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Abstract: Background: Herpesviruses cause a variety of infections, ranging from localized
inflammation to severe disease and malignancies. The current portfolio of anti-herpes drugs is
limited, often accompanied by significant side effects, and prolonged use can lead to viral resistance.
This study investigates the antiviral activity of newly synthesized compounds against
cytomegalovirus (CMV) and herpes simplex virus (HSV). Methods: Saturated heterocyclic
compounds with annelated or spiro rings have been synthesized using either the aza-Cope-
Mannich rearrangement or the alkene metathesis reaction as the key step of the transformation.
Cytotoxicity was assessed using the MTT assay, while antiviral activity was measured by changes
in viral titer in the presence of the compounds. Results: Several promising lead compounds were
identified. A time-of-addition assay indicated that the primary targets are likely viral DNA
polymerase, with inhibition leading to a halt in viral protein synthesis. Conclusions: We identified
two active compounds that inhibit both herpesviruses, likely targeting the viral replicative complex.

Keywords: herpes simplex virus; cytomegalovirus; spirocycles; hetero compounds

1. Introduction

Herpesviruses are a family of large (100-200 nm) enveloped DN A-containing viruses that infect
humans and animals. Infections caused by herpesviruses can manifest in various forms, from
localized inflammation to generalized forms and malignant tumors. Due to the ability to persist in
the human body throughout life, the virus that has entered creates a constant threat of reactivation
with the slightest disruption of the immune system [1,2].

The herpesvirus family is divided into three subfamilies and 8 types of viruses that affect the
human body - alpha (herpes simplex viruses 1 and 2, as well as varicella-zoster virus), beta
(cytomegalovirus, herpes viruses 6 and 7) and gamma (Epstein-Barr virus, virus associated with
Kaposi's sarcoma KSHV) [3,4].

The importance of studying the means of diagnosis, prevention, and treatment of herpesvirus
infections is added by the fact that when the virus enters the body of a pregnant woman, it can with
a high probability infect the fetus. This, in turn, can result in a wide range of consequences - from
latent infection in newborns to congenital malformations and developmental disorders [5].

Cytomegalovirus is widely spread in nature and is the most common form of fetal infection,
occurring in 0.5-2% of all newborns [5-7]. Infection of the fetus in early pregnancy with primary CMV
infection can have severe consequences for it - deafness, blindness, mental retardation, cerebral palsy,
bone marrow, liver, gastrointestinal tract damage, and can also cause complications during
pregnancy, resulting in death of the newborn in 10-20% of cases [8].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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One of the treatment options for CMVI and HSV is etiotropic chemotherapy - treatment with
chemical agents aimed at eliminating or weakening the action of the infectious agent (cause of the
disease). Currently the first-line drugs for the treatment of CMVI are ganciclovir (GCV) and its
metabolic precursor - valine ester of valganciclovir (Val-GCV), however, with long-term use in
conditions of immune suppression, there is a high likelihood of developing viral resistance to these
drugs [9-11]. Another problem associated with the use of these drugs is the presence of serious side
effects such as neutropenia, thrombocytopenia, toxic effects on the CNS, anemia, leukopenia, nausea,
vomiting, diarrhea. In addition, their carcinogenic, teratogenic effect, and toxic effects on the gonads
have also been identified in experiments [12-14].

Herpes simplex viruses (HSV-1 and HSV-2) in case of infection also remain in the body for life
and can pose a significant danger to people with immunosuppression. In 2016, the prevalence of
HSV-1 was estimated at 66.6% among the entire population of the Earth aged 16 to 49 years [15,16].

Similarly to CMV, the most effective way to turn HSV into a latent state is etiotropic
chemotherapy. The drugs routinely used for this purpose in clinical practice are inhibitors of viral
DNA polymerase. First-generation drugs, such as idoxuridine (IDU), trifluridine (TFT), have already
been withdrawn from circulation due to their high toxicity, mutagenic and teratogenic effects. They
were replaced by second-generation drugs such as acyclovir (ACV), bromovinyl-deoxyuridine
(BVDU), penciclovir (PCV), valacyclovir (Val-ACV), and famciclovir (FCV) [17,18].

As becomes clear from the description of approaches to chemotherapy of CMV and HSV-1
infections, there are several problems that can lead to low treatment effectiveness. Among them are
the emergence of resistance and a long list of side effects and restrictions on intake. Overcoming these
obstacles is extremely important to search and test new anti-herpetic drugs. They can be similar in
structure to already used drugs and acting on the same principle, as well as blocking other targets,
drugs for action on which have not yet been introduced into circulation.

The backbones of spirocyclic derivatives of oxepines (8-oxaspiro[5.6]dodecanes) and azepanes
(8-azaspiro[5.6]dodecanes) can undoubtedly be attributed to the so-called "privileged structures” in
medical chemistry, which is explained by the wide and diverse spectrum of biological activity of
derivatives of oxepines and azepanes [19, 20]. The key features of spirocyclic heterocycles are: (1) the
possibility of selective and independent functionalization; (2) controlled conformational behavior of
the bicyclic spirocyclic nucleus; (3) Pronounced chelating properties. The antiviral activity of
spirocyclic derivatives of oxepines and azepanes has never been studied in relation to herpes virus
and cytomegalovirus.

The aim of this study was to investigate the cytotoxicity and antiviral activity of a series of
experimental drugs against two human viruses of the Herpesviridae family, cytomegalovirus and
herpes simplex virus type 1.

2. Materials and Methods

NMR spectra were recorded on Bruker Avance 400 instrument with operating frequency of 400
and 100 MHz, respectively, and calibrated using residual undeuterated chloroform (dH =7.27 ppm)
and CDCI3 (d0C=77.16 ppm) or undeuterated dimethyl sulfoxide (DMSO) (dH=2.50 ppm) and DMSO-
dé6 (0C = 39.51 ppm) as internal references. The following abbreviations are used to set multiplicities:
s = singlet, d =doublet, t = triplet, q = quartet, m = multiplet, br = broad. The purity of the final
compounds was checked by liquid chromatography-mass-spectrometry (LCMS) in a Shimadzu
LCMS-2010A using three types of detection systems such as EDAD, ELSD, and UV. High Resolution
Mass Spectra (HRMS) were registered on a Sciex TripleTOF 5600+. We used commercial reagents and
solvents without further purification. Reactions were monitored by thin-layer chromatography (TLC)
performed on Merck TLC Silica gel plates (60 F254), using a UV light for visualization and basic
aqueous potassium permanganate or iodine fumes as a developing agent.

2.1. Tested Compounds

Compounds W-1 and W-2 were synthesized in 6 steps from cyclohexanone (1). As a result of
bromination of compound 1, derivative 2 was obtained, from which azide 3 was obtained by
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nucleophilic substitution of the bromine atom. Compound 5 was synthesized by addition of Grignard
reagent using anhydrous CeCl3 to a carbonyl group in 3 and following reducing of the amino group
with lithium aluminum hydride. Aza-Cope/Mannich reaction with appropriate aldehydes and
Schmidt reaction [21] were used at the last two steps respectively to obtain desired compounds W-1
and W-2 (Scheme 1).

o] o] =
B o OH
Br,, HBr 8 AcOH T NaNg Ns MgBr N,
93% MeCN:H,0, 10:1 CeCl;, Tr®, -78°C
1 ) TBAB 3 4
98%
LIAIH,, TTo
95 %
OH
NaN3 RCHO NH,
H,SO0, HyO"
ChoCl CH,Cl, s
W-1, R=tert-Bu (65%) 6a, R=tert-Bu (80%)
W-2, R=3-F-Ph (72%) 6b, R=3-F-Ph (86%)

Scheme 1. Synthesis of cis-annulated pyrrolidines W-1 and W-2 containing a tetrazole fragment.

For the synthesis of the pyrrolidine derivative W-3, we chose the approach shown in Scheme 2.
Aza-Cope/Mannich reaction was also used at the key stage of the synthesis. The transformation of
non-cyclic aminoethanols into substituted pyrrolidines was first described in the works of Larry
Overman [22-24]. This approach allows to control the stereochemistry of the reaction products. For
the synthesis of amino alcohol 11, a four-step approach was chosen, including alkylation of
commercially available (S)-phenylethylamine (7) with bromoacetonitrile and obtaining aminoketone
9 as a result of treating secondary amine 8 with bromoacetone. The reaction is carried out in acetone,
strictly controlling the amount of secondary amine, it must always be in a slight excess. Amino ketone
9 containing a cyanomethyl protecting group (-CH2CN) was treated with a Grignard reagent in the
presence of CeCl3 to afford alcohol 10. To remove the cyanomethyl group, we used a literature
approach [22, 25] based on the using of silver salts (AgNO3) in tetrahydrofuran. The reaction
proceeds at room temperature in 30 min and affords the target amino alcohol 11 in 65% yield. The
reaction of l-aminobut-3-en-2-ol (11) with benzaldehyde leads to formation of an unsaturated
iminium cation, which undergoes a [3,3]-sigmatropic Cope rearrangement to form an enol, and the
concomitant intramolecular Mannich reaction leads to pyrrolidine W-3 (Scheme 2).
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Scheme 2. Synthesis of substituted pyrrolidine W-3.
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In the case of cyclic amino alcohols (e.g., amino alcohol 16), this reaction sequence leads to an
increase of the cycle’s size and formation of tricyclic pyrrolidine derivatives (Scheme 3). Due to steric
limitations in the transition state, this rearrangement variant is carried out without loss of
enantiomeric purity of the starting aminoethanol and, as a rule, shows high stereoselectivity [26].
Another advantage of the Aza-Cope/Mannich reaction is the simplicity of its experimental
implementation: the substrate solution is mixed with the carbonyl compound and a catalyst - a protic
acid or Lewis acid (less than one equivalent). It is important to note that the transformation is not
sensitive to the order of reagent addition, does not require an inert atmosphere and proceeds at room
temperature or with slight heating. In addition, the reaction is easily scalable, which allows obtaining
the required quantities of azabicyclic products for further synthetic research as well as for biological
experiments [27,28].

HO
Etzo MeCN. ® CeCly Tro, -78°C Na
75% 93% 67% 15
LlAIH4 RCHO CSA
Nast4 DCM
80%

W-4, R=H (78%)
W-5, R=CO2Et (62%)
W-6, R=Ph (80%)
W-7, R=tert-Bu (77%)

Scheme 3. Synthesis of cis-annulated pyrrolidines W-4 - W-7.

For the synthesis of the annulated derivative of pyrrolidine W-8, we used trans-bicyclic ketone
24, which was obtained in seven steps from commercially available cyclohexene oxide 17. During the
synthesis of trans-ketone 24, we employed allyl protection [29], which is easily introduced into the
target substrate (by alkylating the amino alcohol with allyl bromide) and removed under mild
conditions (under the action of N,N'-dimethylbarbituric acid (DMBA) in the presence of catalytic
amounts of Pd(PPh3)2CI2 (or Pd(PPh3)4), which is important for implementing multi-step syntheses
[30]. Notably, the allyl group, unlike many other protecting groups for amines, is resistant to the
action of organometallic compounds and metal hydrides, which were planned to be used in
synthesis.

Aminoketone 20 with an allyl protecting group at the nitrogen atom was obtained in three steps
from cyclohexene oxide 17 with a total yield of 90% (Scheme 4). In the first stage, the commercially
available epoxide-ring 17 was opened with benzylamine according to a known procedure [31]. Then,
by alkylation using allyl bromide, tertiary amine 19 was obtained. For the oxidation of amino-
cyclohexanol 19 in the third stage, we used the Swern oxidation, which is known to be selective and
does not affect the tertiary amino groups present in the molecule [32]. It should be noted that all
stages of the synthesis proceed cleanly and do not require additional chromatographic purification.
To reduce the triple bond in alkyne 21 to trans-alkene 22, we used Red-Al® (bis(2-
methoxyethoxy)aluminum hydride) as the reducing agent, which allows to obtain products with high
yields and good purity.
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Scheme 4. Synthesis of trans-annulated pyrrolidine W-8.

For the transformation of trans-ketone 24, obtained using the Aza-Cope/Mannich reaction [22],
into lactam 26, the ketone was successively treated with hydroxylamine hydrochloride and
concentrated sulfuric acid. The amide group in lactam 26 was reduced using the BHs-(CH3)2S complex
in tetrahydrofuran, which allowed for the formation of the annelated homoazepane (azocan) with
pyrrolidine. Subsequent treatment with acetic anhydride and debenzylation yielded the trans-
annulated derivative pyrrolo[3,2-bJazocin W-8. The total yield for the 12-step synthesis was 40%.

In a recent work, a set of spirocyclic derivatives based on 8-oxaspiro[5.6]dodecane and 7-
oxaspiro[4.6]Jundecane were synthetized and in-vitro profiled against the hNNMT target to evaluate
their anticancer therapeutic potential [33] (Scheme 5).
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Scheme 5. Synthesis of spirocyclic derivatives of oxepane.

The epoxides 34a and 34b can be used as a substrate for a nucleophilic attach leading to
unprecedented compound arrays suitable for biological screening purposes (Scheme 5). To carry out
the metathesis reaction was necessary to synthesize ethers 33a and 33b, which were obtained from
alcohols 32a and 32b. The synthesis of isomeric alcohols, in turn, was performed in five steps from a
commercially available ketoesters 27a and 27b. The total yields over seven stages for epoxides 34a
and 34b were 47% and 37%, respectively. The nucleophilic attach, to the epoxide ring of the spiro-
compounds 34a and 34b, proceeds in a regioselective manner, with the nucleophile preferring the
less hindered site (W-11, W-19, W-20, Scheme 5), this in agreement with the literature reports
available [34,35].

The Azides 37a and 37b were obtained from the epoxides 34a and 34b by epoxide ring opening
with azide-anion. Then, for example, the 1,2,3-triazole W-15 was synthesized by a “click-reaction”
with the 1-ethynyl-4-fluorobenzene and using CuSO:x5H:0 and Na-ascorbate [34].

Based on their synthetic pathway (Scheme 5), the replacement of the replacement of an oxygen
atom with a nitrogen atom, thus to obtain an additional point for the functionalization of spirocycles,
was envisioned. Therefore, a new synthetic approach was developed for the production of epoxides
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41a and 41b from commercially available reagents. Scheme 6 shows the synthesis of 1,2,3-triazoles
W-26 and W-27, which contains an unprotected nitrogen atom in 7-membered ring.
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Scheme 6. Synthesis of spirocyclic derivatives of 2,3,4,7-tetrahydro-1H-azepine.

The amine hydrochloride W-22 was obtained by removing the protecting group under acidic
condition (Scheme 6). The stereochemistry of such compounds was assigned by a comparison with a
similar structure from the literature [35].

2.2. Cell Cultures and Viruses

Two cell lines were used: Vero (African green monkey kidney cells) and MRC-5 (a diploid cell
line obtained from human fibroblasts sourced from lung tissue of a male fetus aborted at 14 weeks of
gestation). Both cell lines were obtained from the cell culture collection of the Laboratory of
Chemotherapy of Viral Infections, Smorodintsev Research Institute of Influenza, Ministry of
Healthcare of Russian Federation.

Cell cultures were prepared by seeding 96-well flat-bottom culture plates with a concentration
of 3x105 cells/ml a day prior to experimentation. The cultures were maintented in DMEM growth
medium (Biolot, Russia) supplemented with 2% fetal bovine serum (Biolot, Russia) and 20 pg/ml
levofloxacin. Incubation was carried out at 37 °C in a 5% CO, atmosphere.

The following viruses were used in the study: cytomegalovirus strain AD169, herpes simplex
virus type 1 strain EC, both were obtained from the working collection of the Laboratory of
Chemotherapy for Viral Infections, Smorodintsev Research Institute of Influenza, Ministry of
Healthcare of Russian Federation.

2.3. Assessment of Compound Cytotoxicity

MTT assay was conducted to evaluate the cytotoxicity of the tested compounds. For this test
uninfected cells were used. Initially, the growth medium was removed from the 96-well plate
containing the cell culture. Subsequently, a series of 2-fold dilutions of the compounds (dissolved in
DMSO) were added to the supporting medium (starting concentration 2000 pg/ml), while the control
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wells received medium without any compound. The 96-well plate containing the compound
dilutions was then incubated for 3 days (for Vero cells) and 10 days (for MRC-5 cells).

Following the incubation period, the supporting medium was discarded and an MTT solution
was added at a concentration of 0.5 pg/ml. The plate was incubated for 2 hours at 37 °C in a 5% CO,
atmosphere. After the incubation, the MTT solution was removed and the formed precipitate was
dissolved in DMSO. The absorbance of the resulting solution was measured at a wavelength of A max
= 630 nm using the Allsheng AMR-100 microplate reader (China). Based on data obtained, the CCs
(the compound concentration that induces 50% cell death) was determined using GraphPad Prism
5.0 software.

2.4. Antiviral Activity Assessment

To assess the antiviral activity of the compounds against both viruses under investigation, we
employed established non-toxic concentrations, with the highest being 1/2 CCso.

HSV1. To assess the antiviral activity of compounds against herpes simplex virus type 1(HSV1),
a series of 3-fold dilutions of substances were prepared starting from 2 CCs in Alpha-MEM medium
(Biolot, Russia), supplemented with 20 pg/ml levofloxacin and 2% fetal bovine serum (Biolot, Russia).

The diluted test substances were then added to Vero cell culture at a volume of 100 ul per well
in a 96-well plate, using a double concentration. Following this, 100 ul of the virus with a
concentration of at least 106 was introduced in seven 10-fold dilutions (10-'-10-7) were added and
incubated for 1 hour at 37°C in a 5% CO, atmosphere. The cells were then washed from the virus
with supportive medium and test substance dilutions were added to the wells, followed by adding
100 pl of supportive medium to each well. The plates were then incubated for 3 days at 37°C with 5%
CO, in a CO; incubator, after which cell viability was assessed using the MTT assay.

Totally, five different concentrations were used, and the virus titer was measured for each
concentration. After that, a nonlinear regression analysis was performed to clarify the "virus titer"
and "drug dose” relationship and the 50% inhibitory concentration (ICsp) was calculated from the
results using GraphPad Prism 5.0 software. The selectivity index (SI) defined as the ratio of CCs to
ICs, served as the criterion for the compound. Compounds with an SI greater than 8 are regarded as
promising candidates for further investigation.

CMV. To assess the antiviral activity of compounds against cytomegalovirus, a series of 3-fold
dilutions of substances were prepared starting from 2 CCsy in Alpha-MEM medium (Biolot, Russia),
supplemented with 20 pg/ml levofloxacin and 2% fetal bovine serum (Biolot, Russia).

The prepared solutions of the test substances were added to MRC-5 cell at a volume of 100 ul
per well in a 96-well plate, using a double concentration. Following this, 100 ul of the virus with a
concentration of at least 10¢ was introduced in seven 10-fold dilutions (10--10-7) were added and
incubated for 1 hour at 37°C in a 5% CO, atmosphere. The cells were then washed from the virus
with supportive medium and test substance dilutions were added to the wells, followed by adding
100 pl of supportive medium to each well.

The plates were then incubated for 10 days at 37 °C in a 5% CO, atmosphere, and then cell
viability was assessed using phase-contrast microscopy, specifically determining the decimal
logarithm of the minimal virus dilution that induced cytopatic effect (CPE) for each concentration of
the compound.

Totally, five different concentrations were used, and the virus titer was measured for each
concentration. After that, a nonlinear regression analysis was performed to clarify the "virus titer"
and "drug dose” relationship and the 50% inhibitory concentration (ICsp) was calculated from the
results using GraphPad Prism 5.0 software. The selectivity index (SI) defined as the ratio of CCs to
ICs, served as the criterion for the compound. Compounds with an SI greater than 8 are regarded as
promising candidates for further investigation.

2.5. Time-of-Addition Assay

The time-of-addition assay was used to study the mechanism of action of the leader compounds
against HSV1.
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The Vero cell culture was seeded a day prior to the experiment onto a flat-bottomed 24-well
culture plate at a density of 3 x 10”5 cells/ml. For cultivation, we used DMEM growth medium (Biolot,
Russia) supplemented with 5% fetal bovine serum (Biolot, Russia) and 20 pig/ml of ciprofloxacin. The
cells were incubated at 37 °C in an atmosphere of 5% CO2.

The following experimental time points were evaluated:

Point -0,25-0 — The compound was added into the wells 15 minutes before viral infection.
Immediately before adding the viral suspension (i.e., at time point 0), the medium containing the
drug was removed, and the cells were washed twice with a medium (DMEM (Biolot, Russia)
containing 20 ug/ml ciprofloxacin and 2% fetal bovine serum (Biolot, Russia)). After the viral infection
and subsequent removal of the virus, the cells were again washed twice with the medium, followed
by the addition of 2 ml of fresh maintenance medium.%

Point 0-24 - The compound was administered 15 minutes before infection. After the virus was
removed, the cells received two washes with the medium, followed by the addition of 1 ml of the
medium and 1 ml of the compound at a concentration of 2 IC50.

Point 0-1 - The compound was introduced simultaneously with the viral infection. After
infection and removal of the virus, 2 ml of the medium was added to the wells.

Point 4-5 — The compound was administered 4 hours post-infection, followed by a one-hour
incubation. The drug was then removed, and the cells were washed twice with the medium before
the addition of 2 ml of fresh medium.

Point 4-24 — The compound was administered 4 hours after infection and remained in the wells
for the duration of the experiment.

The compounds were administered at a concentration equal to 2 ICs. Virus infection was
performed by introducing 1 ml of a viral suspension into the designated wells of the 24-well plate.
The virus was diluted to concentrations from 105, and the cells were incubated for 1 hour at 4 °C.
After this incubation, the viral suspension was removed, and the cells were washed twice with a
supportive medium.

Throughout the experimental procedure, the plates containing the cells were maintained in an
incubator at 37 °C with 5% CO2. Twenty-four hours post-infection, the cells were harvested from the
plate surface using a culture scraper and titrated on a Vero cell culture. The plates were incubated for
3 days at 37 °C with 5% CO2 in a CO2 incubator. Cell survival was assessed using phase contrast
microscopy, and for each compound concentration tested, the decimal logarithm of the lowest
dilution of the virus causing cytopathic effect (CPE) was determined.

3. Results

3.1. General Procedure for Synthesis of Compounds

W1-W2

To a solution of (1SR,2SR)-2-amino-1-(prop-1-en-2-yl)-cyclohexan-1-ol (5, 0.1 mol, 1 equivalent)
and the corresponding aldehyde (0.12 mol, 1.2 equivalents) in 100 mL of methylene chloride, add p-
toluenesulfonic acid monohydrate (0.09 mol, 0.9 equivalents) and a small quantity of pre-calcined 4
A molecular sieves. Stir the mixture at room temperature for 12 hours, monitoring the reaction
progress via TLC (using a 10:1 solvent system of CH2CI2 and MeOH with PMA as a visualizing
agent). Upon completion of the reaction, wash the mixture with a 50% (w/v) potassium carbonate
solution, followed by a saturated aqueous sodium chloride solution. Dry the organic layer over
anhydrous sodium sulfate and remove the solvent by rotary evaporation.

In a round-bottomed flask, add of the starting ketone 6 (1.0 equivalent) in dichloromethane so
that the concentration is 0.2 M, and cool using a water-salt bath to -10 °C. When the temperature has
reached the required level, add sulfuric acid (1.0 equivalent). Then begin adding sodium azide (1.5
equivalents), divided into 5 portions at intervals of 2 hours. After all the sodium azide has been
added, add water (an amount equivalent to sulfuric acid) and begin adding aqueous ammonia
solution dropwise until an alkaline medium appears (pH = 12). Then pour into water and extract with
4x100 ml of dichloromethane. Then dry over sodium sulfate, evaporate on a rotary evaporator and
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chromatograph. The eluent used was hexane — EtOAc (1:1). Substances for nuclear magnetic
resonance analysis were prepared using DMSO-d6 as a deuterated solvent.

W3-W8

To a solution of 2-amino-1-(prop-1-en-2-yl)-2,3-dihydro-1H-inden-1-ol (14, 1.0 eq) and the
corresponding aldehyde in 10 mL of DCM was add anhydrous Na2504 (7 eq) and stirred 60 minutes,
then add CSA (0.9 eq). Stir the mixture at room temperature for 12 hours, monitoring the reaction
progress via TLC. Then reaction mixture was washed with saturated solution of NaHCO3, organic
layer was separated, solvent was evaporated and residue was purified by column chromatography.

W-9 — W-28 were synthesized previously. Full spectral characterization data are agreeing with
previously described data [33,35,36].

3.2. Cytotoxicity of Compounds on Cell Cultures

In the initial phase of the experiment, we evaluated the cytotoxicity of the test substances on two
cell lines: Vero cells, which are used as host cells for herpes simplex virus type 1, and MRC-5 cells,
which serve as host cells for cytomegalovirus. The findings from the cytotoxicity tests are
summarized in Table 1.

Table 1. Results of cytotoxicity assessment of the tested substances on Vero and MRC-5 cell

cultures.

Compound Vero ce et MRC-5
W-1 146,0 79,9
W-2 214,8 75,1
W-3 90,74 13,3
W-4 294,2 119
W-5 473,4 106,8
W-6 251,7 83,7
W-7 262,4 114,9
W-8 417,3 134,7
W-9 473,5 152,8

W-10 299,4 108,9
W-11 513,1 83,3
W-12 467,8 80

W-13 570,2 90,9
W-14 346,7 96,5
W-15 749,5 606,3
W-16 543,1 1346
W-17 200,2 816,6
W-18 596,2 1055
W-19 723,9 1074
W-20 331,3 726,7
W-21 290,9 1152
W-22 379,2 620

W-23 111,6 142,2
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W-24 140 537,2
W-25 185 118,7
W-26 327,2 292,5
W-27 224,1 238,5
W-28 295,7 238,1

The data demonstrates that the test substances exhibit a range of toxicity levels, including mildly,
moderately, and highly toxic effects on both cell cultures.
3.3. Antiviral Activity of Compounds

At the next step compounds were tested to assess their antiviral activity, results are presented

at Table 2.

Table 2. Results of antiviral activity assessment of the tested against cytomegalovirus and herpes
simplex virus.

Compound CMV HSV-1

IC50, pg/ml SI IC50, pug/ml SI
W-1 15,9+1.3 5,03 >146,0 1
W-2 17,7423 4,24 >214,8 1
W-3 0,97+0.03 13,7 >90,74 1
W-4 22,95+5.6 5,19 >294,2 1
W-5 45,7+8.9 2,34 >473,4 1
W-6 165,5+12.8 0,51 >251,7 1
W-7 22,67+3.4 5,07 >262,4 1
W-8 82,7£7.6 1,63 >417,3 1
W-9 93,3+10.1 1,64 19,9+2.2 22,02
W-10 3,04+0.9 44,75 >299,4 1
W-11 0,97+0.01 97,2 12,5+3.2 41,05
W-12 >80 1 >467,8 1
W-13 82,9422 1,1 40+5.1 14,25
W-14 27,1%3.5 3,56 >346,7 1
W-15 473459 12,82 12,8+2.6 59,2
W-16 >1346 1 381 1,4
W-17 >816.6 1 >200,2 1
W-18 >1055 1 >596,2 1
W-19 >1074 1 >723,9 1
W-20 >726.7 1 >331,3 1
W-21 >1152 1 >290,9 1
W-22 >620 1 >379,2 1
W-23 >142.2 1 >111,6 1
W-24 >537.2 1 >140 1
W-25 >118.7 1 >185 1
W-26 >292.5 1 >327,2 1
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W-27 >238.5 1 >224,1 1
W-28 >238.1 1 >295,7 1

Of the substances examined, four compounds demonstrated significant activity against
cytomegalovirus: W-3, W-10, W-11, and W-15. Additionally, four compounds exhibited effectiveness
against herpes simplex virus: W-9, W-11, W-13, and W-15. Notably, only two compounds, W-11 and
W-15, showed activity against both viruses.

3.4. Time-of-Addition Assay Results

In this experiment, we investigated the various stages of the HSV-1 life cycle to identify where
potential therapeutic agents exert their effects. Two compounds, W-11 and W-15, were used in the
study due to their demonstrated activity against both HSV-1 and CMYV, as well as their notable
highest SI concerning HSV-1. The findings from this study yielded the following results:

5_
W-11

=

2 34

2o

-

S 1-

L nm i

Time of addition

Figure 1. The results of time-of-addition assay.

The graphs indicate that the virus titer for the points labeled 0.25-0 and 0-1 is equivalent to that
of the virus control. This suggests that the substance does not inhibit the binding of the viral particle
to the cell or its penetration. Additionally, no signs of cytopathic effects were observed at the points
0.25-24, 4-5, and 4-24.

Consequently, it can be inferred that the substance exerts its effects during viral gene replication,
with viral DNA polymerase as the most likely target. Inhibiting this enzyme would subsequently halt
the synthesis of viral proteins within the cell.

4. Discussion

The results of biological tests demonstrated that derivatives of spirocyclic oxepins exhibit
significant activity in the low micromolar range against cytomegalovirus, specifically in four
compounds: W-3, W-10, W-11, and W-15. Similarly, four compounds—W-9, W-11, W-13, and W-15—
showed efficacy against herpes simplex virus. Notably, two compounds, W-11 and W-15, were
effective against both viruses.

Itis important to highlight that among the 28 compounds analyzed, the derivatives of spirocyclic
azepanes (W-22 to W-28) and di- or tri-cyclic pyrrolidines (W-4 to W-6), which feature a keto group
in their carbocyclic structure, exhibited the lowest levels of activity. In contrast, among the non-cyclic
pyrrolidines, compound W-3—characterized by a phenyl group at the C-2 position and a phenethyl
fragment attached to the nitrogen atom of the pyrrolidine ring—demonstrated the highest activity
against cytomegalovirus.
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We posit that the activity of several spirocyclic oxepins featuring a trans-aminoethanol fragment
in their structure (specifically W-9, W-11, and W-15) can be attributed to phosphorylation processes
occurring in the cytoplasm of the cell. These processes ultimately result in the inhibition of viral DNA

polymerase.
F
0 O
: } O. : ' ) : 4 } NN NE
n=0
W-13 W-11 W-15
SI (HSV) =22,02 £2,11 SI(HSV) = 14,26 2,32 SI (HSV) = 41,05 6,0 SI(HSV) =59,2+5,63
X=N
Boc H HCI
H2N

W-23 W-25 W-25
SI(HSV) =1 SI(HSV) =1 SI(HSV)=1

Figure 2. Comparison of the antiviral activity of derivatives of spirocyclic oxepins (X=0O) and
spirocyclic azepanes (N=0O).

The antiviral activity of spirooxepin W-13 can be attributed to the presence of a trans-diol
fragment in its structure. This fragment appears to inhibit the binding and penetration of the herpes
simplex virus by directly interacting with the phospholipids on the cell surface, which are essential
for viral entry and stabilization within the host cell. Furthermore, cytotoxicity studies involving 28
compounds were conducted on Vero and MRC-5 cell cultures. Notably, all the compounds tested
demonstrated non-toxic effects on these cell lines.

The analysis of the structure-activity relationship (SAR) of new pyrrolidine, oxepine, and
azepane derivatives reveals a significant correlation between the biological activity of these
compounds and the presence of a spirocyclic carbon atom in their structure. Notably, the
incorporation of annelated cycles (compounds W-4 to W-6) results in a marked decrease in antiviral
activity, yielding a selectivity index (SI) of less than 10. Furthermore, the evaluation of spirocyclic
derivatives indicates that those containing an azepam fragment (compounds W-22 to W-28) do not
exhibit antiviral activity against herpes virus and cytomegalovirus. In contrast, spirocycles that
include an oxepan fragment (compounds W-3, W-9, W-11, W-13, and W-15) demonstrate significant
activity against both viruses, with SIs exceeding 10.

It is important to note that the presence of an oxygen atom in the spirocyclic nucleus and the
presence of an 8-oxaspiro[5.6]dodecane hydroxyl function in the a-position are critical prerequisites
for the manifestation of antiviral activity.
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The presence of a hydroxy! function at position C-1
of 8-oxaspiro[5.6]dodecane is a prerequisite
to demonstrate antiviral activity

The presence of an oxygen atom is a necessary condition
to demonstrate antiviral activity
R, O X
R1/Y ~N /) —_____ | Thepresence of a double bond in the oxepane fragment
has little effect on antiviral activity

The presence of a spirocyclic carbon atom is a necessary
condition for the manifestation of antiviral activity

The presence of an amino group at position C-2 of 8-oxaspiro[5.6]dodecane
leads to the manifestation of antiviral activity,
with an increase in the spatial volume of the nitrogen-containing
substituent at position C-2, the antiviral activity increases

Figure 3. Summary of the study of the structure-activity relationship.

Trans-aminoethanol derivatives of spirooxepanes (W-9, W-10, W-11, W-15) exhibit "moderate
antiviral activity," indicating that modifications to the amino group enhance the antiviral potency of
these compounds. Notably, as the spatial volume of the nitrogen-containing heterocycle increases, so
does the activity. Among these, W-11 demonstrates the highest activity, with herpes simplex virus
(HSV) inhibition of 41.048 + 6 and cytomegalovirus (CMV) inhibition of 97.2 + 9.88, which can be
attributed to the presence of a trans-piperidinecyclohexanol fragment in its structure.

Additionally, the presence of a double bond within the oxepane moiety appears to amplify
antiviral activity. For instance, compound W-9 shows an HTI (HSV) of 22.02 +2.11, while its saturated
counterpart, W-14, is completely inactive (HTI (HSV) = 1), despite having comparable toxicity values
(CCso (Vero) =473.5 for W-9 and 346.7 for W-14). A similar trend is observed between compounds W-
11 (with a double bond) and W-12 (the saturated analogue); antiviral activity is found only in W-11
((HSV) = 41.048 + 6 and (CMV) = 97.2 + 9.88), whereas the cytotoxicity values are CCso (Ver o) =513.1
for W-11 and 467.8 for W-12.

The structure-activity relationship (SAR) analysis reveals that new derivatives of spirocyclic
oxepines possess antiviral properties, in contrast to spirocyclic azepanes and annelated pyrrolidines
(W-4, W-5, W-6), where the toxicity of the spirocyclic compounds is either comparable to or
significantly higher than that of the annelated pyrrolidine derivatives. Overall, it can be concluded
that the active compounds among the spirocyclic oxepine derivatives typically incorporate a double
bond and a trans-aminoethyl fragment within the oxepane structure.

Notably, derivatives such as 2-amino-8-oxaspiro[5.6]dodec-10-en-1-ol (W-9, W-11, and W-13)
display higher activity than 2-amino-7-oxaspiro[4.6Jundec-9-en-1-ol (W-16, W-18, W-21), although
there are exceptions, such as compound W-15. The incorporation of a saturated ring in spirooxepines
correlates with increased antiviral activity (e.g., W-11), and a similar enhancement is observed with the
introduction of a 4-(para-fluoro)phenyltriazole fragment at the C-3 position of the spirocycle (W-15).

Furthermore, we explored the antiviral potential of trisubstituted pyrrolidines containing
aromatic fragments and a carbonyl group (p-proline derivatives). It is essential that the pyrrolidine
includes a bulky substituent at the second position of the ring to achieve optimal activity. However,
chemical modifications to the aromatic fragment at the C-2 position of spirooxepine derivatives,
aimed at generating additional pharmacophoric groups, often result in a loss of antiviral activity.
Attempts to introduce a nitrogenous base residue at this position (such as in compounds W-22 and
W-24) led to diminished antiviral efficacy and substantially increased cytotoxicity.

5. Conclusions

Twenty-eight compounds were evaluated for their efficacy against two herpesviruses:
cytomegalovirus and herpes simplex virus. Several promising lead compounds demonstrating
activity against these pathogens were identified, and the fundamental structure-activity relationships
were established. Additionally, the impact of the timing of active drug administration was
investigated, leading to a hypothesis regarding the potential mechanism of action linked to the
function of viral polymerase.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. NMR of tested compounds.
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