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Synthesis of D-(+)-camphor-based
N-acylhydrazones and their antiviral activity†
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The design and synthesis of a series of novel D-(+)-camphor N-acylhydrazones exhibiting inhibitory activity

against vaccinia and influenza viruses are presented. An easy pathway to camphor-based

N-acylhydrazones containing in their structure aliphatic, aromatic, and heterocyclic pharmacophore scaf-

folds has been developed. The conformation and configuration of the synthesized hydrazones were thor-

oughly characterized by a complete set of spectral characterization techniques, including 2D NMR spectro-

scopy, mass spectrometry, and X-ray diffraction analysis. In vitro screening for activity against vaccinia virus

(VV) and influenza H1N1 virus was carried out for the obtained compounds. It was revealed that the derived

N-acylhydrazones exhibited significant antiviral activity with a selectivity index >280 against VV for the

most promising compound.

Introduction

Variola virus (VARV) belongs to the family Poxviridae, the sub-
family Chordopoxvirinae, and the genus Orthopoxvirus, and is
highly contagious by transmission of airborne droplets caus-
ing smallpox. Usually, two subspecies are distinguished: V.
major, which causes disease with a mortality rate of 5 to 40%,
and V. minor, leading to a fatal outcome in less than 2% of
cases. In 1999, the Centers for Disease Control and Preven-
tion, USA classified the variola virus as category A hazard,
along with the viruses of anthrax, plague, and tularemia, and
a group of viruses causing hemorrhagic fever. In 1980, the
World Health Organization announced the eradication of

smallpox, and thereafter mandatory vaccination was
abolished.1 Today, 90% of the population lacks immunity to
smallpox, which poses a serious threat to new outbreaks of
the disease. Therefore, the search for new antiviral drugs and
the development of effective therapies are especially urgent. It
is worth noting that currently only two laboratories in the
world i.e., the Centers for Disease Control and Prevention,
USA and the State Research Center of Virology and Biotech-
nology “VECTOR”, Russian Federation, officially possess vari-
ola virus strains and carry out research for antiviral agents.2

Chemotherapy drugs may be important for the treatment of
human Orthopoxvirus infections, the search for which has
been relatively successful in the past 20 years. The nucleotide
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Fig. 1 Chemical structure of inhibitors of Orthopoxvirus replication:
cidofovir, brincidofovir, tecovirimat and inhibitors containing 1,7,7-
trimethylbicycloĳ2.2.1]heptane scaffolds 1–3.
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analog cidofovir (produced under the name Vistide)3 and its
lipid conjugate CMX001 (brincidofovir), which are inhibitors
of viral DNA polymerase, became the first intensively studied
anti-orthopoxviral agents (Fig. 1).4 Among the anti-
orthopoxviral agents the compound ST-246 (tecovirimat),
which blocks the last stage of the assembly of intracellular
enveloped virions and prevents the virus from escaping from
the infected cell, has received the greatest interest.5 ST-246
showed low toxicity and high antiviral efficacy using animal
models in vivo. Although variola virus no longer circulates
amongst the human population, there has recently been
heightened concern that smallpox may be used as an agent
for bioterrorism.6 Vaccinia virus (VV) is a member of the
Poxviridae family and is closely related to variola virus, the
causative agent of smallpox.7 VV is a useful proxy for in vitro
and in vivo study when evaluating therapeutic potential of
prospective variola virus treatments.8

Influenza virus is one of the most dangerous respiratory
viral pathogens of humans. It causes annual epidemics and
sporadic pandemics that involve large parts of the population
and result in high morbidity and mortality.9 Drug resistance
was detected for both groups of currently available anti-
influenza drugs, i.e. derivatives of adamantane, amantadine,
and rimantadine10 and the most widely used neuraminidase
inhibitor oseltamivir phosphate.11 The search and develop-
ment of novel antivirals against influenza virus is, therefore,
a high priority goal of medical science and health care sys-
tems worldwide. It is desirable that these new antivirals
should be directed against alternative viral targets, from the
specific proteins of influenza A, i.e. M2 protein and neur-
aminidase. These targets should be highly conserved among
related viruses, essential for the viral life cycle, and acquiring
resistance to them should result in non-viable or non-
pathogenic viral progeny.12

Natural compounds, in particular natural bicyclic mono-
terpenoids, carrying the bicyclo[2.2.1]heptane moiety have
been used as starting molecules for the development of anti-
viral drugs.13 Thus, the substituted 1-norbornylamines syn-
thesized from (±)-camphor exhibited high activity against in-
fluenza virus A and moderate activity against the African
swine fever virus.14 The ability to effectively inhibit influenza
A viruses (H1N1) has been demonstrated by imino and
diimine derivatives of (+)-camphor.15–17 Compounds based
on another natural monoterpenoid, (−)-borneol, with a simi-
lar skeleton have shown antiviral activity against influenza18

and Marburg viruses.19 Considering the importance of
searching for new agents that are effective against ortho-
poxviruses, our group has begun the synthesis of libraries of
new compounds based on monoterpenoids and the detection
of agents with high antiviral activity against VV. As a result,
we have shown that combinations of a saturated N-heterocy-
cle, such as morpholine or 4-methylpiperidine, and a 1,7,7-
trimethylbicycloĳ2.2.1]heptane scaffold from (−)-borneol 1 or
(+)-isobornylamine 2 have favorable antiviral activity against
orthopoxviruses.20 A series of nitrogen–sulphur-containing
heterocycles, such as 1,3-thiazolidin-4-one and other thia-

zoles, and a 1,7,7-trimethylbicycloĳ2.2.1]heptane scaffold were
synthesized on (+)-camphor and screened for their antiviral
activity.21 The bioassay results showed that thiazole 3, which
contained a substituted benzene ring, was able to inhibit VV
with IC50 values in the micromolar range whilst exhibiting
moderate cytotoxicity. The aim of this work was to synthesize
N-acylhydrazones based on (+)-camphor bearing also some al-
kaloid nitrogen heterocycles as privileged fragments22 and to
study their antiviral properties. The choice of heterocyclic
substituents in the compounds was due to the availability of
the isoindole scaffold and its high biochemical potential. A
large number of isoindoles and their heteroannelated deriva-
tives exhibit various biological activities.23–25 For example, an
excellent inhibitory activity of isoindole derivatives against
Gram-positive and Gram-negative bacteria,26,27 as well as
high antiviral properties, has been reported.28,29

Results and discussion
Chemistry

The target camphor derivatives in this study were prepared
according to the general synthetic route depicted in
Scheme 1, based on optically active D-(+)-camphor 4. In the
first stage of our work, camphor hydrazone 5 was obtained
by the interaction of (+)-camphor 4 with hydrazine hydrate in
the presence of AcOH, according to a procedure described
earlier.30 Subsequent N-acylation of compound 5 with various

Scheme 1 Reagents and conditions: (a) NH2NH2·H2O (4 equiv.),
CH3CO2H (1 equiv.), EtOH, reflux 4 h; (b) Et3N (1.2 equiv.), Ac2O or TFA
(1 equiv.), CHCl3; (c) Et3N (1.2 equiv.), carboxylic acid chloride (1
equiv.), CHCl3; (d) carboxylic acid (1 equiv.), EtO2CCl/Et3N, CHCl3.
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acid anhydrides and acid chlorides leads to a library of
N-acylhydrazones 6–19, containing in their structure a chiral
1,7,7-trimethylbicycloĳ2.2.1]heptane scaffold, an acyl hydraz-
one linker, and various alkyl, aryl, or heterocyclic substitu-
ents (Schemes 1–3). Compounds 6 and 9, bearing acetyl and
benzoyl substituents, have been previously synthesized. Cam-
phor acetohydrazide 6 was previously obtained by treating
camphor semicabazone with Ac2O/ZnCl2 (ref. 31) or by the
treatment of camphor hydrazone 5 with acetic acid.32 For the
synthesis of camphor benzohydrazide 9, two approaches were
realized i.e., the reaction of camphor hydrazone with benzoyl
chloride33 and the reaction between camphor and benzo-
hydrazide.34 The first approach led to higher yields. Com-
pounds 7, 8, and 10–19 were new synthetic derivatives not
previously described in the literature.

Formally, the synthesized compounds could be subdivided
into three groups. Group A combined substances 6–8 with ali-
phatic substituents on the N-acylhydrazone fragment; group B
included compounds 9–12 having aryl or heteroaromatic
structural blocks; and group C contained compounds 13–19
containing polyheterocyclic scaffolds which were synthesized
in previous work.35–37

The compounds of groups A and B were obtained by the
same synthetic route, by treatment of camphor hydrazone
with an equimolar amount of the appropriate carboxylic acid
anhydride (for 6 and 7) or carboxylic acid chloride (for 8–12).
Reactions were carried out at room temperature in the pres-
ence of triethylamine.

The synthetic sequence depicted in Schemes 2 and 3 was
successfully applied to obtain acylhydrazones 13–19
containing polyheterocyclic substituents in their frame. It
should be mentioned here that the initial heterocyclic acids
were solids, sparingly soluble in most organic solvents (al-
most insoluble in CHCl3 and Me2CO); therefore, they reluc-
tantly interacted with oxalyl chloride, SOCl2 or POCl3 under
the classical conditions. For the same reason, we were forced
to abandon the methods of peptide chemistry, including ap-
plication of N,N′-dicyclohexylcarbodiimide (DCC), 1,1′-

carbonyldiimidazole (CDI), and others as condensing agents.
The most successful method for the synthesis of
N-acylhydrazones 13–19 turned out to be the reaction of the
corresponding carboxylic acid with ethyl chloroformate in the
presence of triethylamine and the subsequent in situ reaction
of the resulting mixed anhydride with camphor D-(E)-
hydrazone 5. This approach facilitated the isolation of the tar-
get products and allowed achievement of good yields of
N-acetyl derivatives (up to 70–83%). Since the acylation was
carried out with optically active camphor hydrazone 5 and
the racemic mixture of the corresponding acid, in all cases
mixtures of diastereomers 13–16a/13–16b were isolated in ra-
tios from 1 : 1 to 1 : 2 (Scheme 2). Attempts to separate these
mixtures by preparative column chromatography failed due
to close retention factors. Therefore, the diastereomeric mix-
tures were used for subsequent biological tests.

The remaining compounds of group C (17–19) were pre-
pared analogously, and they also represented mixtures of
diastereomers a/b (Scheme 3).

The structures of compounds 13–19 were elucidated using
the combination of 1D and 2D methods of NMR spectroscopy
(COSY, TOCSY, NOESY, HSQC, HMBC, and HSQC-COSY) and
in the case of 11, 14 and 16, their structures were determined
by X-ray analysis (for details, see the ESI†). The 1H NMR spec-
tra of the derived N-acylhydrazones were extremely compli-
cated. In DMSO-d6 at room temperature, solutions of 13–19
represented mixtures of four isomers, two of which (a and b,
see Scheme 2) were diastereomers due to chiral carbons 6
and 7 and the two others (c and d) were diastereomers due to
the slow rotation of the C–N amide bond. The (E)-configura-
tion of the hydrazone fragment of all four isomers was
established based on 2D NOESY experiments (see the ESI†).
In the corresponding NOESY spectra, intense nOe cross-
peaks between the NH-group and the CH2-group of the cam-
phor fragment were present, and vice versa, cross peaks be-
tween the NH-group and camphor methyl groups were absent
(Fig. 2).

As was mentioned above, at room temperature DMSO so-
lutions of hydrazones 13–19 exhibited two pairs of amide
rotamers a ⇆ c and b ⇆ d, which were in dynamicScheme 2 Synthesis of compounds 13–16 (group C).

Scheme 3 Synthesis of compounds 17–19 (group C).
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equilibrium with each other (Scheme 2). This fact was con-
firmed by intense exchange cross-peaks, which were observed
for each pair of diastereomers in their NOESY spectra. Addi-
tionally, the presence of the rotamers c and d for each of the
diastereomers a and b in a solution was confirmed by conver-
sion of a quadruple set of signals into a double one in the 1H
NMR spectra under heating of the samples above 50–60 °C in
an NMR tube (Fig. 3).

Some of the target N-acyl derivatives 13–19 were readily
crystallized solids; therefore, a configuration of hydrazones
belonging to group C was elucidated by X-ray analysis. As an
illustration, the exact molecular structures of amides 14 and
16 are given in Fig. 4 and 5.

Despite the different substituents at the cyclic nitrogen
atom, compounds 14 and 16 were isostructural and crystal-
lized in the chiral monoclinic space group P21 with the four
crystallographically independent molecules in the unit cell.
However, these four independent molecules represented the
two different 1R, 4R,3aR,6S,7R,7aS and 1R,4R,3aS,6R,7S,7aR
diastereomers in the ratio of 2 : 2. Hence, the crystals of 14
and 16 were chiral conglomerates. Apparently, the aggrega-
tion was facilitated by the formation of robust H-bonded di-
mers from the different diastereomers. Moreover, all isomers
of compounds 14 and 16 adopted the E-configuration relative
to the NC double bond.

The chiral conglomerate formation allows explanation for
the fact that we were not able to isolate the individual diaste-
reomers a or b by recrystallization of 13–19a/13–19b mixtures
from hexane–ethyl acetate. The structural information
obtained above will be necessary for detailed analysis and ex-
planation of biological activity in subsequent work.

Study of antiviral activity

The antiviral activity and cytotoxicity of the synthesized deriv-
atives against VV were evaluated using an adapted method.38

The commercially available agent cidofovir was used as a pos-
itive control, and the results are shown in Table 1.

Various derivatives of monoterpenoids, in particular com-
pounds including a 1,7,7-trimethylbicycloĳ2.2.1]heptane scaf-
fold and N-heterocyclic fragment, exhibit antiviral properties
against the influenza virus.39 In this regard, the obtained
N-acylhydrazone camphor derivatives were screened for their
inhibitory activity against influenza virus A H1N1. The results
are shown in Table 2. Adamantane- and norbornane-based
derivatives were used as reference compounds due to their
close similarity to the compounds under investigation in hav-
ing rigid cage fragments in their structures.

Fig. 2 A fragment of 2D NOESY spectra for compound 16. The nOe
cross-peaks between the NH-groups (on the left projection) and the
CH2-groups of the camphor fragments (on the top projection) for a
mixture of four isomers (16a, 16b, 16c, and 16d) are presented.

Fig. 3 Fragments of the 1H NMR spectra for compound 16 at different
temperatures.

Fig. 4 Molecular structure of isomers 14a (on the left) and 14b (on
the right). Displacement ellipsoids are depicted at the 50% probability
level. Only hydrogen atoms at the asymmetric centers and at the
double bonds are presented.
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The data presented are the mean of three independent ex-
periments. Values of CC50 and IC50 are presented as mean ±
error of the experiment.

An important characteristic of the biological activity of
the studied compounds is their therapeutic index or selec-
tivity index (SI). This ratio reflects the effectiveness and
safety of the compounds under investigation. It is consid-
ered that compounds whose selectivity index exceeds 10
are safe.40 The presented biological data showed that
among the compounds synthesized in this study were
newly discovered agents having important activity against
VV.

It was found that compounds 9, 10, and 15 possessing
aromatic substituents were the most effective inhibitors of
the smallpox virus. Their IC50 values were in the range of
5.1–11.1 μM, and their selectivity indices ranged from 26
to 280. The remaining compounds either showed higher
inhibitory concentrations or did not show antiviral activity.
It is important that the initial camphor (4), camphor
hydrazone 5, and the acids used for the synthesis of
N-derivatives did not exhibit antiviral activity at all. It

should be noted that all the target compounds had opti-
cal activity and were levorotatory. In order to determine
the effect of the stereochemistry of the 1,7,7-
trimethylbicycloĳ2.2.1]heptane scaffold on the antiviral ef-
fect, we synthesized (+)-N-acetamide 9 starting from L-
(−)-camphor. Biological testing of the agent (+)-9 against
VV showed that this substance exhibited the same anti-
viral activity at a concentration of 5 μM and was nontoxic.
Thus, probably, the stereochemical configuration of the
camphor fragment does not affect the antiviral activity of
all compounds 6–19.

We have previously shown that compounds containing a
monoterpene fragment showed activity against influenza vi-
ruses at an early stage of viral replication.41–43 The
presented biological data show that the agents 9 and 15
were active against VV and were, practically, not active
against the influenza virus. The structures of surface viral
proteins in influenza and vaccinia viruses differ signifi-
cantly. The mechanism of membrane fusion of poxviruses
is distinct from that of other viruses and requires not one
but four attachment proteins and at least 11 viral proteins
that form a fusion complex.44 Since compound 15 demon-
strated the high activity against both vaccinia virus and in-
fluenza virus (although in the latter case the activity was
low), one could suggest that it targets proteins with similar
functions, like fusion proteins, and that it exhibits higher
affinity for the vaccinia virus protein. Further studies can,
therefore, optimize the structure of compounds of this class
to result, in turn, in the development of broad-range anti-
viral activity. The identification of the target for the action
of the most active compounds, the testing of these agents
against variola virus, and experiments using animal models
will be the focus of our further studies.

Fig. 5 Molecular structure of isomers 16a (on the left) and 16b (on the
right). Displacement ellipsoids are depicted at the 50% probability
level. Only hydrogen atoms at the asymmetric centers and at the
double bonds are presented.

Table 1 Antiviral activity of target derivatives 6–19 against vaccinia virus

Compound CC50,
a,e μM IC50,

b,e μM SIc

6 >250 NAd —
7 >250 NA —
8 854.3 ± 131.3 69.8 ± 9.4 12
9 1430.1 ± 112.6 5.1 ± 0.9 280
10 287.8 ± 56.0 11.1 ± 2.4 26
11 285.0 ± 34.1 38.7 ± 7.1 7
12 362.5 ± 59.6 NA —
13 >250 NA —
14 >250 NA —
15 600.2 ± 82.4 6.2 ± 1.6 97
16 >250 NA —
17 >250 NA —
18 >250 NA —
19 67.2 ± 13.7 NA —
Cidofovir 475.3 ± 75.0 40.0 ± 2.9 12

a CC50 – 50% cytotoxic concentration; the concentration resulting in
death of 50% of cells; M ± I95, n = 3. b IC50 – 50% inhibitory
concentration; the concentration leading to 50% inhibition of virus
replication; M ± I95, n = 3. c SI – selectivity index, ratio CC50/IC50.
d NA – not active. e M – mean value; I95 – 95% confidence interval; n
– the number of repeats of measurement of CC50 and IC50.

Table 2 Antiviral activity of camphor-based compounds 6–19 against in-
fluenza virus A/Puerto Rico/8/34 (H1N1) in MDCK cells

Compound CC50,
a μM IC50,

b μM SIc

6 NTd NT —
7 >1079 NAe —
8 >1190 794 ± 92 2
9 >1049 201 ± 26 5
10 >822 219 ± 18 4
11 1087 ± 50 325 ± 41 3
12 1027 ± 71 NA —
13 775 ± 48 NA —
14 719 ± 55 NA —
15 277 ± 16 22 ± 4 12
16 227 ± 11 >72 3
17 NT NT —
18 >721 481 ± 56 2
19 123 ± 6 36 ± 6 3
Rimantadine 335 ± 27 67 ± 5 5
Amantadine 284 ± 21 64 ± 5 4
Deitiforine 1266 ± 82 209 ± 15 6
Ribavirin >2130 30 ± 4 71

a CC50 – 50% cytotoxic concentration; the concentration resulting in
death of 50% of cells. b IC50 – 50% inhibitory concentration; the
concentration leading to 50% inhibition of virus replication. c SI –
selectivity index, ratio CC50/IC50.

d NT – not tested. e NA – not active.
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Conclusions

In summary, a series of N-acylhydrazones containing a mono-
terpenoid fragment and different substituents were synthe-
sized and their antiviral activity was studied in vitro against
vaccinia virus and influenza virus. Compounds 9, 10, and 15,
containing in their structure a monoterpene moiety,
N-acylhydrazone linker, and aromatic substituent, demon-
strated low toxicity and the best activity against vaccinia vi-
rus. Only compound 15 showed moderate activity against in-
fluenza virus. The structures of all synthesized camphor
derivatives were confirmed by NMR, HRMS, and X-ray
analysis.

Experimental
Chemistry

The reagents were obtained from Acros Organics and Alfa
Aesar and were used without additional purification, while
the solvents were distilled prior to the syntheses. Melting
points were determined on an SMP 30 apparatus in open
capillaries and were not corrected. TLC analysis was
performed on Sorbfil PTSKh-AF-A plates and visualization
was carried out with UF-light, iodine vapor, or KMnO4

solution.
1H and 13C NMR spectra were acquired on a Bruker DRX-

500 spectrometer (500 and 125 MHz, respectively) and on a
Bruker AVANCE-III-HD-300 spectrometer (300 and 75 MHz,
respectively) in CDCl3 or DMSO-d6, with residual solvent sig-
nals used as internal standards (7.26 ppm for 1H nuclei and
76.9 ppm for 13C nuclei in CDCl3 or 2.50 ppm for 1H nuclei
and 39.5 ppm for 13C nuclei in DMSO-d6). High-resolution
mass spectra were recorded on a Thermo Scientific DFS in-
strument in full scan mode over the m/z range of 0–500, by
ionization with an electron impact of 70 eV, and direct intro-
duction of samples. The reaction products were separated by
column chromatography (60–200 μm silica gel, Masherey-
Nagel). GC-MS analysis was performed on an Agilent 7890 A
gas chromatograph with an Agilent 5975C quadrupole mass
spectrometer as a detector and an HP-5MS 30 000 × 0.25 mm
fused silica column with helium as carrier gas. The identifi-
cation of compounds was performed by comparing the reten-
tion times with a series of authentic samples and comparing
the complete experimentally obtained mass spectra with a
mass spectral database.

The structures of the obtained compounds were
established from 1H and 13C NMR spectra, two-dimensional
homonuclear 1H–1H COSY, TOCSY, and NOESY experiments,
two-dimensional heteronuclear 1H–13C HSQC, HMBC, and
HSQC-COSY experiments, and also 1H–15N HSQC and HMBC
experiments. Dynamic NMR experiments were performed
using the recording of the conventional 1H NMR spectra in
DMSO-d6 at different temperatures in the interval of 30–110
°C with a step of 10 °C. The atom numbering in the com-
pounds is intended for the assignment of NMR signals and
does not match the IUPAC nomenclature (see the ESI†).

Synthesis of D-(+)-camphor hydrazone 5

D-(+)-Camphor (20.0 g, 0.13 mol), hydrazine hydrate (26 mL,
0.52 mol), and glacial acetic acid (7.4 mL, 0.13 mol) were
dissolved in ethanol (300 mL). The reaction mixture was
heated at reflux for 4 h and then cooled to room temperature
(r.t.). The solvent was evaporated under reduced pressure.
The residue was dissolved in chloroform (50 mL), washed
with a saturated solution of NaHCO3 (2 × 10 mL), and finally
with water (10 mL). The organic phase was separated, dried
over anhydrous Na2SO4, and evaporated under reduced pres-
sure to yield the target hydrazone 5 as a white powder. The
yield was 98% (0.128 mol, 21.4 g).

General procedure for synthesis of compounds 6–12

D-(+)-Camphor hydrazone 5 (0.50 g, 3.1 mmol) was dissolved
in a mixture of chloroform (50 mL) and triethylamine (0.44
mL, 3.2 mmol). Equimolar amounts of appropriate carboxylic
acid anhydride or carboxylic acid chloride were added
dropwise, after that the reaction mixture was stirred for 4 h
at r.t. The chloroform solution was washed with water (3 × 10
mL) and dried over anhydrous Na2SO4. The solvent was evap-
orated under vacuum and the resulting solids were purified
by recrystallization from a hexane/ethyl acetate mixture to
give products 6–12 as white powders.

General procedure for synthesis of compounds 13–19

The carboxylic acid (3.0 mmol) was dissolved in a mixture of
chloroform (100 mL) and triethylamine (0.44 mL, 3.2 mmol),
then a solution of ethyl chloroformate (0.28 mL, 3.0 mmol)
in chloroform (30 mL) was added dropwise. The reaction
mixture was stirred for 15 min at r.t, then a solution of D-
(+)-camphor hydrazone (5) in chloroform (30 mL) was added
dropwise. The solution was stirred for 4 h and washed with
water (3 × 10 mL). The organic layer was dried over
anhydrous Na2SO4 and evaporated under reduced pressure.
The obtained products were purified by silica gel column
chromatography to give the title compounds as white or
light-yellow solids.

N′-[(1R,2E,4R)-1,7,7-Trimethylbicycloĳ2.2.1]hept-2-
ylidene]acetohydrazide (−)-6
White solid (79% yield); 1H NMR (400 MHz, CDCl3): 0.71
(3H, s, Me-9), 0.90 (3H, s, Me-8), 0.96 (3H, s, Me-10), 2.22
(3H, s, Me-12), 1.36 (H-2), 1.18 (1H, m, H-3), 1.80 (1H, d,
J = 16.8, H-5), 2.30 (1H, dt, J = 16.8, J = 3.6, H-5), 1.69
(1H, m, H-2), 1.83 (1H, m, H-3), 1.96 (1H, m, H-4), 8.39
(1H, s, NH). 13C NMR (100 MHz, CDCl3): 173.15 (C-11),
164.79 (C-6), 10.90 (Me-10), 18.48 and 19.33 (Me-8 and
Me-9), 20.08 (Me-12), 43.92 (C-4), 27.13 (C-3), 32.44 (C-2),
33.17 (C-5), 47.71 (C-7), 52.35 (C-1). Found, m/z: 208.1574
[M]+. C12H20ON2. Calculated, m/z: 208.1570. [α]25D = −36.0
(CHCl3, c = 0.32).
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2,2,2-Trifluoro-N′-[(1R,2E,4R)-1,7,7-
trimethylbicycloĳ2.2.1]hept-2-ylidene]acetohydrazide (−)-7
White solid (80% yield); 1H NMR (400 MHz, CDCl3 + DMSO-
d6): 0.70 (3H, s, Me-9), 0.85 (3H, s, Me-8), 0.96 (3H, s, Me-10),
1.34 (H-2), 1.14 (1H, m, H-3), 1.76 (1H, d, J = 16.8, H-5), 2.47
(1H, dt, J = 16.8, J = 3.6, H-5), 1.66 (1H, m, H-2), 1.83 (1H, m,
H-3), 1.95 (1H, m, H-4), 10.48 (1H, s, NH). 13C NMR (100
MHz, CDCl3 + DMSO-d6): 181.05 (C-11), 169.99 (C-6), 10.91
(Me-10), 18.40 and 19.29 (Me-8 and Me-9), 43.52 (C-4), 26.80
(C-3), 32.15 (C-2), 35.14 (C-5), 47.95 (C-7), 52.52 (C-1), 112.49,
114.77, 117.06, 119.35 (C-12). Found, m/z: 262.1286 [M]+.
C12H17ON2F3. Calculated, m/z: 262.1288. [α]25D = −59.3 (CHCl3,
c = 0.18).

N′-[(1R,2E,4R)-1,7,7-Trimethylbicycloĳ2.2.1]hept-2-
ylidene]butanohydrazide (−)-8
White solid (59% yield); 1H NMR (400 MHz, CDCl3): 0.71
(3H, s, Me-9), 0.90 (3H, s, Me-8), 0.97 (3H, s, Me-10), 0.95
(3H, t, J13–14 = 7.4, Me-14), 1.36 (H-2), 1.18 (1H, m, H-3), 2.60
(2H, t, H-12), 1.68 (2H, m, H-13) 1.77 (1H, d, J = 16.5, H-5),
2.27 (1H, dt, J = 16.5, J = 3.6, H-5), 1.70 (1H, m, H-2), 1.84
(1H, m, H-3), 1.97 (1H, m, H-4), 8.09 (1H, s, NH). 13C NMR
(100 MHz, CDCl3): 175.53 (C-11), 164.31 (C-6), 10.91 (Me-10),
18.48 and 19.31 (Me-8 and Me-9), 13.83 (Me-14), 43.94 (C-4),
27.15 (C-3), 32.45 (C-2), 34.41 (C-5), 47.68 (C-7), 52.31 (C-1),
18.06 (C-13), 33.04 (C-12). Found, m/z: 236.1884 [M]+.
C14H24ON2. Calculated, m/z: 236.1883. [α]25D = −36.9 (CHCl3, c
= 0.42).

N′-[(1R,2E,4R)-1,7,7-Trimethylbicycloĳ2.2.1]hept-2-
ylidene]benzohydrazide (−)-9
White solid (70% yield); 1H NMR (400 MHz, DMSO-d6): 0.76
and 0.91 (3H, s, H-8 and H-9), 0.99 (3H, s, H-10), 1.21 (1H,
m, H-3), 1.35 (1H, m, H-2), 2.61 (1H, m, H-5), 2.10 (1H, d, J =
17.5, H-5), 1.94 (1H, m, H-4), 1.73 (1H, m, H-2), 1.81 (1H, m,
H-3), 7.80 (2H, m, H-13, H-17), 7.47 (2H, m, H-14, H-16), 7.54
(1H, m, H-15). 13C NMR (100 MHz, CDCl3): 11.28 (C-10),
18.71 and 19.73 (C-8 and C-9), 44.08 (C-4), 33.81 (C-5), 27.37
(C-3), 32.54 (C-2), 53.26 (C-1), 48.27 (C-7), 127.23 (C-13, C-17),
128.78 (C-14, C-16), 131.74 (C-15), 134.13 (C-12), 163.75 (C-6),
171.51 (C-11). Found, m/z: 270.1729 [M]+. C17H22ON2. Calcu-
lated, m/z: 270.1727. [α]25D = −57.5 (CHCl3, c = 0.32).

4-Bromo-N′-[(1R,2E,4R)-1,7,7-trimethylbicycloĳ2.2.1]hept-2-
ylidene]benzohydrazide (−)-10
White solid (56% yield); 1H NMR (400 MHz, DMSO-d6): 0.75
(3H, s, Me-9), 0.90 (3H, s, Me-8), 0.98 (3H, s, Me-10), 1.33
(1H, m, H-2), 1.20 (1H, m, H-3), 1.67–1.85 (2H, m, H-2, H-3),
1.93 (1H, m, H-4), 2.59 (1H, m, H-5), 2.09 (1H, d, J = 17.7, H-
5), 7.64–7.77 (4H, m, H-13, H-14, H-16, H-17), 10.29 (1H, s,
NH). 13C NMR (100 MHz, DMSO-d6): 174.31 (C-11), 162.26 (C-
6), 11.47 (Me-10), 18.54 and 19.34 (Me-8 and Me-9), 43.32 (C-
4), 26.84 (C-3), 32.34 (C-2), 34.82 (C-5), 47.64 (C-7), 52.72 (C-
1), 124.92 (C-15), 129.80 (C-13, C-17), 131.28 (C-14, C-16),

133.33 (C-12). Found, m/z: 348.0834 [M]+. C17H21ON2
79Br1.

Calculated, m/z: 348.0832.

N′-[(1R,2E,4R)-1,7,7-Trimethylbicycloĳ2.2.1]hept-2-ylidene]-2-
furohydrazide (−)-11
White solid (56% yield); 1H NMR (400 MHz, CDCl3): 0.75
(3H, s, Me-9), 0.92 (3H, s, Me-8), 1.10 (3H, s, Me-10), 1.18–
1.24 (1H, m, H-2), 1.39–1.50 (1H, m, H-3), 1.70–1.76 (1H, m,
H-2), 1.90–1.97 (1H, d, J = 17.0, H-5), 2.46 (1H, d, J = 16.0, H-
5), 2.02 (1H, t, H-4), 1.83–1.90 (1H, m, H-3), 6.49 (1H, s, H-
14), 7.41 (1H, d, J = 4.6, H-15), 7.20 (1H, d, J = 2.9, H-13), 8.68
(1H, s, NH). 13C NMR (100 MHz, CDCl3): 11.01 (Me-10), 18.46
and 19.43 (Me-8 and Me-9), 43.84 (C-4), 27.12 (C-3), 32.30 (C-
2), 33.42 (C-5), 48.00 (C-7), 52.96 (C-1), 170.78 (C-11), 153.77
(C-6), 112.19 (C-14), 115.27 (C-13), 143.75 (C-15), 147.15 (C-
12). Found, m/z: 260.1527 [M]+. C15H20O2N2. Calculated, m/z:
260.1519. [α]25D = −47.2 (CHCl3, c = 0.14)

N′-[(1R,2E,4R)-1,7,7-Trimethylbicycloĳ2.2.1]hept-2-
ylidene]thiophene-2-carbohydrazide (−)-12
White solid (68% yield); 1H NMR (400 MHz, CDCl3): 0.80
(3H, s, Me-9), 0.96 (3H, s, Me-8), 1.18 (3H, s, Me-10), 7.12
(1H, dd, H-14), 7.62 (1H, d, J = 4.6, H-15), 8.18 (1H, d, J = 2.9,
H-12), 9.10 (1H, s, NH), 2.49 (1H, dt, J = 17.0, J = 3.8, H-5),
2.01 (1H, d, J = 17.0, H-5), 2.06 (1H, m, H-4), 1.48 (1H, m, H-
2), 1.27 (1H, m, H-3), 1.79 (1H, m, H-2), 1.90 (1H, m, H-3).
13C NMR (100 MHz, CDCl3): 168.88 (C-11), 162.70 (C-6), 11.84
(Me-10), 18.75 and 19.67 (Me-8 and Me-9), 44.29 (C-4), 27.38
(C-3), 32.69 (C-2), 33.61 (C-5), 48.07 (C-7), 53.33 (C-1), 126.32
(C-14), 134.32 (C-13), 135.15 (C-15), 133.57 (C-12). Found, m/
z: 276.1298 [M]+. C15H20O2N

32S. Calculated, m/z: 276.1291.
[α]25D = −52.7 (CHCl3, c = 0.26).

Mixture of (3aR,6S,7R,7aS)-2-ethyl-1-oxo-N′-[(1R,2E,4R)-1,7,7-
trimethylbicycloĳ2.2.1]hept-2-ylidene]-1,2,3,6,7,7a-hexahydro-
3a,6-epoxyisoindole-7-carbohydrazide (a) and (3aS,6R,7S,7aR)-
2-ethyl-1-oxo-N′-[(1R,2E,4R)-1,7,7-trimethylbicycloĳ2.2.1]hept-
2-ylidene]-1,2,3,6,7,7a-hexahydro-3a,6-epoxyisoindole-7-
carbohydrazide (b) (−)-13
White solid (76% yield); 1H NMR (400 MHz, CDCl3): 10.24,
10.38, 8.11 and 8.13 (2H, NH-a, NH-b); 6.41–6.53 (4H, m, H-
17a, H-18a, H-17b, H-18b); 5.53 and 5.18 (2H, d, J = 20.4, J =
4.5, H-19a, H-19b); 2.18–2.50 (2H, m, H-5a, H-5b); 0.70 and
0.72 (6H, s, Me-9a, Me-9b); 0.86–0.92 (9H, s, Me-8a, Me-10a,
Me-8b); 1.02–1.20 (11H, m, Me-10b, Me-21a, Me-21b, H-3a, H-
3b); 3.86–3.96 (2H, m, H-15a, H-15b), 3.12–3.21 and 3.23–3.33
(2H, m, H-12a, H-12b), 1.29–1.49 (2H, m, H-2a, H-2b); 3.61–
3.71 (2H, m, H-15a, H-15b); 1.58–1.96 (8H, m, H-2a, H-3a, H-
4a, H-5a, H-2b, H-3b, H-4b, H-5b); 2.65–2.81 (2H, m, H-13a,
H-13b), 3.36–3.51 (4H, m, H-20a, H-20b). 13C NMR (100 MHz,
CDCl3): 10.94, 11.03, 11.05 (C-10a, C-10b); 18.43, 18.51 (C-8a,
C-8b); 19.30, 19.38, 19.44 (C-9a, C-9b); 12.19, 12.26 (C-21a, C-
21b); 134.59, 134.61, 134.88, 134.99 (C-18a, C-18b); 137.52,
137.57 (C-17a, C-17b); 80.51, 80.75, 83.15, 83.24 (C-19a, C-
19b); 49.88, 50.01, 50.39, 50.61 (C-12a, C-12b); 42.00, 42.26,
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43.83, 43.92 (C-13a, C-13b); 26.97, 26.12, 27.17 (C-3a, C-3b);
32.18, 32.28, 32.35 (C-2a, C-2b); 32.76, 33.01, 34.34, 34.68 (C-
5a, C-5b); 52.21, 52.68 (C-1a, C-1b); 47.57, 47.65, 47.72, 47.78,
47.87, 48.03, 48.13 (C-7a, C-7b, C-15a, C-15b, C-4a, C-4b);
88.25, 89.20 (C-16a, C-16b); 37.21, 37.24, 37.55, 37.60 (C-20a,
C-20b); 164.31, 164.75, 169.90, 170.11, (C-6a, C-6b); 170.30,
170.55, 171.34, 171.46, (C-14a, C-14b) 166.06, 166.10, 172.95
(C-11a, C-11b). Found, m/z: 371.2205 [M]+. C21H29O3N3. Calcu-
lated, m/z: 371.2203. [α]25D = −21.3 (CHCl3, c = 0.31).

Mixture of (3aR,6S,7R,7aS)-2-(2-methoxyethyl)-1-oxo-N′-
[(1R,2E,4R)-1,7,7-trimethylbicycloĳ2.2.1]hept-2-ylidene]-
1,2,3,6,7,7a-hexahydro-3a,6-epoxyisoindole-7-carbohydrazide
(a) and (3aS,6R,7S,7aR)-2-(2-methoxyethyl)-1-oxo-N′-
[(1R,2E,4R)-1,7,7-trimethylbicycloĳ2.2.1]hept-2-ylidene]-
1,2,3,6,7,7a-hexahydro-3a,6-epoxyisoindole-7-carbohydrazide
(b) (−)-14
White solid (81% yield); 1H NMR (400 MHz, CDCl3): 10.24,
10.38, 8.11 and 8.13 (2H, NH-a, NH-b); 6.41–6.53 (4H, m, H-
17a, H-18a, H-17b, H-18b); 5.53 (1H, d, J = 20.4, H-19a); 5.18
(1H, d, J = 4.5, H-19b); 2.18–2.50 (2H, m, H-5a, H-5b), 0.70
and 0.73 (6H, s, Me-9a, Me-9b); 0.88, 0.91, 1.06 (12H, m, Me-
8a, Me-10a, Me-8b, Me-10b); 1.13–1.22 (2H, m, H-3a, H-3b);
1.29–1.49 (2H, m, H-2a, H-2b); 1.58–2.00 (8H, m, H-2a, H-3a,
H-5a, H-4a, H-2b, H-3b, H-5b, H-4b); 2.68–2.81 (2H, m, H-
13a, H-13b); 4.00–4.09 (2H, m, H-15a, H-15b); 3.15–3.36 (6H,
m, 2H-22a, H-12a, 2H-22b, H-12b); 3.43–3.55 (6H, m, H-15a,
2H-20a, H-15b, 2H-20b), 3.62–3.84 (4H, m, 2H-21a, 2H-21b).
13C NMR (100 MHz, CDCl3): 10.96, 11.06 (C-10a, C-10b);
18.45, 18.53 (C-8a, C-8b); 19.33, 19.36, 19.60 (C-9a, C-9b);
134.67, 134.89, 135.02 (C-18a, C-18b); 137.52, 137.48 (C-17a,
C-17b); 80.49, 80.76, 83.17, 83.24 (C-19a, C-19b); 26.99, 27.15,
27.19 (C-3a, C-3b); 32.21, 32.28, 32.37 (C-2a, C-2b); 32.81,
33.04, 34.35, 34.69 (C-5a, C-5b); 58.46, 58.51, 58.63 (C-22a, C-
22b); 70.51, 70.61, 70.92 (C-21a, C-21b); 88.58, 89.49 (C-16a,
C-16b); 49.63, 49.77, 50.10, 50.34 (C-12a, C-12b); 42.08, 42.40,
43.88, 43.94 (C-13a, C-13b); 52.25, 52.72 (C-1a, C-1b); 164.38,
164.86, 166.06, 166.10 (C-6a, C-6b); 170.37, 170.41, 170.62,
171.86, 172.01, 173.02 (C-11a, C-11b, C-14a, C-14b); 49.90,
50.00, 50.24 (C-15a, C-15b); 47.63, 47.72, 47.82, 47.91 (C-4a,
C-4b, C-7a, C-7b); 42.59, 42.67, 42.91 (C-20a, C-20b). Found,
m/z: 401.2305 [M]+. C22H31O4N3. Calculated, m/z: 401.2309.
[α]25D = −16.3 (CHCl3, c = 0.59).

Mixture of (3aR,6S,7R,7aS)-6-methyl-1-oxo-2-phenyl-N′-
[(1R,2E,4R)-1,7,7-trimethylbicycloĳ2.2.1]hept-2-ylidene]-
1,2,3,6,7,7a-hexahydro-3a,6-epoxyisoindole-7-carbohydrazide
(a) and (3aS,6R,7S,7aR)-6-methyl-1-oxo-2-phenyl-N′-
[(1R,2E,4R)-1,7,7-trimethylbicycloĳ2.2.1]hept-2-ylidene]-
1,2,3,6,7,7a-hexahydro-3a,6-epoxyisoindole-7-carbohydrazide
(b) (−)-15
White solid (74% yield); 1H NMR (400 MHz, CDCl3): 8.30,
8.70, 8.82 (2H, NH-a, NH-b); 7.03–7.16 (2H, m, H-24a, H-24b);
7.50–7.62 (4H, m, H-23a, H-23b, H-25a, H-25b); 7.25–7.35
(4H, m, H-22a, H-22b, H-26a, H-26b); 6.56–6.65 (2H, m, H-

17a, H-17b); 6.17–6.32 (2H, m, H-18a, H-18b); 3.89–4.46 (4H,
m, 2H-15a, 2H-15b); 0.54–1.09 (18H, s, Me-8a, Me-9a, Me-10a,
Me-8b, Me-9b, Me-10b); 2.77–3.14 (4H, m, H-12a, H-12b, H-
13a, H-13b); 1.08–1.51 (6H, m, 2H-2a, 2H-2b, H-3a, H-3b);
1.75–2.40 (6H, m, H-4a, H-4b, 2H-5a, 2H-5b); 1.59–1.74 (8H,
m, Me-20a, Me-20b, H-3a, H-3b). 13C NMR (100 MHz, CDCl3):
11.00 (C-10a, C-10b), 18.37, 18.41, 18.45 (C-8a, C-8b); 19.25,
19.34, 19.37, 19.40 (C-9a, C-9b); 15.80, 15.90, 16.07, 16.11 (C-
20a, C-20b); 26.62, 26.98, 27.05, 27.08 (C-3a, C-3b); 32.14,
32.35, 32.49 (C-2a, C-2b); 33.02, 33.09, 33.17, 33.22 (C-5a, C-
5b); 52.26, 52.30, 52.49, 52.51 (C-1a, C-1b); 47.70, 47.86 (C-7a,
C-7b); 86.72, 87.00, 87.11 (C-19a, C-19b); 89.50, 89.56, 89.95,
90.08 (C-16a, C-16b); 138.77, 139.11 (C-21a, C-21b); 164.60,
164.73, 168.73, 169.06 (C-6a, C-6b); 165.01, 171.06, 170.98 (C-
11a, C-11b); 169.54, 169.62, 170.88, 171.01 (C-14a, C-14b);
139.45, 139.67, 140.43, 140.55 (C-18a, C-18b); 135.74, 136.26,
136.38 (C-17a, C-17b); 124.76, 124.67, 124.31, 124.29 (C-24a,
C-24b); 119.38, 119.46, 120.08, 120.18 (C-22a, C-22b, C-26a, C-
26b); 128.43, 128.61, 128.74, 128.80 (C-23a, C-23b, C-25a, C-
25b); 50.14, 50.17, 49.83, 49.87 (C-15a, C-15b); 50.47, 50.50
(C-12a, C-12b); 54.92, 55.02, 55.30, 56.05 (C-13a, C-13b);
43.57, 43.75, 43.82, 43.85 (C-4a, C-4b). Found, m/z: 433.2361
[M]+. C26H31O3N3. Calculated, m/z: 433.2360. [α]25D = −22.9
(CHCl3, c = 0.15).

Mixture of (3aR,6S,7R,7aS)-1-oxo-2-(2-phenylethyl)-N′-
[(1R,2E,4R)-1,7,7-trimethylbicycloĳ2.2.1]hept-2-ylidene]-
1,2,3,6,7,7a-hexahydro-3a,6-epoxyisoindole-7-carbohydrazide
(a) and (3aS,6R,7S,7aR)-1-oxo-2-(2-phenylethyl)-N′-[(1R,2E,4R)-
1,7,7-trimethylbicycloĳ2.2.1]hept-2-ylidene]-1,2,3,6,7,7a-
hexahydro-3a,6-epoxyisoindole-7-carbohydrazide (b) (−)-16
White solid (76% yield); 1H NMR (400 MHz, DMSO-d6): 5.11
(1H, d, J = 1.5, H-19a); 5.00 (1H, d, J = 2.5, H-19b); 6.41–6.63
(4H, m, H-17a, H-17b, H-18a, H-18b); 7.15–7.34 (10H, m, H-
23a, H-23b, H-24a, H-24b, H-25a, H-25b, H-26a, H-26b, H-
27a, H-27b); 0.69 and 0.73 (6H, s, Me-9a, Me-9b); 0.86–0.95
(12H, s, Me-8a, Me-10a, Me-8b, Me-10); 9.59, 9.69, 9.77 and
9.79 (2H, NH-a, NH-b); 1.08–1.37 (4H, m, H-2a, H-2b, H-3a,
H-3b); 1.57–1.85 (4H, m, H-2a, H-2b, H-3a, H-3b); 1.85–2.02
(4H, m, H-5a, H-5b, H-4a, H-4b); 2.21–2.47 (2H, m, H-5a, H-
5b), 3.84–4.04 (2H, m, H-15a, H-15b), 3.16–3.70 (8H, m, H-
15a, H-15b, 2H-20a, 2H-20b, H-12a, H-12b), 2.54–2.84 (6H, m,
H-13a, H-13b, 2H-21a, 2H-21b). 13C NMR (100 MHz, DMSO-
d6): 80.11, 80.35, 82.18, 82.30 (C-19a, C-19b); 135.43, 135.60,
136.52, 136.58 (C-18a, C-18b); 136.88, 138.27, 138.21 (C-17a,
C-17b); 126.61, 126.69 (C-25a, C-25b); 128.80, 128.86, 129.03
(C-23a, C-23b, C-24a, C-24b, C-26a, C-26b, C-27a, C-27b);
139.35, 139.48 (C-22a, C-22b); 11.65, 11.86 (C-10a, C-10b);
18.96, 19.12 (C-8a, C-8b); 19.66, 19.78 (C-9a, C-9b); 88.80,
89.02 (C-16a, C-16b); 27.37 (C-3a, C-3b); 32.65, 32.87 (C-2a, C-
2b); 34.30, 34.51, 34.61 (C-5a, C-5b); 52.27, 52.34, 52.54 (C-1a,
C-1b); 47.70, 47.87 (C-7a, C-7b); 48.31, 48.64 (C-15a, C-15b);
43.18, 43.39 (C-12a, C-12b); 43.80, 43.99, 44.08 (C-20a, C-20b,
C-4a, C-4b); 163.98, 164.33, 167.78, 168.05 (C-6a, C-6b);
166.39, 166.50, 172.75 (C-11a, C-11b); 170.27, 170.40, 170.97
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(C-14a, C-14b); 33.41, 33.51 (C-21a, C-21b); 49.75, 49.97,
50.72, 50.78 (C-13a, C-13b). Found, m/z: 447.2520 [M]+.
C27H33O3N3. Calculated, m/z: 447.2516. [α]25D = −11.2 (CHCl3, c
= 0.39).

Mixture of (5aS,6R,7S,9aR)-5-oxo-N′-[(1R,2E,4R)-1,7,7-
trimethylbicycloĳ2.2.1]hept-2-ylidene]-2,3,5,5a,6,7-hexahydro-
7,9a-epoxyĳ1,3]thiazoloĳ2,3-a]isoindole-6-carbohydrazide (a)
and (5aR,6S,7R,9aS)-5-oxo-N′-[(1R,2E,4R)-1,7,7-
trimethylbicycloĳ2.2.1]hept-2-ylidene]-2,3,5,5a,6,7-hexahydro-
7,9a-epoxyĳ1,3]thiazoloĳ2,3-a]isoindole-6-carbohydrazide (b)
(−)-17
White solid (70% yield); 13C NMR (100 MHz, DMSO-d6):
52.27, 52.36 (C-1a); 52.52 (C-1b); 32.90 (C-2a); 32.61 (C-2b);
27.42 (C-3a, C-3b); 43.96 (C-4a); 43.80 (C-4b); 34.44, 34.61 (C-
5a, C-5b); 161.03, 161.23 (C-6a); 167.64, 167.85 (C-6b); 47.69
(C-7a); 47.83 (C-7b); 18.96, 19.06 (C-8a, C-8b); 19.58, 19.72 (C-
9a, C-9b); 11.69, 11.82 (C-10a, C-10b); 172.59, 172.64 (C-11a);
166.32, 166.49 (C-11b); 45.59 (C-12a); 45.75 (C-12b); 52.43,
52.62 (C-13a); 53.69, 53.41 (C-13b); 170.71, 170.78 (C-14a);
170.42, 170.50 (C-14b); 63.99, 64.06 (C-15a, C-15b); 92.62 (C-
16a); 92.08 (C-16b); 139.15 (C-17a); 137.77, 137.86 (C-17b);
133.76 (C-18a); 135.08 (C-18b); 79.40, 79.56 (C-19a); 81.24,
81.47 (C-19b); 45.50, 45.43 (C-20a); 45.25, 45.14 (C-20b); 32.19
(C-21a); 32.55 (C-21b). 1H NMR (400 MHz, DMSO-d6): 1.57–
1.72 (2H, m, H-2a, H-2b); 1.09–1.36 (4H, m, H-2a, H-2b, H-3a,
H-3b); 1.72–1.85 (2H, m, H-3a, H-3b); 1.87–2.00 (4H, m, H-4a,
H-4b, H-5a, H-5b); 2.22–2.47 (2H, m, H-5a, H-5b); 0.83–0.96
(12H, s, Me-8a, Me-8b, Me-10a, Me-10b); 0.66, 0.69 (3H, s,
Me-9a); 0.71, 0.73 (3H, s, Me-9b); 5.62–5.68 (2H, m, H-15a, H-
15b); 6.47–6.66 (4H, m, H-17a, H-17b, H-18a, H-18b); 5.07
(2H, m, H-19a, H-19b); 3.97–4.10 (2H, m, H-20a, H-20b);
2.85–3.17 (8H, m, H-12a, H-12b, H-13a, H-13b, H-21a, H-21b,
H-20a, H-20b); 2.60–2.83 (2H, m, H-21a, H-21b); 9.77 and
9.79 (1H, NH-a); 9.50 and 9.56 (1H, NH-b). Found, m/z:
401.1770 [M]+. C21H27O3N3

32S. Calculated, m/z: 401.1768.

Mixture of (6aS,7R,8S,10aR,10bR)-6-oxo-N′-[(1R,2E,4R)-1,7,7-
trimethylbicycloĳ2.2.1]hept-2-ylidene]-3,4,6,6a,7,8-hexahydro-
2H-8,10a-epoxyĳ1,3]oxazinoĳ2,3-a]isoindole-7Ĳ10bH)-
carbohydrazide (a) and (6aR,7S,8R,10aS,10bS)-6-oxo-N′-
[(1R,2E,4R)-1,7,7-trimethylbicycloĳ2.2.1]hept-2-ylidene]-
3,4,6,6a,7,8-hexahydro-2H-8,10a-epoxyĳ1,3]oxazinoĳ2,3-
a]isoindole-7Ĳ10bH)-carbohydrazide (b) (−)-18
White solid (75% yield); 1H NMR (400 MHz, DMSO-d6): 0.13–
2.05 (12H, m, 2H-2a, 2H-2b, 2H-3a, 2H-3b, H-4a, H-4b, H-5a,
H-5b); 2.17–2.52 (H-5a, H-5b); 0.90, 0.91, 0.98 (12H, s, Me-8a,
Me-8b, Me-10a, Me-10b); 0.77, 0.71 (3H, s, Me-8a); 0.61, 0.76
(3H, s, Me-8b); 2.80–3.55 (4H, m, H-12a, H-12b, H-13a, H-
13b); 6.36–6.80 (6H, m, H-17a, H-17b, H-18a, H-18b, H-15a,
H-15b); 5.41 (1H, d, J = 4.3, H-19a); 5.37 (1H, d, J = 4.0, H-
19b); 7.36–7.79 (4H, m, H-21a, H-21b, H-24a, H-24b); 6.90–
7.21 (4H, m, H-22a, H-22b, H-23a, H-23b); 8.19, 8.23 (1H, s,
NH-a); 8.88, 8.94 (1H, s, NH-b). 13C NMR (100 MHz, DMSO-
d6): 52.30, 52.33 (C-1a); 52.32, 52.41 (C-1b); 32.42, 32.24 (C-

2a); 32.15, 31.93 (C-2b); 27.11, 27.13 (C-3a); 26.90, 26.51 (C-
3b); 43.92 (C-4a); 43.47, 43.65 (C-4b); 33.09, 32.87 (C-5a);
32.70, 32.36 (C-5b); 164.95, 165.12 (C-6a);167.93, 167.95 (C-
6b); 47.73, 47.76 (C-7a); 47.79, 47.86 (C-7b); 18.57, 18.48 (C-
8a); 18.42, 18.34 (C-8b); 19.32, 19.34 (C-9a); 19.41, 19.51 (C-
9b); 11.17, 11.10 (C-10a); 10.93, 10.97 (C-10b); 172.05, 172.08
(C-11a); 165.52, 165.54 (C-11b); 42.05, 42.72 (C-12a, C-12b);
54.25, 54.01 (C-13a); 56.03, 56.27 (C-13b); 168.70, 168.92 (C-
14a); 170.30, 170.38 (C-14b); 67.14, 67.06 (C-15a); 67.23, 67.26
(C-15b); 91.10, 91.08 (C-16a); 91.03 (C-16b); 139.36, 139.34 (C-
17a); 139.61 (C-17b); 133.98, 133.87 (C-18a); 133.21, 133.18
(C-18b); 80.70, 80.94 (C-19a); 83.09, 83.01 (C-19b); 135.04,
135.10 (C-20a); 134.50, 134.43 (C-20b); 125.10, 125.12 (C-21a);
125.16, 125.13 (C-21b); 122.30, 122.32 (C-22a, C-22b); 116.66,
116.70ĲC-23a); 116.59, 116.87 (C-23b); 136.65, 136.52 (C-24a);
135.53, 135.46 (C-25b); 131.80, 131.86 (C-25a); 131.65, 131.64
(C-25b). Found, m/z: 449.1773 [M]+. C25H27O3N3

32S. Calcu-
lated, m/z: 449.1768. [α]25D = 10.0 (CHCl3, c = 0.12).

Mixture of (1R,2S,4aR,11aS)-11-oxo-N′-[(1R,2E,4R)-1,7,7-
trimethylbicycloĳ2.2.1]hept-2-ylidene]-1,2,11,11a-tetrahydro-
2,4a-epoxyisoindoloĳ1,2-b]ĳ1,3]benzothiazole-1-carbohydrazide
(a) and (1S,2R,4aS,11aR)-11-oxo-N′-[(1R,2E,4R)-1,7,7-
trimethylbicycloĳ2.2.1]hept-2-ylidene]-1,2,11,11a-tetrahydro-
2,4a-epoxyisoindoloĳ1,2-b]ĳ1,3]benzothiazole-1-carbohydrazide
(b) (−)-19
White solid (83% yield); 1H NMR (400 MHz, CDCl3): 1.23–
1.36 (2H, m, H-2a, H-2b), 1.62–1.75 (2H, m, H-2a, H-2b),
1.07–1.23 (2H, m, H-3a, H-3b), 1.74–1.87 (2H, m, H-3a, H-
3b), 1.85–2.01 (2H, m, H-4a, H-4b), 2.21–2.47 (2H, m, H-
5a, H-5b), 1.82–1.99 (2H, m, H-5a, H-5b), 0.86–0.90 (6H, s,
Me-8a, Me-8b), 0.69–0.72 (6H, s, Me-9a, Me-9b), 0.93 (6H,
s, Me-10a, Me-10b), 9.56, 9.64, 9.86, 9.88 (2H, NH-a, NH-
b), 2.52–2.57 (2H, m, H-12a, H-12b), 3.34–3.41 (2H, m, H-
13a, H-13b), 2.99–3.16 (2H, m, H-15a, H-15b), 3.80–3.97
(2H, m, H-15a, H-15b), 1.44–1.71 (4H, m, H-16a, H-16b),
4.06–4.17 (2H, m, H-17a, H-17b), 3.80–3.97 (2H, m, H-17a,
H-17b), 5.08, 5.09, 5.16, 5.19 (2H, s, H-18a, H-18b), 6.60–
6.67 (2H, m, H-20a, H-20b), 6.48–6.57 (2H, m, H-21a, H-
21b), 5.02–5.06, 5.12–5.15 (2H, m, H-22a, H-22b). 13C NMR
(100 MHz, CDCl3): 51.81, 51.88, 52.03 (C-1a, C-1b); 32.14,
32.29 (C-2a, C-2b); 26.76, 26.84 (C-3a, C-3b); 43.25, 43.42,
43.65 (C-4a, C-4b); 33.90, 34.04, 34.24 (C-5a, C-5b); 164.07,
164.28, 168.04, 168.17 (C-6a, C-6b); 47.19, 47.23, 47.34 (C-
7a, C-7b); 18.53, 18.41 (C-8a, C-8b); 19.10, 19.22 (C-9a, C-
9b); 11.09, 11.21, 11.30 (C-10a, C-10b); 165.31, 165.43,
171.55 (C-11a, C-11b); 48.42, 48.58, 49.07, 49.27 (C-12a, C-
12b); 41.45, 41.60 (C-13a, C-13b); 170.19, 170.32, 170.86
(C-14a, C-14b); 37.97 (C-15a, C-15b); 24.84 (C-16a, C-16b);
66.60 (C-17a, C-17b); 84.77, 84.82, 85.00 (C-18a, C-18b),
89.15, 89.19, 89.39, 89.44 (C-19a, C-19b); 133.91, 133.38,
133.20 (C-20a, C-20b); 137.45, 137.41, 136.44, 136.36 (C-
21a, C-21b); 81.01, 81.23, 82.41, 82.58 (C-22a, C-22b).
Found, m/z: 399.2154 [M]+. C22H29O4N3. Calculated, m/z:
399.2153. [α]25D = −12.9 (CHCl3, c = 0.34).
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N′-[(1S,2E,4S)-1,7,7-Trimethylbicycloĳ2.2.1]hept-2-
ylidene]benzohydrazide (+)-9

White solid (66% yield); 1H NMR (400 MHz, CDCl3): 0.75 and
0.90 (3H, s, H-8 and H-9), 0.98 (3H, s, H-10), 1.31–1.23 (1H,
m, H-3), 1.30–1.38 (1H, m, H-2), 2.59 (1H, d, J = 17.4, H-5),
2.10 (1H, d, J = 17.4, H-5), 1.93 (1H, m, H-4), 1.65–1.75 (1H,
m, H-2), 1.75–1.80 (1H, m, H-3), 7.74–7.82 (2H, m, H-12, H-
16), 7.41–7.49 (2H, m, H-13, H-15), 7.50–7.56 (1H, m, H-14).
13C NMR (100 MHz, CDCl3): 11.64 (C-10), 18.74 and 19.54 (C-
8 and C-9), 43.88 (C-4), 34.93 (C-5), 27.05 (C-3), 32.58 (C-2),
52.90 (C-1), 47.83 (C-7), 127.80 (C-12, C-16), 128.52 (C-13, C-
15), 134.39 (C-17), 131.49 (C-14), 163.44 (C-6), 171.32 (C-11).
Found, m/z: 270.1724 [M]+. C17H22ON2. Calculated, m/z:
270.1727 [α]25D = 53.8 (CHCl3, c = 0.15).

Biological assays

Screening for cytotoxicity and antiviral activity VV. A typi-
cal representative of orthopoxviruses, the vaccinia virus
(strain Copenhagen), obtained from the State Collection of
Virus Infection and Rickettsiosis Agents of VECTOR was used
in this work. The virus was grown in a Vero cell culture. The
virus concentration in the culture liquid was determined by
plaque titration in the Vero cell culture, calculated and
expressed in decimal logarithms of plaque-forming units in 1
mL (log10 PFU mL−1). The concentration of the virus in the
samples used in this work was from 5.6 to 6.1 log10 PFU
mL−1. The series of virus with the indicated titre was stored
and used at work at −70 °C.

The antiviral efficacy of the compounds was evaluated as
follows. In wells of 96-well plates containing a monolayer of
Vero cells in 100 μl of DMEM medium with 2% fetal serum,
50 μl of serial dilutions of the test compounds were first in-
troduced and then 50 μl of dilution of orthopoxvirus at a
dose of 1000 PFU per well were added. The toxicity of the
compounds was determined by the Vero cell death caused by
the drug in the wells of the plate, into which the virus was
not introduced. Monolayers of cells were used as controls in
the wells of the plate, into which virus without compounds
(virus control) was introduced, and monolayers of cells in
wells, into which neither the virus nor the compound was in-
troduced (cell culture control), were introduced. After incuba-
tion for 4 days, the monolayer of cells was stained with vital
dye neutral red for 2 h. After removing the dye and washing
the wells from its unbound fraction, a lysis buffer was added.
The amount of dye adsorbed by the living cells of the mono-
layer was evaluated by optical density (OD), which is an indi-
cation of the number of cells undisturbed under the influ-
ence of a virus in a monolayer. The OD was measured on an
Emax spectrophotometer (Molecular Devices, USA) at a wave-
length of 490 nm. Results were processed using the Soft Max
Pro 4.0 program, which computed the 50% toxic concentra-
tion (CC50 in μM) and 50% inhibitory concentration (IC50 in
μM). The selectivity index (SI) was determined as SI = CC50/
IC50 using the corresponding concentrations.

Screening for cytotoxicity and antiviral activity against in-
fluenza virus

Cytotoxicity assay. The microtetrazolium test (MTT) was
used to study the cytotoxicity of the compounds. Briefly, a
series of three-fold dilutions of each compound (300–400 μg
mL−1) in Eagle's minimal essential medium (MEM) were pre-
pared. MDCK cells were incubated for 48 h at 36 °C in 5%
CO2 in the presence of the dissolved substances. The cells
were washed twice with phosphate-buffered saline (PBS),
and a solution of 3-(4,5-dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide (ICN Biochemicals Inc. Aurora,
Ohio) (0.5 μg mL−1) in PBS was added to the wells. After 1 h
incubation, the wells were washed and the formazan residue
was dissolved in DMSO (0.1 mL per well). The optical density
in the wells was then measured on a Victor2 1440
multifunctional reader (Perkin Elmer, Finland) at a wave-
length of 535 nm and plotted against the concentration of
the compounds. Each concentration was tested in three par-
allels. The 50% cytotoxic concentration (CC50) of each com-
pound was calculated from the data obtained.

Virus inhibition assay. The compounds in appropriate
concentrations were dissolved in 0.1 mL DMSO and the final
solutions were prepared by adding MEM with 1 μg mL−1

trypsin. The compounds were incubated with MDCK cells for
1 h at 36 °C. Each concentration of the compounds was
tested in triplicate. The cell culture was then infected with
influenza virus A/Puerto Rico/8/34 (H1N1) (moi 0.01) for 1 h,
the unbound virions were removed by washing and cells were
incubated for 24 h at 36 °C in the presence of 5% CO2. The
virus titer in the supernatant was determined by a
hemagglutination test after cultivation of the virus in MDCK
cells for 48 h at 36 °C in the presence of 5% CO2.
Rimantadine and oseltamivir carboxylate were used as
reference drugs. For calculations, the virus titer was
expressed as the percentage of the titer in control wells
without compounds. The 50% inhibitory concentrations
(IC50) and the selectivity indices (SI, the ratio of CC50 to IC50)
were calculated from the data obtained.
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