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Introduction

Poxviruses, double-stranded DNA viruses that replicate entirely
in the cytoplasm, are the largest known animal viruses.[1] The
most famous members of the poxvirus family are variola virus,
the causative agent of smallpox, and vaccinia virus, which
shares over 97 % amino acid sequence identity with variola, is
used in the variola virus vaccine, and is widely used as a model
poxvirus in the laboratory.[2]

Smallpox is a devastating, highly transmissible, infectious
disease with high morbidity and up to 40 % mortality. Follow-
ing a global, intensive immunization campaign with the vacci-
nia virus vaccine, the World Health Organization (WHO) de-
clared the worldwide eradication of smallpox in 1980. Three
years later, variola virus stocks were either supposedly de-
stroyed or submitted to one of the two WHO-approved labora-
tories situated at the US Center for Disease Control and Pre-
vention (CDC) in Atlanta and at the Russian State Research
Center of Virology and Biotechnology in Novosibirsk.[3]

The successful global immunization campaign resulted in a
decreased demand for the development of therapies against
variola virus because pharmaceutical companies had little in-
terest in developing drugs for a disease that had already been
eradicated. However, owing to recent worldwide political de-
velopments, variola is nowadays widely regarded as one of the
most significant bioterrorist threats.[4] In fact, the CDC has
placed variola virus at the top of the high-threat agents list
(category A)[5] because the impact of a smallpox pandemic in
the human population today would be even more catastrophic
than during the last century as a result of the vaccination pro-
grams being suspended, mainly because the vaccinia virus vac-
cines have substantial side effects.[6] Moreover, there is also a
natural public threat arising from the emergence of zoonotic
poxvirus infections such as the monkeypox virus, a virus that
produces a disease in man that closely resembles smallpox,
though less frequently fatal. Monkeypox exists naturally in
Africa and several cases are reported in the US every year.[7]

The bioterrorist threat, the growing concern about zoonotic
infections, and the side effects of vaccines have re-established
the need for efficient safe therapies for poxvirus infections.

Recently, several compounds have been identified that in-
hibit various steps in poxvirus infection, including DNA synthe-
sis and virion morphogenesis.[8] The drugs currently recom-
mended for short-term prophylaxis, adverse vaccination reac-
tions, and emergency treatment against smallpox are cidofovir
(CDV) and tecovirimat (ST-246; Figure 1).

CDV is an acyclic phosphonate derivative of cytosine that
targets viral DNA polymerases. It has a broad-spectrum antivi-

The synthesis and antiviral activity of a series of novel polycyc-
lic analogues of the orthopoxvirus egress inhibitor tecovirimat
(ST-246) is presented. Several of these compounds display sub-
micromolar activity against vaccinia virus, and were more
potent than cidofovir (CDV). The more active compounds were
about 10-fold more active than CDV, with minimum cytotoxic
concentrations above 100 mm. Chemical manipulations of the

two carbon–carbon double bonds present in the compounds
were carried out to further explore the structure–activity rela-
tionships of these new polycyclic imides. Hydrogenation of the
two carbon–carbon double bonds decreases antiviral activity,
whereas either cyclopropanation or epoxidation of the double
bonds fully eliminates the antiviral activity.

Figure 1. Structures of CDV and ST-246.
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ral activity, proving to be effective against many poxviruses
and herpesviruses. However, the low oral bioavailability of CDV
and potential nephrotoxicity associated with its intravenous
administration would be an issue in the case of a bioterrorist
attack. Prodrugs of CDV have been prepared that significantly
enhance its oral bioavailability.[9]

Tecovirimat, a new, potent, orally active antipoxviral agent
recently disclosed by SIGA laboratories, features a polycyclic
hydrocarbon moiety and an N-benzamido substituent.[10] It tar-
gets the F13L protein of vaccinia virus, a membrane compo-
nent required for the formation of extracellular viral particles.[11]

Tecovirimat was shown to inhibit the growth of multiple ortho-
poxviruses in cell cultures, including two strains of variola
virus. In addition, tecovirimat has demonstrated significant an-
tiviral activity in various animal models of the poxvirus disease,
including the complete protection of golden-mantled ground
squirrels from lethal doses of monkeypox virus and protection
of nonhuman primates from variola virus in lesional disease
models.[12] The agent demonstrated favorable safety, tolerabili-
ty, and pharmacokinetics in a double-blind, randomized, place-
bo-controlled phase I ascending-dose study in healthy human
volunteers. These and other results support the use of tecoviri-
mat to prevent smallpox disease in nonvaccinated individuals,
as a postexposure therapeutic for use in nonsymptomatic indi-
viduals exposed to variola virus, as a treatment for confirmed
smallpox infection, and as an adjuvant to vaccination with the
smallpox vaccine.[13] Recently, it has received both orphan drug
designation and fast-track status from the US Food and Drug
Administration (FDA), supporting development of tecovirimat
for the prevention and treatment of smallpox infections.[14]

SIGA has disclosed structure–activity relationships on ST-246,
mainly regarding the effects of the substitution of the aromatic
ring. However, few efforts were made with regard to the re-
placement of the tricyclononene subunit (Figure 2).[15]

Results and Discussion

For many years, our group has worked on the synthesis of
polycyclic hydrocarbon derivatives, mainly from a synthetically
oriented point of view.[16] We believed that replacement of the
tricyclononane subunit of ST-246 by other polycyclic hydrocar-
bon structures could lead to new compounds with potential
antipoxviral activity.

Dimethyl pentacyclo[6.4.0.02,10.03,7.04,9]dodeca-5,11-diene-8,9-
dicarboxylate (4) is a functionalized polycyclic compound that
is easily available from cyclopentadiene and dimethyl acetyle-
nedicarboxylate following a one-pot procedure.[17] For more
than 30 years this compound was the starting material for the
synthesis of several theoretically interesting polycyclic com-
pounds such as dodecahedrane, a C16-hexaquinacene, func-
tionalized bisnoradamantane derivatives, and triquinacene de-
rivatives.[18]

Herein we report the synthesis and potent antiviral activity
of several ST-246 analogues containing a pentacy-
clo[6.4.0.02,10.03,7.04,9]dodeca-5,11-diene moiety. To the best of
our knowledge, these are the first biologically active com-
pounds featuring this pentacyclic framework. We also report
the synthesis and evaluation of several analogues of ST-246
containing a tricyclo[3.3.0.03,7]octane (bisnoradamante) skele-
ton. Note that although ST-246 and several analogues studied
by SIGA had the two carbonyl groups of the imide moiety of
the molecule attached to methyne carbon atoms, the com-
pounds herein feature the carbonyl groups attached to quater-
nary carbon atoms (Figure 3).

Synthesis of compounds 3 a–j was accomplished in two
steps through condensation of an acyl hydrazide with the
known bisnoradamantane anhydride (1),[19] followed by ther-
mally induced dehydratation of the carboxylic acids 2 a–j to
the N-benzamido imides 3 a–j (Scheme 1).

On the other hand, starting from diester 4,[17] hydrolysis and
dehydratation led to anhydride 5 in very high yield.[20] Reaction
of 5 with a series of acyl hydrazides in ethanol led to the corre-
sponding mixtures of acids 6 and benzamido imides 7. Heating
of these mixtures in toluene or xylene at reflux for 24 h led to
the required imides 7 in good overall yields (Scheme 2).

To explore the structure–activity relationship (SAR) of these
new polycyclic imides further we carried out chemical manipu-

Figure 2. Polycyclic scaffolds studied by SIGA.

Figure 3. Polycyclic analogues of ST-246 reported herein. X = CH2, O.

Scheme 1. Synthetic route to N-benzamido imides 3 a–j : a) NH2NHCOR, dii-
sopropylethylamine, EtOH, reflux, 6 h; b) toluene or xylene, reflux, 24 h.
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lations of the two carbon–carbon double bonds of 7. Reaction
of 7 a, 7 k, and 7 s with an excess of dimethyldioxirane in ace-
tone led to the corresponding diepoxides 8 a, 8 k, and 8 s in
high yields (Scheme 2). The stereoselectivity of the epoxidation
reaction was unequivocally established for 8 s by X-ray crystal-
lography (Figure 4).[21]

Catalytic hydrogenation of 7 a and 7 d led to 9 a and 9 d, re-
spectively, in nearly quantitative yields. The reduction of the
two carbon–carbon double bonds of 7 b was accompanied by
hydrogenolysis of the C�Br bond, leading to 9 e in quantitative
yield. Finally, we explored the double cyclopropanation of the
dienes. Because several attempts to achieve the cyclopropana-
tion of 7 a failed, we carried out the cyclopropanation of anhy-
dride 5 that led to anhydride 10. Reaction of 10 with selected
acyl hydrazides, followed by thermally induced dehydratation
of the carboxylic acids 11, led to N-benzamido imides
12 a,k,l,m,o,p in good overall yields (Scheme 3). The stereose-

lectivity of the cyclopropanation reaction was unequivocally
established by X-ray crystallography (Figure 5).[21]

The structures of all new compounds were confirmed by ele-
mental analysis and/or accurate mass measurement, as well as

IR, 1H NMR, 13C NMR, and mass spectral data. Moreover, the
structural features of 3 e, 8 s, and 10 were further confirmed by
X-ray crystallography (Figure 6).[21] Interestingly, in 3 e and in
8 s, the plane of the benzamido substituent is essentially or-
thogonal to the plane of the imide group.

For the compounds of general structure 3, 7, 8, 9, and 12,
CPE (cytopathic effect) reduction assays were performed to de-
termine the antiviral activity against a broad panel of DNA and
RNA viruses, that is, herpes simplex virus type 1 and type 2,
and vaccinia virus (evaluated in infected human embryonic
lung fibroblast (HEL) cells) ; feline coronavirus and feline her-
pesvirus (in Crandell–Rees Feline Kidney cells) ; vesicular stoma-
titis virus, Coxsackie B4 virus and respiratory syncytium virus
(tested in HeLa cells) ; parainfluenza-3 virus, reovirus-1, Sindbis
virus, and Punta Toro virus (tested in Vero cells) ; and influenza
virus (in Madin–Darby canine kidney cells).[22]

In studying the SAR of several analogues of ST-246, Bailey
et al. have previously found that electron-withdrawing substi-

Scheme 2. Synthetic route to N-benzamido imides 7: a) KOH, MeOH, H2O,
reflux, 5 h; then HCl; b) acetic anhydride, reflux, 1 h, 85 % yield;
c) NH2NHCOR, diisopropylethylamine, EtOH, reflux, 6 h; d) toluene or xylene,
reflux, 24 h; e) dimethyldioxirane, acetone, RT; f) H2, Pd/C, 1 atm, EtOH.

Figure 4. X-ray diffraction structure of 8 s.

Scheme 3. Synthetic route to N-benzamido imides 12 : a) CH2N2, Pd(OAc)2,
Et2O, 98 % yield; b) NH2NHCOR, diisopropylethylamine, EtOH, reflux, 6 h;
c) xylene, reflux, 24 h.

Figure 5. X-ray diffraction structure of anhydride 10.
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tution on the meta or para position of the N-benzamido sub-
stituent provided the most potent inhibitors of orthopoxvi-
rus.[10, 15] We observed the same trend in our bisnoradamantane
derivatives, the p-nitro (3 c) and 4-pyridyl (3 f) derivatives being
the only active compounds against vaccinia virus (Table 1). For
these reasons we only synthesized derivatives of 7, 8, 9, and
12 that have electron-withdrawing substituents on the benza-
mide ring.

The two carbon–carbon double bonds were shown to be es-
sential for good antiviral activity, as neither the epoxides nor
the cyclopropanated derivatives were active (data not shown).
The hydrogenation also decreased the potency, with reduced
compound 9 a being one order of magnitude less potent than
the diene 7 a. Interestingly, within the dienes, although most
of the derivatives that were para substituted with one elec-
tron-withdrawing group were active against vaccinia virus in
the low micromolar order, introduction of a further electron-
withdrawing group at the meta position led to sub-micromolar
activities. The more active compounds, 7 k, 7 l, and 7 m,
showed sub-micromolar EC50 values that were at least 10 times
lower than cidofovir. However, if the electron-withdrawing sub-
stituent was only in the meta position, less potent compounds
were found (compare 7 a and 7 r).

Very interestingly, most of the compounds showed no cyto-
toxicity (as determined by microscopy) at the highest concen-
tration tested in HEL cells (100 mm). None of the compounds
displayed considerable activity (defined as an antiviral EC50

value of 20 mm or less) against any of the other viruses tested.

Conclusions

We have synthesized a series of N-benzamido imides and
tested them against vaccinia virus. Although most of the bis-
noradamantane derivatives were either inactive or active at
high micromolar concentrations, most of the pentacy-
clo[6.4.0.02,10.03,7.04,9]dodeca-5,11-diene derivatives showed low
micromolar or sub-micromolar anti-vaccinia virus activities. The
more active compounds were about 10-fold more active than
cidofovir, with minimum cytotoxic concentrations above
100 mm. Hydrogenation of the two carbon–carbon double

bonds decreased the antiviral activity, whereas either the cyclo-
propanation or the epoxidation of the double bonds fully elim-
inated the antiviral activity.

Experimental Section

Synthesis of 2 a : A mixture of anhydride 1 (103 mg, 0.50 mmol), 4-
trifluoromethylbenzoic acid hydrazide (102 mg, 0.50 mmol), and a
drop of diisopropylethylamine in absolute EtOH (2 mL) was heated
under reflux for 5 h. Upon cooling to room temperature, H2O
(0.2 mL) was added. The precipitate was collected by filtration and
washed with cold EtOH (2 � 2 mL) to give compound 2 a as a white
solid (176 mg, 86 % yield); mp: 256–257 8C; 1H NMR (500 MHz,
[D6]DMSO): d= 1.15 (s, 6 H, CH3), 1.60 (dd, J = 8.0, J’= 3.5 Hz, 2 H)
and 1.72 (dd, J = 8.0, J’= 3.5 Hz, 2 H) (2(8)-Ha and 4(6)-Ha), 1.80 (d,
J = 8.0 Hz, 2 H) and 1.87 (d, J = 8.0 Hz, 2 H) (2(8)-Hb and 4(6)-Hb),
7.88 (d, J = 8.5 Hz, 2 H, Ar-3(5)-H), 8.06 (d, J = 8.5 Hz, 2 H, Ar-2(6)-H),
9.52 (s, 1 H, NHCO-C5), 10.53 (s, 1 H, NHCO-Ar), 11.82 ppm (br s, 1 H,
COOH); 13C NMR (100.6 MHz, [D6]DMSO): d= 16.0 (CH3, C3(7)-CH3),
47.1 (C, C3(7)), 55.7 (CH2) and 56.0 (CH2) (C2(8) and C4(6)), 57.1 (C)
and 58.0 (C) (C1 and C5), 123.9 (C, q, JC�F = 272.2 Hz, CF3), 125.4

Figure 6. X-ray diffraction structure of 3 e.

Table 1. Antiviral activity and cytotoxicity in vaccinia-virus-infected HEL
cells.

Compound Antiviral EC50 [mM][a] Minimum cytotoxic
concentration [mM][b]

3 a, R = 4-CF3-C6H4 >100 >100
3 b, R = 4-Br-C6H4 100 >100
3 c, R = 4-NO2-C6H4 45 >100
3 d, R = 4-Cl-C6H4 >100 >100
3 e, R = C6H5 >100 >100
3 f, R = 4-pyridyl 45 >100
3 g, R = 4-CH3-C6H4 >100 >100
3 h, R = 4-CH3O-C6H4 >100 >100
3 i, R = 3-Br-C6H4 >100 >100
3 j, R = CH3 >100 >100
7 a, R = 4-CF3-C6H4 1.2 (n = 3) >100
7 b, R = 4-Br-C6H4 7.3 (n = 3) >100
7 c, R = 4-NO2-C6H4 3.0 (n = 2) >100
7 d, R = 4-Cl-C6H4 8.3 (n = 3) >100
7 f, R = 4-pyridyl >100 >100
7 k, R = 3,4-di-Cl-C6H3 0.48 (n = 2) 100
7 l, R = 3-Cl-4-Br-C6H3 0.60 (n = 2) 100
7 m, R = 3-Br-4-Cl-C6H3 0.16 (n = 2) 100
7 n, R = 3-CF3-4-Cl-C6H3 0.8 (n = 2) >100
7 o, R = 3-CH3-4-NO2-C6H3 3 (n = 2) >100
7 p, R = 6-Cl-3-pyridyl 48 (n = 2) >100
7 q, R = 3,4-di-F-C6H3 16 (n = 2) >100
7 r, R = 3-CF3-C6H4 16 (n = 2) >100
7 s, R = 3,5-di-CF3-C6H3 >100 >100
7 t, R = 3,5-di-Cl-C6H3 >20 >100
7 u, R = 3,4,5-tri-F-C6H2 32 (n = 2) >100
9 a, R = 4-CF3-C6H4 13.7 (n = 3) >100
9 d, R = 4-Cl-C6H4 >100 >100
9 e, R = C6H5 >100 >100
ST-246 0.065 (n = 3) >100
Cidofovir 5.7 (n = 3) >250

[a] Compound concentration required to decrease virus-induced cytopa-
thogenicity by 50 %. [b] Compound concentration required to cause a mi-
croscopically detectable alteration of normal cell morphology. Diepoxides
8 a,k,s and biscyclopropyl derivatives 12 a,k,l,m,o,p showed EC50>

100 mm. The number of independent tests is given in parentheses.

ChemMedChem 2010, 5, 2072 – 2078 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemmedchem.org 2075

Polycyclic Imides with Potent Activity against Vaccinia Virus

www.chemmedchem.org


(CH, q, JC�F = 3.8 Hz, Ar-C3(5)), 128.4 (CH, Ar-C2(6)), 131.4 (C, q,
JC�F = 31.9 Hz, Ar-C4), 136.6 (C, Ar-C1), 164.2 (C, ArCO), 170.9 (C,
COOH), 173.6 ppm (C, C5-CONH); IR (KBr): ñ= 3400–2850 (max. at
3271, 3188, 3086, 3003, 2971, 2891, 2872), 1715, 1678, 1629, 1500,
1479, 1328, 1307, 1168, 1122, 1065, 851, 702, 689 cm�1; MS (EI,
70 eV): m/z (%): 410 (1) [M]C+ , 393 (2) [M�OH]+ , 337 (8), 207 (97)
[C11H15O2�CO]+ , 189 (22), 173 (100) [CF3�C6H4�CO]+ , 161 (53)
[C10H13�CO]+ , 145 (41), [CF3�C6H4]+ , 133 (25), 121 (24); Anal. calcd
for C20H21F3N2O4 : C 58.53, H 5.16, F 13.89, N 6.83, found: C 58.72, H
5.16, F 13.79, N 6.82.

Compounds 2 b–i were prepared in a similar manner to 2 a ; full ex-
perimental data for these compounds are given in the Supporting
Information.

Synthesis of 3 a : A suspension of acid 2 a (155 mg, 0.38 mmol) in
xylene (5 mL) was heated under reflux for 24 h in Dean–Stark appa-
ratus. The solution was concentrated in vacuo to give compound
3 a as a white solid (146 mg, 99 % yield). An analytical sample of
3 a was obtained by crystallization from CH2Cl2/pentane; mp: 217–
218 8C; 1H NMR (500 MHz, [D6]DMSO): d= 1.22 (s, 6 H, CH3), 1.84–
1.89 (complex signal, 4 H, 6(10)-Hb and 9(11)-Hb), 1.93–1.98 (com-
plex signal, 4 H, 6(10)-Ha and 9(11)-Ha), 7.96 (d, J = 8.0 Hz, 2 H, Ar-
3(5)-H), 8.11 (d, J = 8.0 Hz, 2 H, Ar-2(6)-H), 11.39 ppm (s, 1 H, NH);
13C NMR (100.6 MHz, [D6]DMSO): d= 15.6 (CH3) and 15.7 (CH3) (C7-
CH3 and C8-CH3), 50.9 (C) and 51.1 (C) (C7 and C8), 53.8 (C, C1(5)),
54.3 (CH2) and 54.5 (CH2) (C6(10) and C9(11)), 123.7 (C, q, JC�F =
272.2 Hz, CF3), 125.8 (CH, q, JC�F = 3.8 Hz, Ar-C3(5)), 128.6 (CH, Ar-
C2(6)), 132.3 (C, q, JC�F = 32.2 Hz, Ar-C4), 134.8 (C, Ar-C1), 163.6 (C,
Ar-CONH), 173.8 ppm (C, C2(4)) ; IR (KBr): ñ= 3283, 2963, 2901,
2868, 1787, 1726, 1694, 1518, 1496, 1482, 1406, 1381, 1325, 1275,
1169, 1130, 1064, 1015, 855, 816 cm�1; MS (EI, 70 eV): m/z (%): 392
(7) [M]C+ , 373 (4) [M�F]+ , 337 (13), 174 (11), 173 (100)
[CF3�C6H4CO]+ , 161 (22), 145 (27) [CF3�C6H4]+ , 121 (17); Anal.
calcd for C20H19F3N2O3 : C 61.22, H 4.88, N 7.14, F 14.53, found: C
61.69, H 5.16, N 7.14, F 14.54.

Compounds 3 b–i were prepared in a similar manner to 3 a ; full ex-
perimental data for these compounds are given in the Supporting
Information.

Synthesis of 3 j : A mixture of acetohydrazide (62 mg, 0.84 mmol),
anhydride 1 (155 mg, 0.75 mmol), and a drop of diisopropylethyl-
amine in absolute EtOH (2 mL) was heated under reflux for 6 h.
Upon cooling to room temperature, H2O (0.2 mL) was added. The
solution (occasionally a suspension) was stored in the refrigerator
overnight, and the precipitate was collected by filtration and
washed with cold EtOH (2 � 2 mL). The solid was suspended in
xylene (5 mL) and heated under reflux for 24 h in Dean–Stark appa-
ratus. The solution was concentrated in vacuo to give compound
3 j. An analytical sample of 3 j was obtained by crystallization from
CH2Cl2 ; mp: 236–237 8C; 1H NMR (500 MHz, [D6]DMSO): d= 1.19 (s,
6 H, C7(8)-CH3), 1.74–1.77 (m, 2 H) and 1.82–1.90 (complex signal,
6 H) (6(10)-Ha, 6(10)-Hb, 9(11)-Ha and 9(11)-Hb), 1.97 (s, 3 H CH3CO),
10.40 ppm (s, 1 H, NH); 13C NMR (100.6 MHz, [D6]DMSO): d= 15.6
(CH3) and 15.7 (CH3) (C7-CH3 and C8-CH3), 20.3 (CH3, CH3CO), 50.8
(C) and 51.0 (C) (C7 and C8), 53.6 (C, C1(5)), 54.1 (CH2) and 54.5
(CH2) (C6(10) and C9(11)), 167.7 (C, CH3-CONH), 173.9 ppm (C,
C2(4)) ; IR (KBr): ñ= 3232, 3187, 2972, 2946, 2890, 2868, 1787, 1739,
1669, 1535, 1382, 1314, 1293, 1275, 1208, 1147, 1099, 1012, 984,
861, 819, 744, 620 cm�1; MS (EI, 70 eV): m/z (%): 262 (1) [M]C+ , 221
(14), 220 (100) [M�C2H2O]C+ , 192 (63) [M�C2H2O�CO]C+ , 165 (25),
161 (44), 134 (25), 133 (43), 121 (34), 91 (45), 77 (35); Anal. calcd
for C14H18N2O3 : C 64.11, H 6.92, N 10.68, found: C 64.05, H 6.91, N
10.44.

Synthesis of 7 a : This compound was obtained in a similar manner
to that described before for compound 3 j. Starting from anhydride
5 (200 mg, 0.88 mmol) and 4-(trifluoromethyl)benzoic acid hydra-
zide (180 mg, 0.88 mmol), compound 7 a was isolated as a white
solid (285 mg, 78 % yield). An analytical sample of 7 a was obtained
by crystallization from CH2Cl2/pentane; mp: 268–269 8C; 1H NMR
(500 MHz, [D6]DMSO): d= 2.85 (br s, 1 H) and 2.86 (br s, 1 H) (10-H
and 11-H), 3.56 (br s, 2 H) and 3.57 (br s, 2 H) (6(9)-H and 12(15)-H),
6.06 (s, 2 H) and 6.10 (s, 2 H) (7(8)-H and 13(14)-H), 7.90 (d, J =
8.0 Hz, 2 H, Ar-3(5)-H), 8.06 (d, J = 8.0 Hz, 2 H, Ar-2(6)-H), 11.31 ppm
(s, 1 H, NH); 13C NMR (100.6 MHz, [D6]DMSO): d= 62.1 (CH, C6(9)
and C12(15)), 63.7 (CH) and 64.2 (CH) (C10 and C11), 64.9 (C, C1(5)),
123.9 (C, q, JC�F = 272.7 Hz, CF3), 125.9 (CH, q, JC�F = 3.8 Hz, Ar-
C3(5)), 128.8 (CH, Ar-C2(6)), 131.9 (C, overlapped q, Ar-C4), 132.2
(CH) and 132.5 (CH) (C7(8) and C13(14)), 134.8 (C, Ar-C1), 162.8 (C,
CONH), 171.9 ppm (C, C2(4)) ; IR (KBr): ñ= 3312, 3061, 2982, 1722,
1704, 1480, 1407, 1328, 1270, 1244, 1163, 1134, 1117, 1067, 1017,
854, 822, 774, 702 cm�1; MS (EI, 70 eV): m/z (%): 412 (2) [M]C+ , 393
(4) [M�F]+ , 348 (19), 347 (100) [M�C5H5]C+ , 173 (80)
[CF3�C6H4�CO]+ , 154 (13), 153 (26), 152 (20), 145 (35) [CF3�C6H4]+

; Anal. calcd for C22H15F3N2O3·0.5H2O: C 62.71, H 3.83, N 6.65, F
13.53, found: C 62.61, H 3.98, N 6.55, F 13.48.

Like compound 7 a, derivatives 7 b–d, f, k–u were prepared in a
similar manner to 3 j ; full experimental data for these compounds
are given in the Supporting Information.

Synthesis of 8 a : An excess of a solution of dimethyldioxirane
(63 mg, 3.8 mmol) in acetone (1.5 mL) was added to solid com-
pound 7 a (70 mg, 0.17 mmol) and the solution was stirred over-
night at room temperature. The solvent was evaporated in vacuo
to give compound 8 a as a white solid (75 mg, 99 % yield). An ana-
lytical sample of 8 a was obtained by crystallization from acetone.
Mp:>290 8C (dec.) ; 1H NMR (500 MHz, [D6]DMSO): d= 2.14 (br s,
2 H, 11-H and 12-H), 3.31 (br s, 4 H, 6(10)-H and 13(17)-H), 3.36 (br s,
2 H) and 3.43 (br s, 2 H) (7(9)-H and 14(16)-H), 7.95 (d, J = 8.3 Hz,
2 H, Ar-3(5)-H), 8.11 (d, J = 8.3 Hz, 2 H, Ar-2(6)-H), 11.62 ppm (s, 1 H,
NH); 13C NMR (100.6 MHz, [D6]DMSO): d= 38.4 (CH) and 39.0 (CH)
(C11 and C12), 47.3 (CH) and 47.7 (CH) (C7(9) and C14(16)), 54.8
(CH) and 55.1 (CH) (C6(10) and C13(17)), 59.2 (C, C1(5)), 123.7 (C, q,
JC�F = 272.8 Hz, CF3), 125.9 (CH, q, JC�F = 3.8 Hz, Ar-C3(5)), 128.8 (CH,
Ar-C2(6)), 132.5 (C, q, JC�F = 31.8 Hz, Ar-C4), 134.3 (C, Ar-C1), 163.4
(C, CONH), 171.0 ppm (C, C2(4)) ; IR (KBr): ñ= 3248, 3047, 3018,
2985, 1792, 1741, 1703, 1521, 1497, 1407, 1398, 1326, 1305, 1268,
1247, 1164, 1133, 1115, 1100, 1065, 852, 845, 823, 695 cm�1; MS (EI,
70 eV): m/z (%): 444 (4) [M]C+ , 393 (4) [M�F]+ , 173 (100)
[CF3�C6H4�CO]+ , 145 (29) [CF3�C6H4]+ , 81 (20); HRMS (ESI+): m/z
[M+H]+ calcd for C22H15F3N2O5 + H: 445.1006, found: 445.1007;
Anal. calcd for C22H15F3N2O5·0.25acetone: C 59.55, H 3.62, N 6.10, F
12.42, found: C 59.15, H 3.67, N 5.88, F 12.15.

Compounds 8 k and 8 s were prepared in a similar manner to 8 a ;
full experimental data for these compounds are given in the Sup-
porting Information.

Synthesis of 9 a : A mixture of benzamide 7 a (142 mg, 0.34 mmol)
and Pd/C (5 %, 8 mg) in EtOH (20 mL) was hydrogenated at 1 atm
for 18 h. The suspension was filtered and the filtrate was concen-
trated to dryness in vacuo to give compound 9 a (137 mg, 96 %
yield). An analytical sample of 9 a was obtained by crystallization
from MeOH; mp: 254–255 8C; 1H NMR (500 MHz, [D6]DMSO): d=
1.40–1.44 (m, 2 H, 13(14)-Hendo), 1.59–1.67 (complex signal, 6 H, 7(8)-
Hexo, 7(8)-Hendo and 13(14)-Hexo), 2.60 (br s, 2 H, 10-H and 11-H), 2.72
(br s, 4 H, 6(9)-H and 12(15)-H), 7.94 (d, J = 8.0 Hz, 2 H, Ar-3(5)-H),
8.13 (d, J = 8.0 Hz, 2 H, Ar-2(6)-H), 11.47 ppm (br s, 1 H, NH); 13C NMR
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(100.6 MHz, [D6]DMSO): d= 22.5 (CH2) and 22.7 (CH2) (C7(8) and
C13(14)), 50.7 (CH) and 51.0 (CH) (C10 and C11), 55.0 (CH) and 55.4
(CH) (C6(9) and C12(15)), 59.8 (C, C1(5)), 123.6 (C, q, JC�F = 272.3 Hz,
CF3), 126.0 (CH, q, JCF = 3.8 Hz, Ar-C3(5)), 128.8 (CH, Ar-C2(6)), 132.4
(C, q, JC�F = 32.2 Hz, Ar-C4), 135.0 (C, Ar-C1), 163.6 (C, CONH),
173.6 ppm (C, C2(4)) ; IR (KBr): ñ= 3325, 2959, 2875, 1781, 1720,
1700, 1521, 1476, 1329, 1287, 1270, 1163, 1143, 1120, 1093, 1068,
849, 695 cm�1; MS (EI, 70 eV): m/z (%): 416 (30) [M]C+ , 173 (100)
[CF3�C6H4�CO]+ , 145 (19) [CF3�C6H4]+ ; Anal. calcd for
C22H19F3N2O3·0.25H2O: C 62.78, H 4.67, N 6.66, F 13.54, found: C
62.85, H 4.88, N 6.61, F 13.64.

Compounds 9 d and 9 e were prepared in a similar manner to 9 a ;
full experimental data for these compounds are given in the Sup-
porting Information.

Synthesis of 10 : Excess of an ethereal solution of diazomethane
(100 mL) was added to a mixture of anhydride 5 (200 mg,
0.88 mmol) and Pd(OAc)2 (5 mg, 0.02 mmol) and the suspension
was stirred overnight at room temperature. The mixture was fil-
tered and the filtrate was dried with anhydrous Na2SO4 and con-
centrated in vacuo to give a yellow solid, which was subjected to
silica-gel column chromatography (hexane/EtOAc mixtures). Upon
elution with hexane/EtOAc 95:5, anhydride 10 (220 mg, 98 % yield)
was obtained as a white solid. An analytical sample of 10 was ob-
tained by crystallization from a mixture CH2Cl2/pentane; mp:
180 8C (sublimes); 1H NMR (500 MHz, CDCl3): d= 0.21 (dt, J = 5.6,
J’= 7.3 Hz, 2 H, 8(15)-Hanti), 0.30 (dt, J = 5.6 Hz, J’= 3.3 Hz, 2 H, 8(15)-
Hsyn), 1.19 (dd, J = 7.3 Hz, J’= 3.3 Hz, 4 H, 7(9,14,16)-H), 1.99–2.01
(m, 2 H, 11(12)-H), 2.92 ppm (dd, J = 1.8, J’= 0.8 Hz, 4 H, 6(10,13,17)-
H); 13C NMR (100.6 MHz, CDCl3): d= 2.1 (CH2, C8(15)), 9.6 (CH,
C7(9,14,16)), 39.7 (CH, C11(12)), 56.6 (CH, C6(10,13,17)), 66.3 (C,
C1(5)), 170.7 ppm (C, C2(4) ; IR (KBr): ñ= 3024, 2965, 1839, 1778,
1265, 1203, 1068, 1030, 911, 849, 816, 755, 679 cm�1; MS (EI,
70 eV): m/z (%): 254 (16) [M]C+ , 210 (54) [M�CO2]C+ , 182 (29)
[M�C2O3]C+ , 167 (100), 166 (42), 165 (80), 153 (36), 152 (43), 141
(42), 128 (52), 115 (46), 104 (21), 103 (23), 91 (31) 79 (60); Anal.
calcd for C16H14O3 : C 75.57, H 5.55, found: C 75.49, H 5.56.

Synthesis of 12 a : This compound was obtained in a similar
manner to that described before for compound 3 j. Starting from
anhydride 10 (200 mg, 0.79 mmol) and 4-(trifluoromethyl)benzoic
acid hydrazide (162 mg, 0.79 mmol), compound 12 a was isolated
as a white solid (182 mg, 52 % yield). An analytical sample of 12 a
was obtained by crystallization from a mixture CH2Cl2/pentane;
mp: 258–259 8C; 1H NMR (500 MHz, [D6]DMSO): d= 0.13–0.20 (m,
2 H, 8-Hanti and 15-Hanti), 0.31–0.37 (m, 2 H, 8-Hsyn and 15-Hsyn), 0.96
(dd, J = 7.1, J’= 3.0 Hz, 2 H) and 1.04 (dd, J = 7.1, J’= 3.2 Hz, 2 H)
(7(9)-H and 14(16)-H), 2.02–2.06 (m, 2 H, 11-H and 12-H), 2.86 (br s,
4 H, 6(10)-H and 13(17)-H), 7.94 (d, J = 8.2 Hz, 2 H, Ar-3(5)-H), 8.12
(d, J = 8.2 Hz, 2 H, Ar-2(6)-H), 11.43 ppm (s, 1 H, NH); 13C NMR
(125.7 MHz, [D6]DMSO): d= 1.8 (CH2) and 2.0 (CH2) (C8 and C15),
9.5 (CH) and 9.6 (CH) (C7(9) and C14(16)), 38.3 (CH) and 38.6 (CH)
(C11 and C12), 54.4 (CH) and 54.7 (CH) (C6(10) and C13(17)), 62.5
(C, C1(5)), 123.7 (C, q, JC�F = 272.8 Hz, CF3), 125.8 (CH, q, JC�F =
3.9 Hz, Ar-C3(5)), 128.6 (CH, Ar-C2(6)), 132.2 (C, q, JC�F = 32.3 Hz, Ar-
C4), 134.7 (C, Ar-C1), 163.2 (C, CONH), 172.9 ppm (C, C2(4)) ; IR
(KBr): ñ= 3351, 3079, 3012, 2965, 1780, 1718, 1694, 1473, 1332,
1291, 1265, 1167, 1143, 1128, 1116, 1096, 1067, 854, 817 cm�1; MS
(EI, 70 eV): m/z (%): 440 (4) [M]C + , 421 (2) [M�F]+ , 267 (4)
[M�(CF3�C6H4�CO)]+ , 173 (100) [CF3�C6H4�CO]+ , 145 (22)
[CF3�C6H4]+ ; Anal. calcd for C24H19F3N2O3 : C 65.45, H 4.35, N 6.36, F
12.94, found: C 65.55, H 4.59, N 6.20, F 12.76.

Like compound 12 a, derivatives 12 k–m, o–p were prepared in a
similar manner to 3 j ; full experimental data for these compounds
are given in the Supporting Information.
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