasing of NO molecule. Among them the
most actual is aromatization of cycloadducts 2a and 2b via HNO2

elimination.
Based on these findings, decreasing the activation barrier of N-oxide

tautomerism via such elimination and restoration of the six-membered
ring aromaticity, looks quite clear. As expected, N-oxide isomerization
of products 3a and 3b requires energy costs that are not higher than
20.6 kcal/mol (TS13 and TS14). Herewith, system 3b is somewhat
more thermodynamically stable, which explains its prevalence in the
reaction mixture (Scheme 9).

Like in the previously considered cases the low-barrier stepwise N-
oxide rearrangement implies the formation of the open dinitroso form
3c via transition states TS15 and TS16 (Scheme 9), and most likely may
compete with the concerted one (TS13, TS14).

As demonstrated by the calculations, HNO2 elimination proceeds
with higher barriers than those for the concerted N-oxide rearrange-
ment, i.e. 26.3 and 25.3 kcal/mol, respectively, for systems 2a and 2b.
This additionally explains the lack of the N-oxide rearrangements in
these adducts. This is obvious that NO elimination in these systems
occurs significantly more readily than in the concerted N-oxide tauto-
merism, as the barrier of the first process is 5–6 kcal/mol lower. Thus,
HNO2 molecule that is eliminated from systems 2 is potentially a source
of nitric oxide.

It should be mentioned that the removal of nitric oxide directly from
intermediate 3c is highly endothermic (Scheme 10) and not feasible
spontaneously. This result is similar to obtained earlier for systems 1c,
2c (Scheme 5).

5. Photoinduced reactions

It is obvious that for any furoxan derivative the NO release starts
from the open dinitroso structure (1c, 2c, or 3c). In the case of pho-
toinduced reactions this process must proceed through a certain excited
state in which the unpaired electron occupies an antibonding hybrid
orbital localized on the O–NO bond. To begin let us consider this pro-
cess in NFQ 1. The active space orbitals for compounds 1a, 1b and 1c
obtained by SA-CASSCF(14,10). As depicted in Fig. 2, there is indeed an
active antibonding orbital σ(n4) in NFQ localized mainly on the C–NO
bond.

However, calculations of the vertical excitation spectra (SA-CASSCF

Fig. 1. Main geometric characteristics of structures 2a and 2b, according to X-Ray data (numbers outside brackets) and DFT-calculations in B3LYP approximations
and 6–311++G(d,p) basis set (numbers in brackets). Interatomic distances are indicated in Angstroms, angles in degrees.

Scheme 6. Systems 2 rearrangements. Values of Grel are in kcal/mol. B3LYP/
6–311++G(d,p) calculations.

N.S. Fedik, et al. Nitric Oxide 93 (2019) 15–24

18



(14.10)/6-31G(d) calculations with MP2 adjustments) have shown that
the electronic state in which a given orbital would be populated by an
electron is energetically unattainable when exposed to visible light or
air oxygen. As shown in the diagram (Fig. 3), the vertical excitation
energy in NFQ (1a, 1b) for states S4 and T4 is 6.10, 5.51 and 5.16,
5.14 eV, respectively, and the excited states correspond to the transition
of the electron from the HOMO (π4) to the hybrid orbital σ(n4).

For dinitroso structure 1c with characteristic n→π* excitation for
C–NO bond cleavage two pairs of electronic states are the lowest ex-
cited [27-29]. S1 and T1 electronic states (1.28 and 0.73 eV, respec-
tively) correspond to the excitation from anti-symmetric n4-MO to π4*-
HOMO, while S2 and T2 (1.61 and 0.85 eV, respectively) correspond to
the excitation from symmetric n3-MO to π4*-HOMO (MOs are depicted
in Fig. S5). It also worth noting that the S1 and T1 electronic states refer
to excitation in left nitroso group, and S2 and T2 – in right nitroso group
(Fig. 3).

Rather low excitation energies in the NFQ dinitroso form indicate a
seemingly easy achievement of the excited state and the process of NO
cleavage. However, based on CAS calculations, such reactions are un-
realizable due to the high kinetic instability of the open form (low
energy barriers of rearrangements into NFQ 1a, 1b) and thus a short
time of life. Spontaneous decomposition of NFQ derivative 2c is un-
realizable under living organisms functioning conditions (at least,
without recombination). A legitimate issue arises regarding the pro-
gression of these processes under photoirradiation conditions [30].
Analogous results were obtained for systems 2, 3 (Figs. S5–S8, Tables
S4–S9).

6. Sulfanyl induced NO release

One of the well-known and well-documented reactions of furoxans,
that results in NO generation in vivo, is their interaction with endogenic
thiols [10–12], in particular, the sulfanyl radical (HS•). As we have
shown earlier [16], the formation of glutathione radical under the in-
fluence of hydroxyl radical proceeds with a gain of 34.3 kcal/mol. At
the same time, the processes of the glutathione-dependent degradation
of furoxans are well modelled by the sulfanil radical HS•. We have re-
cently explored in details these processes with the involvement of
various furoxans [16,17].

In the present work for systems 1, 2 and 3 we studied only the

Scheme 7. NO-activity in systems 2. Values of Grel are in kcal/mol. UB3LYP/6–311++G(d,p) calculations.

Scheme 8. Furoxan 4 and benzofuroxan 5 synchronous rearrangements. Values
of Grel are in kcal/mol. B3LYP/6–311++G(d,p) calculations.

Scheme 9. Rearrangements of systems 3. Values of Grel are in kcal/mol.
B3LYP/6–311++G(d,p) calculations.

Scheme 10. Spontaneous release of NO molecule from intermediate 3c. The
changes in relative Gibbs free energies are in kcal/mol. For the reference the
free energy of system 3c was chosen. UB3LYP/6–311++G(d,p) calculations.
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kinetic of initial rate determining σ-complex formation [16,17]. In
system 2a sulfanyl attack at atom C1a is blocked due to a presence of
H1b-atom in the reaction region. The only possible for systems 2a,b is
HS• attack at atom C3a. Calculations demonstrated that the attacks by
HS• radicals are characterized in each case by the lowest energy costs
compared to spontaneous and UV decomposition (Scheme 11). Ob-
viously, only thiol dependent pathways can be considered as the main
for nitric oxide release.

7. Biological experiments

To justify the proposed model we studied the ability of our com-
pounds to induce SOX-operon in E.coli (SOX-test). In Table 1 the max-
imum values of the induction factor and the lowest operating con-
centrations for the substances synthesized are given.

It is obvious that all investigated substances are capable of inducing
the SOX operon of E.coli. The maximum values of the induction of
substances 1 and 2 are rather small, they are competing with ni-
troglycerin and NOC-5. At the same time, the maximum effects of
substance 3 exceed those of nitroglycerin 11.7 times. The lowest con-
centration, for which a significant effect is noted, is 0.01mg/ml. Thus,
substance 3 are currently the undisputed leader and may be of interest
for further in-depth study.

As it was pointed out in recent review, when measuring NO-activity,
one should keep in mind range of mutually affecting factors, for ex-
ample, presence of other highly reactive species, enzymes and accuracy

of the measurement of each of them. Moreover life span of these sig-
naling short-living radicals heavily depends on cellular redox potential.
Therefore, the use of specific and sensitive methods is required in order
to interpret NO signals and separate them from contribution of ther
biological agents.

Modern biosensors are based on genetic engineering constructs in-
troduced into the bacterial genome. They allow for more accurate
analysis, since they are based on the quantitative detection of gene
expression by bioluminescence or fluorescence and demonstrate a strict
dose-response relationship for many studied factors [31,32], as well as
a linear dependence on the number of cells (culture density) [33]. As it
was pointed out in recent review [34], when measuring NO-activity,
one should keep in mind range of mutually affecting factors, for ex-
ample, presence of other highly reactive species, enzymes and accuracy
of the measurement for each of them. Moreover, life span of these
signaling short-living radicals heavily depends on cellular redox po-
tential. Therefore, the use of specific and sensitive methods is required
in order to interpret NO signals and separate them from contribution of
other biological agents.

Therefore, the measurement of in vivo NO generation in real living
cell, not in the electrochemical one, has the most value and predictive
power among other experimental approaches to determine perspectives
of NO active molecule for further study by medicinal chemistry. Оne of
the most promising methods to the primary evaluation of new potential
nitric oxide donors is the use of genetically engineered Lux-biosensors
based on E. coli. This method makes it possible to determine quantita-
tively the ability of the studied compounds to induce SOX-response as a
result of NO generation in vivo [35,36].

As we showed earlier, maximum values of the induction factor
correlate with the yield of nitric oxide from furoxans detected by the
EPR method in presence of sodium sulfide [37]. Results of current
biological study are summarized in Table 1, and SOX-induction results
are in a full accordance with quantum chemical prognosis.

For biologically leading substances 3 we studied the profile of MEP
in details (Fig. 4).

From Fig. 4 it follows that the maximum barrier, as before [16,17],
corresponds to the first stage (attack of the sulfanyl radicals) and does
not exceed 15.5 kcal/mol. The reaction of SH• with 3b form proceeds
with smaller barriers (maximum G†

rel = 14.8 kcal/mol) and leads to a
thermodynamically more stable product.

8. Conclusions

Based on the findings for NFQ and its derivatives, one can conclude
that structural modification (for example in cycloaddition reactions and
further HNO2 elimination) is an effective instrument of the NO-re-
leasing activity. Among intramolecular processes only elimination of
HNO2 has realizable energetic parameters, which nevertheless are
much less favourable than for the thiol-induced mechanism. Modified
NFQs themselves are not able to eliminate NO molecules. The photo-
irradiation acts only as NFQ tautomerism initiator and may lead to the
formation of a more NO-active isomer [38].

With the NFQ structural modification we were able to get deriva-
tives with the best NO-activity, in accordance with biological experi-
ments. These systems were predicted by quantum chemical calculations
to leaders in NO-activity in sulfanyl-induced processes.

On top of this, insight relevant for synthetic design were gained. For
example, it has been convincingly demonstrated that the dear-
omatization observed, in particular, in cycloaddition products, drama-
tically increases N-oxide rearrangement barriers, “freezing” tauto-
merism, and makes it possible to separate N-oxides. A separation of
aromatic NFQ isomers and its derivatives, produced after HNO2 elim-
ination, seems to be extremely difficult due to the low-barrier N-oxide
rearrangements. At the same time, photoinitiation may be quite a useful
tool to enable N-oxide tautomerism, which opens up new areas of the
use and synthesis of the explored systems, and also their medicinal

Fig. 2. MOs of systems 1a, 1b (left) and 1c (right). SA-CASSCF(14,10)/6-
31G(d) calculations.
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applications.
The most essential insights of our work allow to emphasize fol-

lowing trends:

1. The most energetically feasible way of NO generation proceeds
through interaction of furoxan derivatives with biogenic SH• sources
such as glutathione, cysteine and so on.

2. Modification of these systems in cycloaddition reactions occurring
on endogenic double bonds results in formation of new highly ef-
fective NO donors.

3. Substances, in which low barrier N-oxide tautomerism is possible,
are promising NO donors due to multichannel character of interac-
tions with SH• radicals

Fig. 3. Vertical excitation energies for systems 1a-c. XMCQDPT2//CASSCF(14,10)/6-31G(d) calculations. Values of excited state energies for systems 1a-c see in
Tables S1–S3.

Scheme 11. Generation of NO in systems 1–3 under the sulfanyl radical (HS•) attack. UB3LYP/6–311++G(d,p) calculations. The changes in relative Gibbs free
energies are in kcal/mol. For the reference the free energies of systems type a were chosen.

N.S. Fedik, et al. Nitric Oxide 93 (2019) 15–24

21



9. Experimental materials and methods

The 1Н and 13C NMR spectra were collected on a Bruker DPX-250
NMR spectrometer (250 and 63MHz, respectively) in CDCl3; TMS was
used as an internal standard. The signals were assigned through two-
dimensional NMR spectroscopic analyses (COSY, NOESY, HMQC and
HMBC). High resolution mass spectra (HRMS) were measured on a
Bruker micrOTOF II device, electrospray ionization (ESI). The mea-
surements were performed in a positive ion mode (interface capillary
voltage - 4500 V) with a mass range from m/z 50 to m/z 3000 Da.
Melting points were determined in glass capillaries using PTP device.
Silica gel 60 (70–230 mesh, Merck) was used for column chromato-
graphy, A mixture of 5-nitro-[1,2,5]oxadiazolo[3,4-h]quinoline 1- and
3-oxides (1a-b) was synthesized according to the procedure described
previously [19].

Synthesis of cycloadducts 2a-b and 3a-b. A mixture of 100mg
(0.43 mmol) of 5-nitro-[1,2,5]oxidiazolo[3,4-h]quinoline 1- and 3-
oxides (1a-b), 192mg (2.16mmol) of sarcosine, 78mg (2.59mmol) of
paraform, and 7mL of abs. Benzene was boiled for 3 h. The reaction
mass was cooled and the precipitate was filtered off, washed well with
acetone, and discarded. The filtrate was evaporated in an air flow and
the dry residue was subjected to SiO2 column chromatography.
Fractions with Rf = 0.75 (EtOAc eluent) and Rf = 0.28 (Me2CO eluent)
corresponding to mixtures of isomeric products 2a-b and 3a-b, re-
spectively, were sequentially collected.

9-Methyl-7b-nitro-8,9,10,10a-tetrahydro-7bH-[1,2,5]oxadiazoleo[3,4-
h]pyrrolo[3,4-f]quinoline 1-and 3-oxides (2a, 2b). A mixture of isomers
2a and 2b in a 1:1 ratio was obtained. The yield was 72mg (58%),
colorless crystals, mp 160–162 °C. The 1Н NMR spectrum of isomer 2a,
δ, ppm (J, Hz): 2.38 (3H, s, 9-CH3); 2.39 (1H, dd, J=8.7, J=9.3, 10-
CHA); 2.70 (1H, d, J=11.6, 8-CHA); 3.66 (1H, dd, J=8.0, J=9.3, 10-
CHB); 4.37 (1H, d, J=11.6, 8-CHB); 4.47 (1H, dd, J=8.0, J=8.7,
10a-CH); 7.54 (1H, dd, J=4.7, J=8.2, H-6); 7.95 (1H, ddJ=1.5,
J=8.2, H-7); 8.86 (1H, dd,J=1.5, J=4.7, H-5). The 13C NMR spec-
trum of isomer 2a, δ, ppm: 38.8 (C-10a); 40.7 (NCH3); 59.0 (C-10); 67.2

(C-8); 96.0 (C-7b); 110.4 (C-10b); 126.8 (C-6); 130.2 (C-7a); 135.6 (C-
7); 141.1 (C-3b); 149.9 (C-3a); 152.6 (C-5). The 1Н NMR spectrum of
isomer 2b, δ, ppm (J, Hz): 2.40 (3H, s, 9-CH3); 2.58 (1H, dd, J=8.9,
J=9.3, 10-CHA); 2.76 (1H, d, J=11.6, 8-CHA); 3.67 (1H, dd, J=8.4,
J=9.3, 10-CHB); 4.39 (1H, d, J=11.6, 8-CHB); 4.67 (1H, dd, J=8.4,
J=8.9, 10a-CH); 7.44 (1H, dd, J=4.7, J=8.2, H-6); 7.92 (1H, dd,
J=1.5, J=8.2, H-7); 8.85 (1H, dd, J=1.5, J=4.7, H-5). The NMR
13C spectrum of isomer 2b, δ, ppm: 40.87 (NCH3); 40.9 (C-10a); 61.3
(C-10); 67.3 (C-8); 96.3 (C-7b); 107.3 (C-3a); 125.2 (C-6); 128.6 (C-7a);
135.3 (C-7); 139.8 (C-3b); 152.4 (C-5); 153.1 (C-10b). Found, m/z:
312.0703 [M+Na]+. C12H11N5NaO4. Calculated, m/z: 312.0703.

9-Methyl-9,10-dihydro-8H-[1,2,5]oxadiazole[3,4-h]pyrrolo[3,4-f]qui-
noline 1-and 3-oxides (3a, 3b). A mixture of isomers 3a and 3b in a 1:2
ratio was obtained. The yield was 14mg (13%), colorless crystals, mp
182–184 °C. The 1H NMR spectrum of a mixture of 3a and 3b. δ, ppm
(J, Hz): 2.70 (1.5H, s, 9-CH3); 2.74 (3H, s, 9′-CH3); 4.17–4.26 (3H, m, 8,
8′-CH2); 4.29–4.35 (3H, m, 10, 10′-CH2); 7.56 (1H, dd, J=4.7, J=8.1,
H-6′); 7.65 (0.5H, dd, J=4.6, J=8.2, H-6); 7.85 (1H, dd, J=1.7,
J=8.1, H-7′); 7.89 (0.5H, dd, J=1.7, J=8.2, H-7); 8.95–8.99 (1.5H,
m, H-5, 5′). The 13C NMR spectrum of isomer 3a, δ, ppm: 42.45 (NCH3);
58.6 (C-10); 59.7 (C-8); 110.7 (C-10b); 122.2 (C-10a); 125.6 (C-6);
126.6 (C-7a); 132.9 (C-7); 138.79 (C-7b); 140.7 (C-3b); 150.6 (C-5);
151.5 (C-3a). The 13C NMR spectrum of isomer 3b, δ, ppm: 42.53
(NCH3); 59.0 (C-10); 60.0 (C-8); 108.9 (C-3a); 124.1 (C-6); 125.1 (C-
7a); 126.4 (C-10a); 132.3 (C-7); 138.76 (C-3b); 142.3 (C-7b); 148.9 (C-
10b); 150.7 (C-5). Found, m/z: 243.0875 [M+H]+. C12H11N4O2.
Calculated, m/z: 243.0877.

9.1. X-ray structural analysis

Monocrystals of cycloadducts 2a and 2b were produced by crys-
tallization from a CHCl3-petroleum ether (Bp 40–70 °C) mixture, 1:1
(C12H11N5O4, M=289.26, μ=1.17 cm−1, dcalc = 1.509 cm−3),
monoclinic space group P21/c, a=9.0310(10), b=10.6627(10),
c=13.2329(14) Å, β=92.450(2)°, V=1273.1(2) Å3. Intensities of

Table 1
The maximum values of the induction factor and the lowest active concentrations of synthesized substances (SOX-test).

Substance Concentration with a maximum value of the
induction factor, mg/ml

Maximum value of the factor
induction

Minimal effective
concentration, mg/ml

The value of the induction factor at the
minimum effective concentration

Nitroglycerin 0.1 1.90 (±1.154) 0.001 0.048 (± 0.00857)
NOC-5 0.1 1.75 (±0.184) 0.00001 0.977 (± 0.029)
1 0.01 1.55 (±0.00028) 0.01 1.55
2 0.1 7.27 (±1.237) 0.01 0.37 (±0.121)
3 0.1 22.19 (± 1.599) 0.01 0.46 (±0.051)

Fig. 4. MEPs for the sulfanyl induced abstraction of NO molecule in systems 3a, 3b. UB3LYP/6–311++G(d,p) calculations. The changes in relative Gibbs free
energies are in kcal/mol. For the reference the free energy of system type 3a was chosen.
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11697 reflections were measured on Bruker APEX II CCD diffractometer
[λ(MoKa)= 0.71072 Å, ω-scans, 2θ < 56°], and 3059 independent
reflections [Rint = 0.0210] were used for further refinement. The
structure was solved by direct approach and refined by the least squares
method (LSM) in the anisotropic full matrix approximation for F2hkl. As
demonstrated by analysis of the difference Fourier-syntheses for elec-
tron density, and also atomic displacement parameters for furoxan ring
atoms, there was no superposition of two inseparable isomers 2a and
2b. During furoxan fragment refinement, there were used a series of
restrictions: 1) the equality of anisotropic atomic displacement para-
meters for pairs of the same characteristics (EADP); 2) equal bond
lengths for equivalent types (DFIX). Position populations for atoms
corresponding to isomers 2b and 2a were acquired resulting from the
refinement. The former were 0.248(3) and 0.752(3). Hydrogen atomic
positions were geometrically calculated and refined in the isotropic
approximation. The full value of the uncertainty factor (wR2=0.1539
and GOF=1.084) for all independent reflections (R1= 0.0572) was
computed according to F for 2641 observable reflections with
I > 2σ(I)). All calculations were carried out using the SHELXTL PLUS
software package [39]. Atomic coordinates and full structural data were
deposited from The Cambridge Crystallographic Data Centre (CCDC
1508606).

9.2. Calculations procedure

Quantum chemical DFT calculations were carried out in the
6–311++G(d,p) triple-zeta basis using B3LYP [40–42] and UB3LYP
[43] functionals for closed and open shells, respectively. This basis has
given a good account of itself in reproduction of vibrational fre-
quencies, geometry, and minimum energy reaction paths with the in-
volvement of furoxan derivatives [16,17,20,44].

Full geometry optimization of molecular structures corresponding
to stationary points of the potential energy surface was carried out as
high as a gradient value of 10−7 hartree/bohr according to the
Gaussian 09 software package [45] using the Silver cluster of the Re-
search Institute of Physical and Organic Chemistry at SFedU.

The nature of stationary points was determined relying on the cal-
culation of normal vibration frequencies (the Hessian matrix). MEPs
were plotted using gradient descent from transition states in forward
and reverse directions of transition vectors. In order to search for
transition states, linear and quadratic synchronous transit methods
were used [46,47].

CASSCF (complete active space SCF) [48,49] single-point calcula-
tions were done using Firefly QC package [50] which is partially based
on the GAMESS (US) source code [51]. MP2 energy corrections for SA-
CASSCF calculations were done using XMCQDPT2 method (extended
multi-configuration quasi-degenerate second order perturbation
theory) [52]. The 6-31G(d) basis was used for all CASSCF calculations.

The active space (AS) was chosen taking into account the methods
described in Refs. [53,54]. MOs of the AS in the CASSCF calculations
were characterized by the population in the range from 0.02 to 1.98. To
explore the excited states of tautomers 1a-b, 2a-b, 3a-b the active space
comprises 14 electrons distributed in 10 orbitals (CASSCF (14, 10)) was
used. Excitation energies for 1a-b, 2a-b, 3a-b were calculated by state
averaging over the ground and 8 low lying excited states with equal
weights for each state (SA9-CASSCF (14,10)). Excitation energies for
1c, 2c, 3c were calculated by state averaging over the ground and 4 low
lying excited states with equal weights for each state (SA5-CASSCF (14,
10)).

9.3. Materials and methods of biological experiments

SOX-test. For the primary activity screening, we used the property
of nitric oxide to induce SOX-operon induction in E.coli. As is known,
SoxR protein, normally associated with pSoxS promoter, triggers ex-
pression of genes united in SOX-operon. This process starts after its

domain containing iron-sulfur clusters interacts with either superoxide-
anion radical (in this case, there is a reduction of FeS groups), or with
nitrogen oxide (in this case, there is nitrosylation of FeS groups) [55].

To detect the ability of the studied substances to induce SOX-op-
eron, a genetically engineered biosensor E.coli MG 1655 (pSoxS-lux)
was used, created on the basis of the strain E. coli MG1655. It was done
by introducing a plasmid constructed in Refs. [56–58] with the operon
lux CDABE Photorhabdus luminescens photo bacteria, which was placed
under the control of the pSoxS promoter.

This genetic design responds by increasing the luminescence to the
presence of nitrogen oxide or superoxide-anion radical in the medium
of generators.

Samples preparation. The analyzed compounds were dissolved in
acetone up to 10mg/ml, then a series of successive dilutions in deio-
nized water up to 10−4 mg/ml were made from this solution. Thus the
following concentrations of substances were tested: 1.0; 0.1; 0.01;
0.001; 0.0001; 0.00001mg/ml. As a control for each dilution, acetone
solution in deionized water was used in a concentration similar to the
corresponding dilution.

Bioluminescence. E.coli cells cultures were grown on a full-fledged
Luria-Bertani (LB) medium [59,60]. Cultivation of bacteria in a liquid
nutrient medium was carried out at a constant aeration on a circular
rocking at 30 °C. LB-agar (LB + 20 g/liter of microbiological agar) was
used for growing on a solid medium. The antibiotic ampicillin (100 μg/
ml) was added to both liquid and solid media.

Cultivation of bacteria in a liquid culture medium was carried out at
37 °C to an early or medium logarithmic phase. Night culture was di-
luted with fresh medium to a density of 0.01, 0.1 and 1 unit of Mac-
Farland (concentrations 3·108–3·106 cells/ml) for E.coli strain MG 1655
(pSoxS-lux).

Measurements were carried out using DEN-1B densitometer (Biosan,
Lithuania). The suspension was then grown for 2 h before the early
logarithmic phase. Aliquots of this culture (90 μl each) were transferred
to sterile cells located in strips of a 96-well plate for a luminometer, and
10 μl of the tested drug were added to them. 10 μl of deionized water
were added to the control cells.

Luminescence measurements. After treatment, the plate with
samples was placed in a luminometer and incubated at 30 °C.
Bioluminescence intensity was measured every 10–15min. The LM-01T
microplate luminometer (Immunotech, Czech Republic) was used for
luminescence measurements. The SOS response induction factor (Is)
was calculated by the formula:

= −I L
L

1S e

k (1)

where.

Lk – luminescence intensity of the control sample (in conventional
units)
Le is the intensity of luminescence of the experimental sample (in
conventional units).

Statistically significant excess of Le over Lk estimated by t-criterion
was considered as a sign of reliability of SOS-induction effect.
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