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The synthesis and biological evaluation of a novel series of dimeric camphor derivatives are described.
The resulting compounds were studied for their antiviral activity, cyto- and genotoxicity. Compounds
3a and 3d in which the quaternary nitrogen atoms are separated by the C5H10 and C9H18 aliphatic
chain, exhibited the highest efficiency as an agent inhibiting the reproduction of the influenza virus
A(H1N1)pdm09. The cytotoxicity data of compounds 3 and 4 revealed their moderate activity against
malignant cell lines; compound 3f had the highest activity for the CEM-13 cells. These results show close
agreement with the data of independent studies on toxicity of these compounds, in particular that the
toxicity of compounds strongly depends on spacer length.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Functionalization of natural compounds exhibiting native bio-
logical activity is one of the most efficient approaches for the syn-
thesis of biologically active substances in medicinal chemistry.
Symmetric nitrogen-containing molecules bearing at least two nat-
ural fragments linked with a spacer have become widely used for
medical applications. The type of natural fragments is rather di-
verse: alkaloids, steroids, mono- or diterpenes, etc. Thus, dimeric
and trimeric compounds, which exhibited a strongly pronounced
antitumor effect, have been synthesized based on artemizinine.1

Hybrids of steroid framework have been studied as analogues of
juvenile hormones.2 The strategy of bivalent ligands has been suc-
cessfully implemented for searching for acetylcholinesterase inhib-
itors. The alkaloids tarcine3 and galanthamine4 were used as
starting natural compounds, and their bis-derivatives appeared
promising agents for treating Alzheimer’s disease. There are some
examples in the literature of dimeric molecules acquiring proper-
ties that are completely different from those of the precursor mol-
ecules.5 Indeed, symmetric derivatives of the alkaloid
camphotecine enhance solubility of a compound, reduce its toxic-
ity, and increase its specific interaction with an enzyme.6 Mean-
while, symmetric compounds containing two quaternary nitrogen
atoms separated by different size spacers are generally known to
exhibit high biological activity.7 These agents have been most
widely used as myorelaxants.8,9 Furthermore, many of them have
been tested as antimalarial drugs.10,11 However, very few examples
of synthesis of dimeric compounds based on natural molecules
linked to quaternary nitrogen atoms via spacers have been pub-
lished. For example, ammonium derivatives of the diterpenoids
steviol and isosteviol exhibited antimicrobial properties12 and di-
meric steroids can acts as a catalyst13 Hence, synthesis of com-
pounds containing several natural fragments linked with spacer
groups, involving the insertion of two quaternized nitrogen atoms,
is a promising trend in chemistry of biologically active substances.

In the present study we describe the biological activity of novel
class of chemical compounds—dimeric camphor derivatives.
Among other types of activity, we have investigated their ability
to suppress the reproduction of influenza virus. Several examples
of use of similar cage structures as anti-viral compounds are well
known. Adamantane derivatives amantadine and rimantadine
were the first antivirals against influenza. Isoborneol derivatives
were also shown to possess antiviral activity against influenza
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virus.14,15 Based on the amino derivatives of isoborneol, anti-influ-
enza drug deitiforin was licensed in the former Soviet Union for
influenza treatment. Its mechanism of activity was supposed to
be similar to that of rimantadine. Several attempts were under-
taken to optimize the molecule of amantadine and to overcome
the virus’ resistance.16–19 In particular, adamantane-based spiro-
derivatives have been tested against influenza virus and demon-
strated high inhibiting activity. In this regard, activity of
spiro[piperidine-2,20-adamantane] appeared comparable with that
of amantadine while other 2-alkyl-2-aminoadamantanes appeared
less effective. Moreover, none of them demonstrated an activity
against influenza B virus thus suggesting the specific target for
their activity that is absent in influenza B viruses.

Although being adamantane-based cage structures, com-
pounds called bananins (derivatives of 1-[3-hydroxy-5-(hydroxy-
methyl)-2-methyl-4-pyridinyl]-2,8,9-trioxaadamantane-3,5,7-
triol)20,21 have not been tested against influenza virus. These
compounds were shown to inhibit SARS coronavirus-specific heli-
case (SCV). In the cell-free system they were effective inhibitors
of the ATPase activity of the SCV helicase with IC50 values in
the range 0.5–3 lM.

Another group of anti-influenza compounds is represented by
cage structures close to camphor scaffold–pinanamines. It was pre-
viously shown that (1R,2R,3R,5S)-3-pinanamine appeared more
potent than amantadine in inhibiting amantadine-susceptible
influenza virus.22 Moreover, although at relative high concentra-
tions, some of pinanamine derivatives were able to inhibit amanta-
dine-resistant mutant bearing S31N mutation, the fact suggesting
the principal possibility to overcome the resistance of influenza
viruses to adamantane derivatives using cage scaffold-based com-
pounds. The target of adamantane derivatives is virus-specific pro-
ton channel M2. Initially, these compounds were supposed to
interact with the internal channel of M2 protein. In general, in their
protonated form these compounds are considered to block the tet-
rameric M2 ion channel pore, formed by its transmembrane do-
main and hence, its proton transport function. Amino acid
substitutions conferring rimantadine-resistant phenotype are
localized at positions 27, 28, 31 and 34. In 2008–2009, NMR solu-
tion revealed another adamantane-binding site around the amino
acid position 44.23,24 This study suggested that rimantadine bound
to the outside of the M2 protein helices facing the lipid bilayer with
residue D44 participating in a hydrogen bond interaction with
rimantadine. It was postulated that the high-affinity binding site
corresponded to the M2 ion channel pore; whereas the secondary,
low-affinity binding site could be attributed to the lipid face of the
pore. These two studies proposed different sites of and different
models for the interaction of adamantane drugs with M2 first, an-
ion channel pore-binding model and, second, the lipid-facing bind-
ing model.25 In the later case, the drug was shown to inhibit the
channel from outside by an allosteric mechanism by stabilizing
its closed state.

A common feature of all M2 inhibitors known so far is the
presence of a primary amine group linked with a hydrophobic
scaffold.26,27 The existence of an external binding site for adaman-
tane derivatives broadens the set of modifications of compounds
for suppressing ion channel activity of M2. Narrow pore of the
channel restricts the size and charge of compounds that must
fit the pore in order to inhibit it effectively. On the other hand,
when developing the compounds interacting with amino acids
and/or lipid bilayer from outside the channel, one may use a
much wider set of side substituents. In this case, other factors be-
come important for binding, in particular, the ability of a com-
pound to interact simultaneously with lipids of membrane
bilayer and external amino acids of the transmembrane region
of M2.
2. Results and discussion

2.1. Chemistry

(+)-Camphor 1, an abundant monoterpenoid with a bicyclic
framework structure, was selected to be the starting compound.
Imine 2 was synthesized via the interaction between compound
1 and N,N-diethylethane-1,2-diamine under conditions of azeotro-
pic removal of water from toluene in the presence BF3�Et2O with
the yield of 94% (Scheme 1). In order to synthesize symmetric di-
meric molecules, dihalogenides of different size and structural type
were used as spacers. When interacting with compound 2 in boil-
ing acetonitrile, they gave rise to the target compounds 3a–g. The
resulting salts 3a–g containing two quaternary nitrogen atoms
were isolated using silica gel column chromatography. In order
to study the effect of the structure of compounds 3a–g on their bio-
logical activity, spacer-free analogues—compounds 4a–b contain-
ing a single quaternary nitrogen atom—have been synthesized.

The NOESY data and DFT quantum chemical calculation for
compound 2 gave grounds to propose a structure with the E config-
uration of the imino groups for all the target compounds. Thus, the
spectrum of imine 2 contains NOE cross peaks between proton sig-
nals at carbon atoms C-(2) and C-(11) (the calculated distance be-
tween the nearest protons of the specified groups is �2.4 Å for E
and �4.4 Å for Z configurations). Cross peaks are also observed be-
tween Me-10 and H-4c, 5c, as well as between Me-9 and H-2c,
which enables the unambiguous assignment of their signals
(Fig. 1). It follows from the calculated data that the E configuration
is 5 kcal/mol more energetically profitable than the Z configura-
tion. Let us mention that the similar camphor imines have previ-
ously also been classified as E isomers.28

Because of insufficient solubility of compounds 3a–g and 4b in
CDCl3, their NMR spectra were recorded in MeOH-d4. The substitu-
tion of a proton at the exo position 2 of the bornane framework by
a deuterium atom was observed. The deuteration degree varied
from sample to sample, which can presumably be attributed to dif-
ferent solvent exposure times and slightly varied acidity of the
medium for the samples. The substitution at the vinyl position of
imines in MeOH-d4 solution is observed rather frequently and oc-
curs due to the presence of the tautomeric equilibrium with the
enamine form.29 Broadened signals for certain carbon atoms (and
the signal for carbon atom C-(1) in the imino group in particular)
were observed in the 13C NMR spectra of compounds 3a–g and
4a, b. Equimolar amounts of triethylamine were added to all the
samples dissolved in MeOH-d4 in order to ‘freeze’ the chemical ex-
change and narrow down the NMR spectral lines.

2.2. Study of biological activity

2.2.1. Antiviral activity
The obtained compounds 3a–g and 4a, b have been studied as

potential antiviral agents. Natural compounds are considered to
be the most prospective source for development of novel antivi-
rals.30 In USA, about half of novel drugs approved for clinical use
in the past decades are natural compounds and their chemically
modified derivatives.31

There are few antivirals against influenza; drug resistance of the
virus has been reported for most of them. The best-known etiotro-
pic drugs for influenza treatment are adamantane derivatives
amantadine (Symmetrel�, 1-aminoadamantane) and rimantadine
(a-methyl-1-adamantylmethylamine hydrochloride). These com-
pounds block the viral ion channel M2, thus preventing proton
flow into the virion and further cleavage of hemagglutinin and fu-
sion of membranes of the viral envelope and lysosomal vacuole.
The study of activity of compounds 3a–g and 4a, b against influ-



Table 1
Activity of camphor derivatives against influenza virus A(H1N1)pdm09

Compound CTD50
a (lM) EC50

b (lM) SIc

1 3289.5 ± 216.0 1644.7 ± 144.4 2
2 806.8 ± 75.2 10.0 ± 0.6 81
3a 1281.8 ± 114.4 14.7 ± 1.1 87
3b 1712.3 ± 169.8 81.2 ± 6.3 21
3c 552.5 ± 49.1 13.2 ± 1.2 42
3d 577.6 ± 46.5 6.9 ± 0.4 82
3e 285.3 ± 26.4 55.3 ± 3.7 5
3f 127.5 ± 11.6 59.9 ± 4.4 2
3g 1446.4 ± 138.2 43.4 ± 2.6 33
4a 1886.8 ± 176.1 40.4 ± 3.8 47
4b 1784.9 ± 154.4 139.8 ± 9.4 13
Rimantadine 335.2 ± 26.8 67.0 ± 4.9 5
Amantadine 284.1 ± 21.4 64.2 ± 4.7 4
Deitiforin 1266.2 ± 81.5 208.6 ± 15.4 6

a CTD50, cytotoxic concentration; the concentration leading to 50% death of cells.
b EC50 effective concentration; the concentration affording 50% inhibition of virus

replication.
c SI, selectivity index, ratio CTD50/EC50.

N+
O

H2N
N

N

1 2

3 a-g

N
N N

N

2Br

R

-R- (a) -C5H10-, (b)-C6H12-, (c)-C8H16-, (d) -C9H18-,
(e) -C10H20-,(f) -C12H24-,(g) -CH2-Ph-CH2-

RBr Br

N
N

4 a,b

R`

R`-Hal

Hal-

-R` (a) -CH3, Hal- I,
(b) -CH2CH3, Hal- Br

a

b c

Scheme 1. Reagents and conditions: (a) PhMe, BF3�Et2O (1–5 mol %), reflux (Dean–Stark), 12 h; (b) Br-R-Br (0.50 equiv), CH3CN, K2CO3, reflux 8–24 h; (c) Hal-R0 (3 equiv),
CH3CN, reflux 4–8 h.

Figure 1. Main NOE cross peaks in the NOESY spectrum of compound 2.
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enza virus A/California/07/09 (H1N1)pdm09 revealed their high
efficacy as inhibitors of virus reproduction. The values of antiviral
activity and selectivity of these compounds exceeded those for ref-
erence compounds amantadine and rimantadine.

As can be seen from the results obtained, the most active sub-
stances were symmetric derivatives with an aliphatic spacer. It
should be noted that the toxicity of compounds strongly depends
on spacer length. In this regard, compounds 3b, c with –C6H12-
and –C8H16-linkers, respectively, possess lowest toxicity
(CTD50 = 1712 and 553 lM, correspondingly). Compound 3d ap-
peared to be the most effective, having low EC50 and high CTD50

and SI; the latter exceeded SI for reference compounds 10-fold
and more (Table 1).

In this study, we used adamantane derivatives amantadine and
rimantadine as well as the isoborneol derivative deitiforin. These
compounds, similar to those synthesized in the course of our study,
are based on cage structure (adamantane for amantadine and
rimantadine; isoborneol for deitiforin and compounds 3a–g and
4a, b). As indicated previously, the influenza A virus contains a pro-
ton-selective ion channel (M2) that is the target of the adamantane
family of drug inhibitors. Despite structure similarity of camphor
derivatives to rimantadine and deitiforin, some of them appeared
active against pandemic influenza strain that is resistant to ada-
mantane derivatives. This suggests that the target site for our com-
pounds should include amino acids differing from those interacting
with rimantadine (27, 28, 31 and 34). Indeed, molecular modeling
of interaction of dimeris camphor derivative 3a with M2 revealed
that it preferentially binds with two adjacent chains of M2 tetra-
mer (Fig. 2) in the region of amino acids 40–54. This model allows
a speculation of why linkers of specific length confers the symmet-
ric dimeric derivatives of camphor higher activity comparing to
monomers. As M2 is a tetramer consisting of four peptides, there
are four sites in the M2 molecule able to interact with camphor
derivative as it is presented in the figure. Combination of two cam-
phor moieties in one molecule might increase a probability of M2
binding and increase the strength of such binding, especially if
these two moieties are linked with each other by linker of appro-
priate length allowing to reach two binding sites. In other words,
if two camphor moieties are linked, binding of one moiety to the
M2 target increases a probability of binding of second moiety to
neighboring binding site of M2 comparing to two independent
molecules. This suggestion undoubtedly should be a subject for
further study.



Figure 2. Interaction of compound 3a with intracellular domain of influenza virus M2 protein. (A) General view, all four monomers of M2 are presented, (B) close view,
interaction with specific amino acids of two adjacent chains can be seen.
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2.2.2. Evaluation of toxic and mutagenic effects of the
compounds on bacterial biosensor cells

The global practice of studying the toxic and mutagenic ef-
fects of various compounds on the organism is mainly based
on detection of immune and physiological disorders in the organ-
ism or on manifestation of new phenotypic features in a number
of lower organisms. However, this kind of research is very time-
consuming, requires expensive equipment to be used, and does
not necessarily enable unambiguous interpretation of the results.
The rapid methods for detecting organic contaminants and heavy
metals32,33 in environmental objects as well as for determining
the total toxicity34–37 and genotoxicity38–41 of the analyzed com-
pounds have been proposed over the past 30 years; recombinant
whole-cell bacterial biosensors based on Escherichia coli and
other microorganism species are used as test cultures. When
designing whole-cell biosensors, the reporter protein genes are
linked to the regulatory elements of the genes, which are charac-
terized by a dose-dependent response to toxic and genotoxic
Table 2
Toxic and genotoxic effects of the compounds studied in the cells of E. coli biosensor strai

Designation of
compound

The concentration of the compound (lM) in the culture
medium of biosensor

1 2
2 150
3a 150
3b 150
3c 150
3d 150
3e 150
3f 150
3g 150
4a 150
4b 150
⁄Controls —
⁄⁄Control (10 lg/ml NA)

The fluorescence values of GFP synthesized by the cells of two types of whole-cell biosen
mutagenic and toxic effects of the analyzed compounds are listed in columns 3 and 4.
10 lg/l (positive control), respectively, was added to the E. coli/pRAC-gfp cell cultures ins
pET36b-gfp cell culture instead of the analyzed compounds; after 1.5 h, IPTG was also a
chemical compounds, to external factors (exposure to UV light,
radiation, temperature changes), or to physiological signals.
Either green fluorescent protein (GFP) isolated from the jellyfish
Aequorea victoria or luciferase from Vibrio fischeri is used as a re-
porter protein.

The two previously designed whole-cell biosensor test kits
based on E. coli cells containing pRAC-gfp and pET36b-gfp plasmids
were used in this work to evaluate possible toxic and mutagenic
properties of the compounds 2–4 under study. GFP was used as a
reporter protein in these test kits. The expression of the GFP pro-
tein gene in cells of the biosensor carrying the pRAC-gfp plasmid
is controlled by the regulatory region of the recA gene of Proteus
mirabilis, which is linked to it. It has been demonstrated that this
E. coli strain can be used as an indicator strain ensuring the detec-
tion of mutagens of both physical and chemical nature.42 The de-
signed whole-cell biosensor can presumably also be used to
study the genotoxic effect of various compounds, novel drugs, die-
tary supplements, and foodstuffs.
ns

The value of the fluorescence of GFP
synthesized in biosensor cells (conventional

units)

Inhibition/induction of the
synthesis of the reporter

protein GFP (%)

Biosensor E. coli/
pRAC-gfp

Biosensor E. coli/
pET36b-gfp

E. coli/
pRAC-gfp

E. coli/
pET36b-gfp

3 4 5 6
171.4 ± 14.5 512.7 ± 32.4 — —
168.9 ± 13.5 546.9 ± 65.6 — —
186.2 ± 22.9 495.5 ± 15.2 — —

81.7 ± 3.6 165.5 ± 8.1 57% 67%
95.9 ± 4.3 172.3 ± 6.2 51% 65%
56.9 ± 3.1 110.7 ± 7.2 70% 78%
49.3 ± 2.1 51.3 ± 4.6 74% 89%

170.87 ± 8.9 466.46 ± 4.1 — —
189.21 ± 17.7 535.72 ± 307 — —

176.9 ± 16.9 547.9 ± 40.8 — —
⁄1188.4 ± 7.4. ⁄2495.3 ± 18.9 — —

⁄⁄2913.29 ± 61.3 — Induction
500%

—

sors (E. coli/pRAC-gfp and E. coli/pET36b-gfp) and intended for assessing the possible
In controls ⁄1 and ⁄⁄2, water (negative control) or nalidixic acid at concentration of
tead of the analyzed compounds. In control ⁄⁄2, water was introduced to the E. coli/
dded to final concentration of 1 mM.



Table 3
Cytotoxic activity of synthetic camphor derivatives against lymphoblastoid cell lines

Compound Cytotoxicity (CTD50, lM) against cell line

CEM-13 U-937 MT-4

3a >100 95.8 ± 5.6 57.5 ± 3.8
3b 60.2 ± 5.4 82.1 ± 4.4 48.3 ± 3.2
3c 71.1 ± 6.2 67.2 ± 5.9 69.8 ± 2.7
3d 66.0 ± 4.8 58.6 ± 3.4 66.0 ± 5.3
3e 22.4 ± 0.6 53.6 ± 2.2 66.1 ± 4.4
3f 6.7 ± 0.1 15.9 ± 1.1 40.4 ± 3.9
3g >100 54.9 ± 2.6 40.5 ± 3.0
4a >100 58.6 ± 4.6 >100
4b >100 >100 >100

6694 A. S. Sokolova et al. / Bioorg. Med. Chem. 21 (2013) 6690–6698
Another variant of a whole-cell biosensor is based on the E. coli
strain BL-21(DE3) carrying pET36b-gfp plasmid that ensures iso-
propyl-b-D-1-thiogalactopyranoside (IPTG)-induced expression of
the gfp gene, which is contained in it and is regulated by bacterio-
phage T7 promoter. The toxic effect of any compound under study
on biosensor cells is accompanied by inhibition of macromolecular
synthesis reactions, including the protein synthesis reaction and, in
particular, IPTG-induced synthesis of GFP. The total toxic effect of
the compounds under study on a cell can be estimated from the
decrease in induced synthesis of GFP.

Table 2 lists the results of determining the possible mutagenic
and toxic effects of compounds 2–4 on cells of E. coli biosensor
strains BL-21(DE3) carrying the pRAC-gfp or pET36b-gfp plasmid.

As follows from the data listed in Table 2, compounds 2, 3a, 3b,
3g, 4a and 4b have neither toxic nor mutagenic effects on bacterial
indicator cells E. coli/pET36b-gfp and E.coli/pRAC-gfp. Moreover,
none of the analyzed compounds exhibits a genotoxic effect on
cells of the biosensor strain E. coli/pRAC-gfp. However, compounds
3c, 3d, 3e and 3f turned out to be highly toxic for two types of indi-
cator cells. There is a direct dependence between a rise in toxicity
of the symmetric dimeric molecules of (+)-camphor derivatives un-
der study and an increasing length of aliphatic spacers. Compounds
3e and 3f exhibited the highest toxicity. These compounds are of
an unquestionable interest in terms of putative application as com-
ponents of drugs for suppressing malignant tumor development
and as antiviral and antibacterial agents (Table 3).

2.2.3. Cytotoxicity
The cytotoxic activity of the synthesized compounds was deter-

mined by measuring the concentration inhibiting tumor cell viabil-
ity by 50% (CTD50). The CTD50 was determined using the
conventional MTT assay, which allows to estimate the number of
survived cells. The results demonstrate that the compounds exhib-
ited a moderate activity with respect to model cancer cell lines
(within micromolar range); compound 3f possessed the highest
activity. Moreover, when comparing the cytotoxicity of compounds
regarding four cell lines used in the study (CEM-13, U-937, MT-4
and MDCK), it should be noted that MDCK cells appeared much
more resistant to toxic action of camphor derivatives. This may
be explained by (i) different conditions of cultivation of these cell
lines and (ii) selective toxicity of the compounds studied against
lymphoblastoid cells comparing to ones of epithelial origin. Further
studies are therefore required to get additional data to evaluate the
properties of symmetric camphor derivatives as potential cytotoxic
anti-cancer agents.

3. Conclusion

A series of symmetric compounds having two camphor frag-
ments in their framework, two imine groups and two quaternary
nitrogen atoms separated by spacers of different size have been
synthesized. The antiviral activity, cyto- and genotoxicity of the
resulting compounds have been studied. Compound 3d, in which
the quaternary nitrogen atoms are separated by the C9H18 aliphatic
chain, exhibited the highest efficiency as an agent inhibiting the
reproduction of the influenza virus (strain A/California/07/09
(H1N1)pdm09). The therapeutic index of this compound is more
than 10-fold higher than those of the comparative drugs, amanta-
dine and rimantadine. It is worth mentioning that the synthesized
camphor imines are stable crystalline compounds that undergo
neither destruction nor polymerization for a long period. The cyto-
toxicity data of compounds 3 and 4 demonstrate that they exhibit a
moderate anticancer activity; compound 3f had the highest activ-
ity for the CEM-13 cell line. These results show close agreement
with the data of independent studies on genotoxicity and cytotox-
icity of these compounds. Compounds 3e and 3f exhibit the highest
toxicity. After further detailed study, these compounds can be of
interest in terms of their putative application as components of
drugs for suppressing malignant tumor development.

4. Experimental section

4.1. General chemical methods

Reagents and solvents were purchased from commercial suppli-
ers and used as received. Dry solvents were obtained according to
the standard procedures. Optical rotation: polAAr 3005 spectrom-
eter; CHCl3 soln 1H and 13C NMR spectra were recorded with a Bru-
ker AV-400 (1H: 400.13 MHz, 13C:100.78 MHz), DRX-500 (1H:
500.13 MHz, 13C: 125.76 MHz) and AV-600 (1H: 600.30 MHz,
13C:150.95 MHz) in CDCl3, CD3OD or DMSO-d6; chemical shifts d
in ppm rel to residual [d(CHCl3) 7.24, d(CDCl3) 76.90 ppm; d(CHD2-

OD) 3.31, d(CD3OD) 49.00; d(CHD2SOCD3) 2.50, d(CD3SOCD3)
39.50], J in Hz; assignments on a routine basis by a combination
of 1D and 2D experiments (COSY, COLOC, HSCQ, HMBC). NOESY
spectrum of 2 was recorded with mixing time 0.350 s (500 MHz).
For quantum chemical calculations, we used the cluster of the
Information Computation Center, Novosibirsk State University.
Both most stable conformers for E- and Z-isomers of compound 2
were optimized by DFT (functional PBE,43 basis L1 (K01,44 cc-pVDZ
analog), using the PRIRODA program45). HR-MS: DFS Thermo Sci-
entific spectrometer in a full scan mode (15–500 m/z, 70 eV elec-
tron impact ionization, direct sample administration). Column
chromatography (CC) was performed on silica gel (60–200 l,
Macherey–Nagel). The HPLC/MS system consisting of an Agilent
1200 liquid chromatograph and a micrOTOF-Q hybrid quadrupole
time-of-flight mass spectrometer (Bruker) were used to verify
the structure of diquaternized compounds. Operating parameters
of mass detection. Ionization method: atmospheric pressure elec-
trospray ionization (API-ES). Scanning ions in the m/z range = 80–
3000. Drying gas (nitrogen) flow: 4 l/min; its temperature:
190 �C, pressure at nebulizer: 1.0 bar. Solution of a compound in
methanol was fed into the spray chamber of the mass spectrome-
ter by introducing 5 ll of the solution into the solvent flow (MeOH,
0.1 ml/min) using an autosampler. Spectral and analytical investi-
gations were carried out at Collective Chemical Service center of
Siberian Branch of the Russian Academy of Sciences.

The purity of the target compounds was determined by gas
chromatography methods. All of the target compounds reported
in this paper have a purity of no less than 95%.

Numeration of atoms in the compounds is given for assigning
the signals in the NMR spectra and does not coincide with that
for the names according to the nomenclature of compounds (see
Supplementary data). Specific rotation is expressed as (deg ml)
(g dm)–1; concentration is expressed as (g) (100 ml)–1.
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4.2. (E)-N1,N1-Diethyl-N2-((1R,4R)-1,7,7-
trimethylbicyclo[2.2.1]heptan-2-ylidene)ethane-1,2-diamine 2

(+)-Camphor (26 mmol) and N1,N1-diethylethane-1,2-diamine
(30 mmol) were mixed in toluene with catalytic BF3�Et2O (1–
5 mol %), followed by azeotropic removal water with Dean–Stark
for 15 h. Then the reaction mixture was washed with saturated
NaCl solution. The organic layer was separated. The aqueous layer
was extracted with CH2Cl2 (3 � 10 ml). The combined organic
phases were dried over Na2SO4. The solvent was evaporated. The
residue was separated by vacuum distillation. T = 100–102 �C at
1 torr. As a result we have obtained 2 in 94% yield (4.7 g,
24.4 mmol). ½a�25

D =18.7 (c 1.1, CHCl3) 1H NMR (500 MHz, CDCl3,
d, ppm, J/Hz): 0.65 (3H, s, Me-9), 0.81 (3H, s, Me-10), 0.84 (3H, s,
Me-8), 0.92 (6H, t, J14,13 = 7.1, Me-14 and Me-16), 1.08 (1H, ddd,
2J = 12.3, J4endo, 5endo = 9.3, J4endo, 5exo = 4.2, H-4endo), 1.24 (1H, ddd,
2J = 12.3, J5endo, 4endo = 9.3, J5endo, 4exo = 4.5, H-5endo), 1.54 (1H, ddd,
2J = J5exo, 4exo = 12.3, J5exo, 4endo = 4.2, H-5exo), 1.73 (1H, d, 2J = 16.9,
H-2endo), 1.73 (1H, ddddd, 2J = J4exo, 5exo = 12.3, J4exo, 5endo = J4exo,

3 = 4.5, J4exo, 2exo = 3.2, H-4exo), 1.81 (1H, dd, J3, 2exo = J3, 4exo = 4.5,
H-3), 2.24 (1H, ddd, 2J = 16.9, J2exo, 3 = 4.5, J2exo, 4exo = 3.2, H-2exo),
2.45 and 2.45 (each 2H, q, J13, 14 = 7.1, H-13 and H-15), 2.55 (2H,
t, J12, 11 = 7.6, H-12), 3.18 and 3.25 (each 1H, dt, 2J = 12.1, J11,

12 = 7.6, H-11). 13C NMR (125 MHz, CDCl3, d, ppm): 181.90 s (C-
1), 53.22 t (C-12), 53.20 c (C-6), 50.73 t (C-11), 47.22 t (C-13 and
C-15), 46.64 s (C-7), 43.61 d (C-3), 35.26 t (C-2), 31.89 t (C-5),
27.22 t (C-4), 19.29 q (C-9), 18.70 q (C-10), 11.71 q (C-14 and C-
16), 11.14 q (C-8). HR-MS: 250.2402 (M+ C16H30N2; calcd
250.2404)

4.3. General method for synthesis of compounds 3a–g

A solution of 2 0.5 g (2 mmol) and anhydrous CH3CN (10 ml)
was treated with dihalogenid (1 mmol) and heated on a bath at
70–75 �C for different time from 10 to 30 h depending on dihalog-
enide structure. The solvent was removed at reduced pressure. The
resulting precipitate was chromatographed over silica gel
((CHCl3 + NH4OH)/MeOH eluent, (100:0 ? 0:100)).

4.3.1. N1,N1,N5,N5-Tetraethyl-N1,N5-bis(2-((E)-((1R,4R)-1,7,7-
trimethylbicyclo[2.2.1]heptan-2-ylidene)amino)ethyl)pentane-
1,5-diaminium bromide 3a

The reaction mixture was refluxed for 10 h. This gave com-
pound 3a (0.30 g, 0.4 mmol, 40%). Mp = 137–140 �C. It was found
that there is a 50% deuterium-substitution in the second exo-po-
sition in the compounds spectra of NMR. The signals of deute-
rium-substitution compound different from unsubstituted are
marked by asterisk ⁄. NMR 1H(500 MHz, CD3OD + NEt3, d, ppm,
J/Hz): 0.78 (6H, s, Me-9), 0.95 (6H, s, Me-8), 0.97 (6H, s, Me-10),
1.27–1.35 (4H, m, H-4endo, H-5endo), 1.36 (12H, t, J14, 13 = 7.1,
Me-14 and Me-16), 1.45–1.53 (2H, m, H-19), 1.69–1.77 (2H, m,
H-5exo), 1.85–1.94 (6H, m, H-18 and H-4exo), 1.98 (2H, br s, H-
2endo

⁄), 1.99–2.02 (4H, m, H-3 and H-2endo), 2.01 (2H, d, J3,

4exo = 4.5, H-3⁄), 2.50 (2H, ddd, 2J = 16.9, J2exo, 3 = 4.5, J2exo,

4exo = 3.2, H-2exo), 3.36–3.42 (4H, m, H-17), 3.49 (8H, q, J13,

14 = 7.1, H-13 and H-15), 3.52–3.56 (4H, m, H-12), 3.56–3.68
(4H, m, H-11). NMR 13C(125 MHz, CD3OD + NEt3, d, ppm):
188.22 s (C-1), 58.96 t (C-17), 58.69 t (C-12), 55.35 s (C-6),
55.24 t (C-13 and C-15), 48.44 s (C-7), 46.57 t (C-11), 45.32 d
(C-3), 45.23 d (C-3⁄), 36.89 t (C-2), 36.61 dt (JC, D = 19.8, CHD⁄-
2), 33.13 t (C-5), 28.06 t (C-4), 28.03 t (C-4⁄), 24.39 t (C-19),
22.70 t (C-18), 20.00 q (C-9), 19.26 q (C-10), 11.75 q (C-8), 8.14
q (C-14 and C-16). ESI: m/z [M�2Br]2+ 285.279, (calcd for
C37H70N4) 285.280.
4.3.2. N1,N1,N6,N6-Tetraethyl-N1,N6-bis(2-((E)-((1R,4R)-1,7,7-
trimethylbicyclo[2.2.1]heptan-2-ylidene)amino)ethyl)hexane-
1,6-diaminium bromide 3b

The reaction mixture was refluxed for 15 h. This gave com-
pound 3b (0.35 g, 0.47 mmol, 47%). Mp = 220 �C. It was found that
there is a 80% deuterium-substitution in the second exo-position in
the compounds spectra of NMR. The signals of deuterium-substitu-
tion compound different from unsubstituted are marked by aster-
isk ⁄. NMR 1H (500 MHz, CD3OD + NEt3, d, ppm, J/Hz): 0.78 (6H, s,
Me-9), 0.94 (6H, s, Me-8), 0.97 (6H, s, Me-10), 1.27–1.35 (4H, m, H-
4endo, H-5endo), 1.35 (12H, t, J14, 13 = 7.1, Me-14 and Me-16), 1.49–
1.54 (4H, m, H-19), 1.68–1.76 (2H, m, H-5exo), 1.77–1.86 (4H, m,
H-18), 1.86–1.95 (2H, m, H-4exo), 1.99 (2H, br s, H-2endo

⁄), 1.98–
2.00 (2H, m, H-3), 2.00 (2H, d, J3, 4exo = 4.5, H-3⁄), 2.00 (2H, d,
2J = 16.9, H-2endo), 2.50 (2H, ddd, 2J = 16.9, J2exo, 3 = 4.5, J2exo,

4exo = 3.2, H-2exo), 3.34–3.40 (4H, m, H-17), 3.49 (8H, q, J13,

14 = 7.1, H-13 and H-15), 3.52–3.56 (4H, m, H-12), 3.65–3.68 (4H,
m, H-11). NMR 13C(125 MHz, CD3OD + NEt3, d, ppm): 188.11 s
(C-1), 59.18 t (C-17), 58.62 t (C-12), 55.29 s (C-6), 55.16 t (C-13
and C-15), 48.39 s (C-7), 46.59 t (C-11), 45.26 d (C-3), 45.17 d (C-
3⁄), 36.88 t (C-2), 36.60 dt (JC, D = 19.8, CHD⁄-2), 33.09 t (C-5),
28.02 t (C-4), 27.99 t (C-4⁄), 26.93 t (C-19), 22.76 t (C-18), 20.01
q (C-9), 19.27 q (C-10), 11.71 q (C-8), 8.18 q (C-14 and C-16).
(ESI): m/z [M�2Br]2+ 292.787, (calcd for C38H72N4) 292.288.

4.3.3. N1,N1,N8,N8-Tetraethyl-N1,N8-bis(2-((E)-((1R,4R)-1,7,7-
trimethylbicyclo[2.2.1]heptan-2-ylideneamino)ethyl)octane-
1,8-diaminium bromide 3c

The reaction mixture was refluxed for 10 h. This gave com-
pound 3c (0.60 g, 0.77 mmol, 77%). Mp = 167–170 �C. It was found
that there is a 20% deuterium-substitution in the second exo-posi-
tion in the compounds spectra of NMR. The signals of deuterium-
substitution compound different from unsubstituted are marked
by asterisk ⁄. NMR 1H(500 MHz, CD3OD + NEt3, d, ppm, J/Hz):
0.78 (6H, s, Me-9), 0.94 (6H, s, Me-8), 0.98 (6H, s, Me-10), 1.25–
1.32 (4H, m, H-4endo, H-5endo), 1.34 (12H, t, J14, 13 = 7.1, Me-14
and Me-16), 1.38–1.50 (8H, m, H-19 and H-20), 1.70–1.82 (6H,
m, H-18 and H-5exo), 1.88–1.94 (2H, m, H-4exo), 1.94–2.00 (4H, m,
H-2endo, H-2endo

⁄, H-3, H-3⁄), 2.48 (2H, ddd, 2J = 16.9, J2exo, 3 = 4.5,
J2exo, 4exo = 3.2, H-2exo), 3.30–3.35 (4H, m, H-17), 3.45 (8H, q, J13,

14 = 7.1, H-13 and H-15), 3.48–3.54 (4H, m, H-12), 3.54–3.64 (4H,
m, H-11). NMR 13C (125 MHz, CD3OD + NEt3, d, ppm): 188.17 s
(C-1), 59.36 t (C-17), 58.60 t (C-12), 55.36 s (C-6), 55.02 t (C-13
and C-15), 48.44 s (C-7), 46.54 t (C-11), 45.32 d (C-3), 45.23 d (C-
3⁄), 36.80 t (C-2), 36.53 dt (1JC, D = 19.7, CHD-2⁄), 33.12 t (C-5),
30.20 t (C-20), 28.08 t (C-4), 28.05 t (C-4⁄), 27.37 t (C-19), 22.91 t
(C-18), 19.96 q (Me-9), 19.25 q (Me-10), 11.71 q (Me-8), 8.00 q
(Me-14 and Me-16). (ESI): m/z [M�2Br]2+ 306.28, (calcd for
C40H76N4) 306.30, [M�Br]+ 693.47, (calcd for C40H76BrN4) 691.52.

4.3.4. N1,N1,N9,N9-Tetraethyl-N1,N9-bis(2-((E)-((1R,4R)-1,7,7-
trimethylbicyclo[2.2.1]heptan-2-ylidene)amino)ethyl)nonane-
1,9-diaminium bromide 3d

The reaction mixture was refluxed for 25 h. This gave com-
pound 3d (0.68 g, 0.86 mmol, 86%). Mp = 162–164 �C. It was found
that there is a 60% deuterium-substitution in the second exo-posi-
tion in the compounds spectra of NMR. The signals of deuterium-
substitution compound different from unsubstituted are marked
by asterisk ⁄. NMR 1H(500 MHz, CD3OD + NEt3, d, ppm, J/Hz):
0.78 (6H, s, Me-9), 0.94 (6H, s, Me-8), 0.97 (6H, s, Me-10), 1.26–
1.33 (4H, m, H-4endo, H-5endo), 1.34 (12H, t, J14, 13 = 7.1, Me-14
and Me-16), 1.36–1.46 (10H, m, H-19, H-20 and H-21), 1.70–1.80
(6H, m, H-18 and H-5exo), 1.86–1.94 (2H, m, H-4exo), 1.94–2.03
(4H, m, H-2endo, H-2endo

⁄, H-3, H-3⁄), 2.48 (2H, ddd, 2J = 16.9, J2exo,

3 = 4.5, J2exo, 4exo = 3.2, H-2exo), 3.30–3.35 (4H, m, H-17), 3.45 (8H,
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q, J13, 14 = 7.1, H-13 and H-15), 3.48–3.54 (4H, m, H-12), 3.54–3.64
(4H, m, H-11). NMR 13C (125 MHz, CD3OD + NEt3, d, ppm): 188.17 s
(C-1), 59.39 t (C-17), 58.59 t (C-12), 55.35 s (C-6), 55.01 t (C-13 and
C-15), 48.43 s (C-7), 46.54 t (C-11), 45.31 d (C-3), 45.23 d (C-3⁄),
36.80 t (C-2), 36.52 dt (1JC, D = 19.7, CHD-2⁄), 33.12 t (C-5), 30.47
t (C-21), 30.23 t (C-20), 28.08 t (C-4), 28.04 t (C-4⁄), 27.45 t (C-
19), 22.91 t (C-18), 19.96 q (Me-9), 19.25 q (Me-10), 11.69 q
(Me-8), 7.99 q (Me-14 and Me-16). (ESI): m/z [M�2Br]2+ 313.813,
(calcd for C41H78N4) 313.311, [M�Br]+ 707.512, (calcd for C41H78-

BrN4) 705.540.

4.3.5. N1,N1,N10,N10-Tetraethyl-N1,N10-bis(2-((E)-((1R,4R)-1,7,7-
trimethylbicyclo[2.2.1]heptan-2-ylidene) amino)ethyl)decane-
1,10-diaminium bromide 3e

The reaction mixture was refluxed for 15 h. This gave com-
pound 3e (0.57 g, 0.71 mmol, 71%). Mp = 167–170 �C. NMR 1H
(600 MHz, CD3OD + NEt3, d, ppm, J/Hz): 0.78 (6H, s, Me-9), 0.94
(6H, s, Me-8), 0.98 (6H, s, Me-10), 1.26–1.32 (4H, m, H-4endo,
H-5endo), 1.33 (12H, t, J14, 13 = 7.1, Me-14 and Me-16), 1.36–
1.46 (12H, m, H-19, H-20 and H-21), 1.70–1.79 (6H, m, H-18
and H-5exo), 1.89–1.94 (2H, m, H-4exo), 1.96 (2H, l, 2J = 16.9, H-
2endo), 2.01 (2H, dd, J3, 2exo = J3, 4exo = 4.5, H-3), 2.48 (2H, ddd,
2J = 16.9, J2exo, 3 = 4.5, J2exo, 4exo = 3.2, H-2exo), 3.31–3.35 (4H, m,
H-17), 3.44 (8H, q, J13, 14 = 7.1, H-13 and H-15), 3.48–3.54 (4H,
m, H-12), 3.54–3.61 (4H, m, H-11). NMR 13C (150 MHz, CD3-

OD + NEt3, d, ppm): 188.19 s (C-1), 59.35 t (C-17), 58.54 t (C-
12), 55.36 s (C-6), 54.95 t (C-13 and C-15), 48.45 s (C-7),
46.51 t (C-11), 45.30 d (C-3), 36.79 t (C-2), 33.11 t (C-5), 30.56
t (C-21), 30.35 t (C-20), 28.08 t (C-4), 27.49 t (C-19), 22.90 t
(C-18), 19.96 q (Me-9), 19.26 q (Me-10), 11.71 q (Me-8), 7.96
q (Me-14 and Me-16). (ESI): m/z [M�2Br]2+ 320.30, (calcd for
C42H80N4) 320.31.

4.3.6. N1,N1,N12,N12-Tetraethyl-N1,N12-bis(2-((E)-((1R,4R)-1,7,7-
trimethylbicyclo[2.2.1]heptan-2-
ylidene)amino)ethyl)dodecane-1,12-diaminium bromide 3f

The reaction mixture was refluxed for 30 h. This gave com-
pound 3f (0.48 g, 0.6 mmol, 60%). It was found that there is a 50%
deuterium-substitution in the second exo-position in the com-
pounds spectra of NMR. The signals of deuterium-substitution
compound different from unsubstituted are marked by asterisk ⁄.
NMR 1H(500 MHz, CD3OD + NEt3, d, ppm, J/Hz): 0.78 (6H, s, Me-
9), 0.94 (6H, s, Me-8), 0.97 (6H, s, Me-10), 1.26–1.33 (4H, m, H-
4endo, H-5endo), 1.33 (12H, t, J14, 13 = 7.1, Me-14 and Me-16), 1.36–
1.46 (8H, m, H-19 and H-20), 1.70–1.80 (6H, m, H-18 and H-5exo),
1.86–1.94 (2H, m, H-4exo), 1.94–2.03 (4H, m, H-2endo, H-2endo

⁄, H-
3, H-3⁄), 2.48 (2H, ddd, 2J = 16.9, J2exo, 3 = 4.5, J2exo, 4exo = 3.2, H-
2exo), 3.30–3.35 (4H, m, H-17), 3.44 (8H, q, J13, 14 = 7.1, H-13 and
H-15), 3.48–3.54 (4H, m, H-12), 3.54–3.64 (4H, m, H-11). NMR
13C (125 MHz, CD3OD + NEt3, d, ppm): 188.13 s (C-1), 59.40 t (C-
17), 58.59 t (C-12), 55.33 s (C-6), 54.99 t (C-13 and C-15), 48.42 c
(C-7), 46.55 t (C-11), 45.30 d (C-3), 45.21 d (C-3⁄), 36.80 t (C-2),
36.52 dt (1JC, D = 19.7, CHD-2⁄), 33.11 t (C-5), 30.60 t (C-21 and C-
22), 30.32 t (C-20), 28.07 t (C-4), 28.04 t (C-4⁄), 27.47 t (C-19),
22.89 t (C-18), 19.96 q (Me-9), 19.26 q (Me-10), 11.69 q (Me-8),
7.98 q (Me-14- and Me-16). (ESI): m/z [M�2Br]2+ 334.333, (calcd
for C44H84N4) 334.334.

4.3.7. (R,R,E)-N,N0-(1,4-Phenylenebis(methylene))bis(N,N-
diethyl-2-((E)-((1R,4R)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-
ylidene)amino)ethanaminium) bromide 3g

The reaction mixture was refluxed for 15 h. This gave com-
pound 3g (0.52 g, 0.68 mmol, 68%). Mp = 173–175 �C NMR
1H(500 MHz, CD3OD + NEt3, d, ppm, J/Hz): 0.81 (6H, s, Me-9),
0.96 (6H, s, Me-8), 0.98 (6H, s, Me-10), 1.28–1.40 (4H, m, H-4endo,
H-5endo), 1.49 (12H, t, J14, 13 = 7.1, Me-14 and Me-16), 1.71–1.79
(2H, m, H-5exo), 1.90–1.97 (2H, m, H-4exo), 2.01 (2H, d, 2J = 16.9,
H-2endo), 2.04 (2H, dd, J3, 2exo = J3, 4exo = 4.5, H-3), 2.53 (2H, ddd,
2J = 16.9, J2exo, 3 = 4.5, J2exo, 4exo = 3.2, H-2exo), 3.42 and 3.43 (each
4H, q, J13, 14 = 7.1, H-13 and H-15), 3.50–3.56 (4H, m, H-12),
3.65–3.80 (4H, m, H-11), 4.78 (4H, s, H-17), 7.81 (4H, s, H-19 and
H-20). NMR 13C(125 MHz, CD3OD + NEt3, d, ppm): 188.53 s (C-1),
134.89 d (C-19 and C-20), 131.59 s (C-18), 61.93 t (C-17), 58.34 t
(C-12), 55.51 s (C-6), 54.98 t (C-13 and C-15), 48.52 s (C-7),
46.77 t (C-11), 45.35 d (C-3), 36.98 t (C-2), 33.14 t (C-5), 28.09 t
(C-4), 20.01 q (C-9), 19.25 q (C-10), 11.79 q (C-8), 8.50 q (C-14
and C-16). (ESI): m/z [M�2Br]2+ 302.276, (calcd for C40H68N4)
302.272.

4.4. N,N-Diethyl-N-methyl-2-((E)-((1R,4R)-1,7,7-
trimethylbicyclo[2.2.1]heptan-2-ylidene)amino)ethanaminium
iodide 4a

A solution of 2 (1 g, 4 mmol) and anhydrous CH3CN (10 ml) was
treated with excess of iodomethane and heated on a bath at 70–
75 �C for 2 days. The solvent was removed at reduced pressure.
The resulting precipitate was chromatographed over silica gel
(CHCl3/MeOH eluent, (100:0 ? 0:100)). This procedure gave 4a
(0.80 g, 2 mmol, 50%). NMR 1H(400 MHz, DMSO-d6, d, ppm, J/
Hz): 0.70 (3H, s, Me-9), 0.85 (3H, s, Me-8), 0.89 (3H, s, Me-10),
1.17–1.23 (2H, m, H-4endo, H-5endo), 1.23 (6H, t, J14, 13 = 7.1, Me-
14 and Me-16), 1.58–1.70 (1H, m, H-5exo), 1.75–1.86 (1H, m, H-
4exo), 1.88 (1H, d, 2J = 16.9, H-2endo), 1.95 (1H, dd, J3, 2exo = J3,

4exo = 4.5, H-3), 2.39 (1H, ddd, 2J = 16.9, J2exo, 3 = 4.5, J2exo, 4exo = 3.2,

H-2exo), 2.98 (3H, s, Me-17), 3.35 (4H, q, J13, 14 = 7.1, H-13 and H-
15), 3.41–3.55 (4H, m, H-12 and H-11). NMR 13C (100 MHz,
DMSO-d6, d, ppm): 183.92 s (C-1), 59.84 t (C-12), 56.17 t (C-13
and C-15), 53.54 s (C-6), 47.13 q (Me-17), 46.88 s (C-7), 44.95 t
(C-11), 43.20 d (C-3), 35.23 t (C-2), 31.61 t (C-5), 26.78 t (C-4),
19.33 q (Me-9), 18.73 q (Me-10), 11.24 q (Me-8), 7.68 q (Me-14
and Me-16). (ESI): m/z [M�I]+ 265.261, (calcd for C17H33N2)
265.264.

4.5. N,N,N-Triethyl-2-((E)-((1R,4R)-1,7,7-
trimethylbicyclo[2.2.1]heptan-2-ylidene)amino)ethanaminium
bromide 4b

A solution of 2 1 g (4 mmol) and anhydrous CH3CN (10 ml)
was treated with excess bromoethane and heated on a bath at
70–75 �C for 5 days. The solvent was removed at reduced pres-
sure. The resulting precipitate was chromatographed over silica
gel (CHCl3/MeOH eluent, (100:0 ? 0:100)). This procedure gave
4b (0.63 g, 1.8 mmol, 45%). It was found that there is a 60% deu-
terium-substitution in the second exo-position in the compounds
spectra of NMR. The signals of deuterium-substitution compound
different from unsubstituted are marked by asterisk ⁄. NMR
1H(500 MHz, CD3OD + NEt3, d, ppm, J/Hz): 0.78 (3H, s, Me-9),
0.94 (3H, s, Me-8), 0.97 (3H, s, Me-10), 1.25–1.32 (2H, m, H-
4endo, H-5endo), 1.34 (9H, tt, J14, 13 = 7.2, 3J14, N = 1.8, Me-14, Me-
16 and Me-18), 1.70–1.77 (1H, m, H-5exo), 1.88–2.02 (3H, m,
H-4exo, H-2endo and H-3), 2.48 (1H, ddd, 2J = 16.9, J2exo, 3 = 4.5,
J2exo, 4exo = 3.2, H-2exo), 3.43 (6H, q, J13, 14 = 7.2, H-13, H-15 and
H-17), 3.47–3.51 (2H, m, H-12), 3.51–3.65 (2H, m, H-11). NMR
13C (125 MHz, CD3OD + NEt3, d, ppm): 188.15 s (C-1), 57.98 tt
(1JC, N = 2.8, C-12), 55.35 s (C-6), 54.49 tt (1JC, N = 2.8, C-13, C-
15, C-17), 48.41 s (C-7), 46.43 t (C-11), 45.32 d (C-3), 45.23 d
(C-3⁄), 36.77 t (C-2), 36.49 dt (1JC, D = 19.9, CHD-2⁄), 33.08 t (C-
5), 28.07 t (C-4), 28.04 t (C-4⁄), 19.93 q (Me-9), 19.25 q (Me-
10), 11.62 q (Me-8), 7.89 (Me-14, Me-16 and Me-18). (ESI): m/
z [M�Br]+ 279.277, (calcd for C18H35N2) 279.280.
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4.6. Viruses and cells

Influenza virus A/California/07/09 (H1N1)pdm09 from the col-
lection of viruses of the Research Institute of Influenza, St.-Peters-
burg, Russia, was used. The virus was cultivated in 10–12 day-old
chicken embryos for 48 h at +37 �C. MDCK cells (ATCC CCL 34) in
a minimal essential medium (MEM, PAA, Austria, Cat.# E15-825)
were seeded on 96-well plates (Orange Scientific No. 5530100)
and incubated at 37 �C in 5% CO2 until a confluent monolayer
formed. To cultivate the virus, 5% albumin, trypsin (1 lg/ml), and
16 mM HEPES (pH 7.6) were added.

4.6.1. Toxicity studies
The microtetrazolium test (MTT) was used to study the cytotox-

icity of the compounds (Mossman, 1983). Briefly series of twofold
dilutions of each compound (1000–4 lg/ml) in MEM were pre-
pared. MDCK cells were incubated for 48 h at 37 �C in 5% CO2 in
the presence of the dissolved substances. The degree of destruction
of the cell monolayer was then determined with the microtetrazo-
lium test (MTT). The cells were washed twice with saline, and a
solution of 3-(4,5-dimethylthiazolyl-2) 2,5-diphenyltetrazolium
bromide (ICN Biochemicals Inc., Aurora, Ohio) (0.5 lg/ml) in saline
was added to the wells. After 1 h incubation the wells were washed
and the formazan residue dissolved in DMSO (0.1 ml per well). The
optical density of cells was then measured on a Victor 2 1440 mul-
tifunctional reader (Perkin Elmer, Finland) at a wavelength of
535 nm and plotted against the concentration of the compounds.
Each compound concentration was tested in three parallels. The
50% cytotoxic dose (CTD50) of each compound (i.e., the compound
concentration that causes the death of 50% of cells in a culture, or
decreases the optical density twice as compared to the control
wells) was calculated from the data obtained.

4.6.2. Determination of the antiviral activity
The compounds in appropriate concentrations were incubated

with MDCK cells for 1 h at 37 �C. The cell culture was then infected
with 10-fold dilutions of the virus (10�1–10�6). The plates were
incubated for 48 h at 37 �C in the presence of 5% CO2. The infection
activity of the virus was evaluated in a hemagglutination reaction
with chicken erythrocytes. A virus-containing solution (100 ll)
was placed in the wells of a round-bottom plate. An equal amount
of a 1% suspension of chicken erythrocytes in saline was added. The
reaction was evaluated after 60 min incubation at room tempera-
ture. Each concentration of the compounds was tested in three par-
allels. A virus titer was considered as reciprocal to decimal
logarithm of maximum dilution that caused complete agglutina-
tion of erythrocytes and was expressed as logarithms of the 50%
experimental infection dose (log10 EID50). The antiviral activity of
the compounds was estimated by the decrease in the virus titer
as compared with the control. The 50% effective concentration
(EC50) of the drug, that is, the concentration at which the virus pro-
duction decreased by a factor of two (a virus titer per 0.3log10

EID50) and the selectivity index (the ratio of CTD50 to EC50) were
calculated from the data obtained.

4.7. Genotoxicity activity assays

Assessment of genotoxicity and toxicity of the compounds un-
der study using whole-cell biosensors.

The possible mutagenic and toxic effects of terpenoids on the
cells of E. coli biosensor strains BL-21(DE3) carrying pRAC-gfp or
pETm-gfp plasmid were determined in accordance with the follow-
ing scheme. The overnight cultures of E. coli biosensor strains were
reseeded into vials with fresh LB culture and grown on a shaker at
+37 �C until the optical density D600 = 0.4–0.5 was reached. Differ-
ent amounts of the analyzed terpenoid were then introduced into
the vials; the cultures were grown for additional 1.5 h. Next, the
vials containing the biosensor strain carrying the pRAC-gfp plasmid
were incubated at 4–6 �C for 1.5 h to ensure the maturation of the
GFP chromophore.

At the final stage, the optical density of the cell suspension for
both types of biosensors was determined in each vial at 600 nm;
the fluorescence spectrum was recorded on an RF-5301PC spectro-
fluorophotometer (Shimadzu, Japan) in the range of 500–600 nm at
the excitation wavelength kexit = 491 nm.

A 20% decrease in the average fluorescence intensity as com-
pared to the control was the toxicity criterion for an analyzed
compound. A 20% and 50% decrease indicates that the compound
is toxic and extremely toxic, respectively. Biosensor strain cells
carrying the pETm-gfp plasmid, which had not been treated with
a compound under study but in which the 1 mM IPTG-induced
GFP gene expression had been stimulated, were used as the con-
trol. Fluorescence in the induced control cells is supposed to in-
crease by at least 100% as compared to that in uninduced
biosensor cells.

4.8. Cell viability assays

The human cancer cells of the MT-4, CEM-13 (the cells of T-cel-
lular human leucosis), and U-937 (human monocytes) were used in
this study. The cells were cultured in the RPMI-1640 medium that
contained 10% embryonic calf serum, L-glutamine (2 mmol/L), gen-
tamicin (80 lg/ml), and lincomycin (30 mg/ml) in a CO2 incubator
at 37 �C. The compounds were dissolved in DMSO and added to the
cellular culture at the required concentrations. Cells were placed
on 96-well microliter plates and cultivated at 37 �C in 5% CO2/
95% air for 72 h. Three wells were used for each concentration.
The cells which were incubated without the compounds were used
as a control. The cell viability was assessed through an MTT [3-
(4,5-dimethylthiazol-2-yl)-2,5-phenyl-2H-tetrazolium bromide]
conversion assay. 1% MTT was added to each well. Four hours later
DMSO was added and mixed for 15 min. Finally, the optical density
values were monitored at 570 nm.

4.9. Computer modeling

The molecular docking for modeling the interaction between
compounds under investigation and influenza virus M2 protein
(protein database code 2LOJ) was done by Hex online server
(http://hexserver.loria.fr/).

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bmc.2013.08.014.
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