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A series of (R)- and (S)-isomers of new adamantane-substituted
heterocycles (1,3-oxazinan-2-one, piperidine-2,4-dione, piper-
idine-2-one and piperidine) with potent activity against rimanta-
dine-resistant strains of influenza A virus were synthesized through
the transformation of adamantyl-substituted N-Boc-homoallyl-
amines 8 into piperidine-2,4-diones 11 through the cyclic bromour-
ethanes 9 and key intermediate enol esters 10. Biological assays of
the prepared compounds were performed on the rimantadine-
resistant S31IN mutated strains of influenza A — A/California/7/
2009(H1N1)pdmO09 and modern pandemic strain A/lIV-Orenburg/
29-1/2016(HIN1)pdm09. The most potent compounds were both
enantiomers of the enol ester 10 displaying ICsq = 7.7 pM with the
2016 Orenburg strain.

Adamantane derivatives have found numerous applications in
various fields of chemistry, but their use in catalysis’ and
medicinal chemistry” has been especially fruitful. With a low-
molecular weight and highly symmetric structure, adamantane
fragments provide a domain with critical lipophilicity (with a
molecular diameter of 6.36 A)* when inserted in the struc-
ture of known pharmacophores, improving pharmacokinetic
profiles of the modified drugs.” Simple aminoadamantanes
(amantadine, rimantadine, tromantadine, memantine) (Fig. 1)
have occupied a reliable place in the pharmaceutical market,
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Fig. 1 Biologically active aminoadamantanes.

proving their efficiency for the treatment of viral diseases
(influenza A, herpes, hepatitis C, HIV) and neurological dis-
orders (Parkinson and Alzheimer diseases).’

It is known that piperidine and pyrrolidine derivatives of
adamantane (Fig. 1) possess high antiviral activity towards the
influenza A virus (Ay/Japan/305/1957(H,N,)), exceeding rimanta-
dine activity by 4.3 and 5.6 times, respectively.” Meanwhile,
mutations and evolutionary changes in the influenza A virus
have led to the development of 45% resistance in all the circulat-
ing virus strains towards adamantane-based drugs, and the
average resistances of the most frequent H1 and H3 subtypes
were 70% (years 1933-2013) and 44% (years 1968-2013), respect-
ively.® Moreover, the temporal distribution of the virus’s resist-
ance is alarming; for example, during 2009-2013, the resistance
of the H1N1 subtype reached 100% in many countries. This situ-
ation has resulted in a complete ban on the use of rimantadine
and amantadine in medical practices. Nevertheless, the compre-
hensive knowledge concerning the mechanism of the action of
aminoadamantanes, as inhibitors of the proton M, channel of
the influenza virus, together with the high pharmaceutical value
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Scheme 1 General scheme and conditions of anionic enolate-type rearrangements.

of adamantane derivatives stimulates research on the synthesis
of novel adamantane-containing molecules.

Recently, an efficient stereoselective synthesis route for
various substituted piperidin-2,4-diones and related piper-
idinone-type molecules starting from readily available homo-
allylamines was developed by our team (Scheme 1).” This
approach is based on the anionic enolate-type rearrangements
of the cyclic enol esters (E), which are disclosed as the reactive
intermediates (A) enolate-isocyanate or enolate-carbodiimide
and further cyclized into the corresponding piperidinone-type
molecules.

Regarding applications of adamantane chemistry, we were
interested in the synthesis of new enantiomerically pure mole-
cules with joint adamantane and piperidinone skeletons in
order to evaluate their antiviral activity, which is expected to
be higher than that of rimantadine. Previous data obtained
in vivo (mice) indicates that both enantiomers of rimantadine
are equipotent with the racemic mixture;® however, the recent
NMR study of stereoisomers of rimantadine shows their
different binding profiles with the M, virus channel.” The
effect of chirality will strengthen with the growth in size of the
substituents at the chiral center.

Results and discussion

Though many adamantane-containing molecules have been
synthesized to date, there is still a lack of low-molecular weight
adamantanes for modifications and biological tests, especially
in an enantiomerically pure form. The presented approach
allows access to new chiral adamantanes that were unavailable
before. Synthesis of the substituted adamantanes started from
the condensation of 1-adamantylcarbaldehyde 1 and Ellman’s
(R)- and (S)-sulfinamides 2'° in a solution of neat Ti(OiPr),
(5 equiv.) that produced the corresponding imines 3 (Scheme 2).
Subsequent allylation of the imines 3 was carried out using
two different metals, Zn and In, in THF because the different

This journal is © The Royal Society of Chemistry 2017

Lewis acidity of the zinc and indium allylic reagents usually
affected the stereoselectivity of the allylation reaction.’™”? The
obtained diastereomeric ratio in the allylated product 4 could
not be determined by "H NMR because only one set of signals
with few impurities was observed. Therefore, the sulfinamides
4 through the consecutive desulfination with HCI and acyl-
ation with Cbz-Cl, were converted to N-Cbz-protected amines
(S)- and (R)-5, which were suitable for chiral HPLC analysis.
For the racemate preparation, chiral sulfoximine (Rg)-3 was
transformed to achiral sulfonimine 6 through the mCPBA
mediated oxidation. Allylation of the latter with AllZnBr gave
sulfonamide 7, which was deprotected by treatment with TfOH
upon mild heating (40 — 50 °C). The deprotected racemic
amine without isolation was acylated with CbzCl in a DCM
solution in the presence of 20% NaOH, which afforded rac-5.
HPLC analysis of the isomers 5 shows >99% ee with Zn and
97% ee with In, which evidently corresponds to the diastereo-
selectivity of the allylation reaction. Sulfinamide 4 forms a very
stable complex with the In salt, which does not decompose in
the conventional workup with a NH,Cl solution, and washing
the reaction mixture with Trilon B gives an excellent isolated
yield of 4 (ca. 100%). The description of the diastereoselectivity
models in the allylation reactions can be found in paper’” and
the references therein. Removal of Ellman’s auxiliary by treat-
ment of 4 with HCI in MeOH followed by in situ acylation of
the homoallylamine with Boc-anhydride leads to N-Boc-deriva-
tives 8 (80%). The absolute (S)-configuration of the chiral
center in one of the isomers 8 was established by X-ray single
crystal analysis ((S)-8) obtained from ((Rs)-2) (Fig. S17)."> The
interaction of 8 with NBS in DCM gave rise to isomeric
urethanes 9a (Scheme 3) in the ratio cis/trans 4:1 (*H NMR,
CDCl3), and they were not separable by FC. Therefore, the
major isomer cis-9a was isolated from the mixture by crystalli-
zation from EtOAc, and the relative configurations of the chiral
centers were determined by NOESY experiment.

Upon treatment of the mixture of cis/trans-isomers 9a with
tBuOK (25 °C, 30 min), an expected dione 11 was formed in a
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high yield. However, during repetition of the experiments, we
observed that together with 11, a cyclic enol ester 10 was
formed, and its amount changed widely in a range of 20-90%.
Actually, 10 is an intermediate and cannot be isolated under
usual conditions because the transformation of 10 into 11
occurs even at —50 °C (Scheme 1)’
the elimination of HBr from 9a. In the preceding papers
devoted to enolate-carbodiimide rearrangement,”® we observed
the formation of some enol esters as intermediates with sub-
strates bearing N-EWG-groups, but in the case of the enolate-
carbodiimide rearrangement, this is possible because of the
low rate of the reaction (Scheme 1). Considering the possible
methods of ester 10 survival, we concluded that the reactivity
can be affected by an intermolecular association of the
molecules into dimeric complexes where the NH-protons are
shielded from the attack of tBuOK by voluminous adamantane
groups. The XRD of (S)-10 supported our hypothesis
(Fig. 2)."% In the crystals, two independent molecules (S)-10 are

and is much faster than

3154 | Org. Biomol Chem., 2017, 15, 3152-3157

Fig. 2 The general view of hydrogen bonded molecules in the crystal
of (5)-10 in the representation of atoms by thermal ellipsoids (p = 50%).

This journal is © The Royal Society of Chemistry 2017
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assembled into homochiral dimers due to the typical N-H:--O
(N---O 2.935(2)-2.973(2) A) hydrogen bonding of the lactame
groups that are additionally stabilized by the C-H---O (H(9AA)
--0(1) 2.36, H(14A)---O(1A) 2.46 A) interactions formed with
the adamantyl substituents occupying the pseudoequatorial
position. The distances between the nonbonded atoms,
H(9AA)---HN(1A) 2.15 A, H(14A)---HN(1) 2.23 A, are generally
less than the sum of the van der Waals radii of the hydrogen
atoms, thus, the NH-protons can be shielded by adamantane
from the base attack. For the analysis of the intermolecular
interactions, QTAIM theory'® was used. This theory gives an
opportunity to locate all the bonding interactions by a critical
point search as well as estimating the energy of the inter-
actions by means of the Espinosa correlation.’* The electron
density function in the crystal was obtained by means of a
recently introduced concept of invarioms,'”> and the accuracy
of this approach for the estimation of weak and moderate
strength hydrogen bonds was recently verified."

However, our attempts to reveal the existence of the dimers
in a DMSO-Dg solution by 'H DOSY experiments were un-
successful. Finally, we disclosed that the enol ester 10 arises only
if the reaction mixture of 8 and NBS was not purified by con-
ventional chromatography and was only filtered through the
short pad of the silica gel or not purified at all. We proposed
the formation of the cyclic tert-butyl ether 9b, in which HBr-
elimination would proceed more readily.”” An analysis of the
proton spectrum of the crude reaction mixture in CgDg, after
passing through the 0.5 cm thickness layer of silica gel, has
shown that the mixture consists of two isomers of tert-butyl
ether 9b. For analytical purposes, the major isomer cis-9b was
isolated by crystallization from cooled hexane, and its structure
was studied by XRD (Fig. S27). This product was very sensitive
to acids and immediately decomposed into 9a on silica gel
TLC, FC or in a solution of CDCl;, so its discovery was a lucky
circumstance. In fact, using two types of isolation procedures
for bromides 9a,b, flash chromatography or short pad fil-
tration, we were able to synthesis both enantiomers of either
enol ester 10 or dione 11 in preparative quantities. The mole-
cular structure of (R)-11 was also studied by XRD.'” In the
crystal of 11 in contrast to 10, the amide groups assemble
molecules into infinite chains in which molecules are
assembled by N-H--O (7.12 kecal mol™") and C-H--O
(0.7-1.91 kecal mol™") bonds (Fig. S31). The 4-keto-group in 11
was diastereoselectively reduced with NaBH, (Scheme 4),
which is known to produce excellent cis/trans selectivity dr =
32 : 1 for the reduction of the 6-phenyl-substituted dione."”

NaBH,

THF
90%

@VN o
H

(R)- and (S)-11

(4R,6R)- and (4S,6S)-12
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In our case, the diastereomeric ratio of the 6-(1-adamantyl)-
substituted alcohols 12 formed upon the action of NaBH, at
—78 °C was only 10: 1, and upon decreasing the reaction temp-
erature to —90 °C, alcohols 12 with dr = 17 : 1 were obtained in
the best experiment (because of the heterogeneity of the reac-
tion mixture, diastereoselectivity value was vary in different
experiments at the same conditions). In the crystal of alcohol
(4R,6R)-12, the presence of the OH-group leads to principally
different crystal packing patterns with participation of OH-
groups of two independent molecules in hydrogen bonding
with the NH(C=O0) function (Fig. S41).'> The mixture of dia-
stereomeric alcohols 12 was further subjected to a reduction
with 5 equiv. of LiAlH,; however, surprisingly, even after pro-
longed heating (24 h) in THF, 12 was returned without
changes. Adamantane-derivative 12 has demonstrated distinct
behavior from other 6-substituted piperidine-2-ones, which are
usually readily reduced with LiAlH, to piperidines.'® The
reduction of the lactame group in 12 can be blocked by the for-
mation of some aggregates similar to the dimeric complexes
observed in crystals of 10. On the other hand, the BH;*SMe,
complex, which is less sterically demanding than the solvated
LiAlH,, reduces lactame 12 easily to give 4-hydroxypiperidine
13 in a high yield (85%) after FC. Aminoalcohols 13 were con-
verted to hydrochlorides by treatment with ethereal HCI fol-
lowed by recrystallization from the EtOAc/MeOH mixture that
gave diastereomerically pure hydrochlorides 13.

Having in hand a set of enantiomerically pure adamantyl
substituted piperidines 9a-13, we undertook a study of their
antiviral properties. A mechanism of anti-influenza A activity
of amantadine and rimantadine was studied in detail and it
was found to be mainly related to blocking of the proton
channel M, of the influenza A virus. A comprehensive study of
a protein complex of the tetrameric M, channel with amanta-
dine and rimantadine by high-resolution NMR as well as crys-
tallographic methods has revealed two types of blocking
mechanisms. A main mechanism is considered to be “sterical
blocking”, wherein a drug molecule acts as a stopper in a
bottle neck inside the channel of M,, and this mechanism
operates with a minimal amount of the aminoadamantane
inhibitor (ratio Ad:M, = 1:1)."° Another possibility for the
channel binding is the interaction of aminoadamantane with
the outer side of the tetrameric channel M, (ratio Ad: M, =
4:1) in pockets formed by the hydrophilic part of Asp 44 and
hydrophobic residues of Leu 40, Ile 42 and Leu 43. Such
binding reduces the mobility of the protein chains and stabil-
izes the closed form of the M, channel. In the case of amanta-

BH3‘SM82

” o) THF N
85%

(2R,4S)- and (2S,4R)-13

cis/trans, 17:1

Scheme 4 Stereoselective synthesis of hydroxypiperidines.
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dine, the position in the channel lumen is more preferable
(40 fold greater affinity) than the peripheral site."” As we
mentioned above, a majority of the contemporary virus strains
is resistant to the adamantane-type M, channel inhibitors
because of the so-called S31N mutation.* In recent years, con-
siderable progress was achieved in designing potent inhibitor
molecules that target the M, channel of drug resistant influ-
enza A viruses.”™** The most potent inhibitors of M,/S31N
mutants were aminoadamantanes-based molecules, such as
2-propyl-2-aminoadamantane,** pyrimidine-( pyridine-)substi-
tuted adamantanes®*” and isoxazole-containing molecules.?*?
Since the A/M,-S31N mutant is one of the most conserved viral
proteins among the current influenza A viruses, with more
than 95% of the virus carriers, S31N mutated etalon pandemic
strain of influenza virus A/California/7/2009(H1N1)pdm09 and
modern A/IIV-Orenburg/29-L/2016(H1N1)pdm09 were selected
as targets for tests. The tests were performed in the infected
cells of MDCK tissue, and the values on the suppression of the
virus reproduction are presented in Table 1.

The activity of all the synthesized compounds considerably
exceeds that of rimantadine. The most expected 4-hydroxy-sub-
stituted analogues of adamantyl-piperidine (Fig. 1) show mod-
erate activity (2R,45)-13 with an ICs, = 18.4 and 17.6 pM, and its
enantiomer (2S,4R)-13 is almost two times less active with an
IC5o > 40.0 pM (California) and 26.9 pM (Orenburg). Both
isomers of the lactames 12 have low activities, close to the
activity of (25,4R)-13. Both isomers of dione (R)- and (S)-11 have
lower values of ICs, = 20.6, 26.7 pM (California) and 27.1,
34.0 uM (Orenburg) than those of (2R,4S)-13; however, they
have a more effective inhibition profile because the % of sup-
pression of virus replication reaches higher values, 72.5 and
82.5% relative to 53 and 27% for (2R,4S)-13 (Table 1). The most
potent were isomers of the enol ester 10 with ICs, = 8.1 for (R)-10
and 13.7 for (S)-10 with complete suppression of virus repro-
duction from 30 pM. Interestingly, that Orenburg mutant strain
became less sensitive to all compounds except the isomers of
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the enol ester 10 with an IC5, = 7.7 pM and a high suppression
activity reaching 94-96% at C 30/40 pM (Table 1). Enol ester 10
can be even more potent than we observed because the per-
formed stability test in the MEM medium disclosed that the
half-life of 10 is 7.44 hours at a temperature of virus incubation
(37 °C). Though the MEM medium has a pH around neutral,
10 can rearrange into dione 11 (Schemes 1 and 3) under alka-
line pH in aqueous solution. Bromo-derivatives 9a were also
quite active in the suppression of the California strain with an
IC5o = 19.8 and 11.3 pM for (45,6R)- and (4R,6S)-9a, respectively.
Generally (R)-isomers were more potent as inhibitors of M,
channels independent of the other structural variations that
support the recent NMR study on the rimantadine enantio-
mers.” The cytotoxicities of the synthesized compounds are
comparable to the value of rimantadine (Table 1), and the most
active isomers of the enol ester 10 were also more toxic to
MDCK cells. However, the values of IC5, for the isomers 10 are
considerably lower than the corresponding values of TCDs,.

One conclusion about the mechanism of antiviral action
can be drawn from our data. Different from known amino-
adamantanes with antiviral activity to A/M,-S31N mutants,>"*?
our compounds are not basic (except of 13) and cannot act
through the suggested alternative mechanisms connected with
the changing pH value. At the same time, all molecules follow
the uniform dependence of activity on concentration. It is very
probable that the mechanism of their antiviral action is also
similar and related to the binding of the M, channel.

In conclusion, we have demonstrated the antiviral effect on
the mutated virus strains by action of very simple molecules
with close structures to the known aminoadamantanes with
known binding places in and on the M, channel. It is not
known in which site the enol ester 10 binds, but acquiring this
knowledge is important for the development of next gene-
ration anti-influenza A agents. A compact and rigid structure
of the adamantane-derived 6-membered heterocycles has the
potential for modification and provides an excellent opportu-

Table 1 Suppression of the reproduction of an etalon pandemic strain of influenza virus A/California/7/2009 (H1IN1)pdm09 and modern pandemic
strain A/IIV-Orenburg/29-1L/2016 (HIN1)pdmO9 in the cells of MDCK tissue with cytotoxicity values

% of suppression of virus strains of (H1N1)pdmo09*

A/California/7/2009 A/IIV-Orenburg/29-L/2016
Compound 30 pM® 40 pM© ICso, pM 30 pM* 40 pM* ICs0, pM TCDs, pM
(+)-Rimantadine NA? NA? — NA® NA? — >300
(4S,6R)-9a 62.7 70 19.8 67.8 69 21.9 >300
(4R 6S) -9a 71.6 73 11.3 72.2 74 20.1 >300
(R)- 97.9 99.9 8.1 94.7 95.9 7.7 80
(s)-10¢ 99.2 100 13.7 94 91.8 7.7 80
(R)11 68 72.5 20.6 57.5 69.9 27.1 80
(S)11 58 82.5 26.7 46.3 54.9 34.0 160
(4R,6R)-12 21.9 39.5 >40.0 38.6 42.6 >40.0 >300
(45,65)-12 16.4 17.4 >40.0 36.6 40.2 >40.0 >300
(2R,45)-13 51 53 18.4 55 57 17.7 150
(25,4R)-13 32 27 >40.0 52 53 26.9 150

“The values obtained upon 51mu1tane0us addition of inhibitors and virus.

> No activity. © % of suppression of the reproduction of the influenza A

virus at 30 and 40 uM (average value). ¢ Half-life time of 10 in the MEM medium; Ty, = 7.44 h at 37 °C (see ESI file).
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nity for further research in various fields of adamantane chem-
istry, including drug discovery.
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