
Published: April 19, 2011

r 2011 American Chemical Society 3175 dx.doi.org/10.1021/jm101182s | J. Med. Chem. 2011, 54, 3175–3187

ARTICLE

pubs.acs.org/jmc

Synthesis of Tetrahydronaphthalene Lignan Esters by Intramolecular
Cyclization of Ethyl p-Azidophenyl-2-phenylalkanoates and
Evaluation of the Growth Inhibition of Human Tumor Cell Lines
Orlando Pinto,† Jo~ao Sardinha,† Pedro D. Vaz,† F�atima Piedade,†Maria J. Calhorda,†Rudolph Abramovitch,‡

Nair Nazareth,§ Madalena Pinto,§ Maria S. J. Nascimento,§ and Am�elia P. Rauter*,†
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’ INTRODUCTION

Tetrahydronaphthalene lignans1 are a group of naturally
occurring compounds spread within the plant kingdom and
classified as cyclolignans since their structure results from the
modification of the carbon skeleton of a lignan, which has an
additional carbocyclic ring formed by direct bonding between
two atoms of the lignan backbone.2 Synthetic strategies for
structurally diverse cyclolignans have been developed, namely,
for aryltetrahydronaphthalene lactones3 and tetrahydronaphtha-
lenes with various substitution patterns,4 requiring multistep
approaches. This family of compounds exhibits a variety of
biological activities, namely, antitumor,5 antiviral,6 anti-
inflammatory,7 and platelet antiaggregating activity.8 Some tetra-
hydronaphthalenes of synthetic origin were found to be selective
MT2 melatonin receptor antagonists,

9 while others act as ligands
for histamine H1 receptors

4a-4c,10 or stimulate tyrosine hydro-
xylase activity and dopamine synthesis.11 This type of lignans
includes clinically approved therapeutics and lead structures to
new drugs12 and is of valuable interest in medicinal chemistry.

The nitrenium ion chemistry has attracted special attention
from the scientific community, primarily due to its possible

involvement in the mechanism of action of amino- and nitroaro-
matic metabolites of mutagenic and carcinogenic processes and
in the mechanism of action of antitumor drugs.13 Its wide
application in (bio)organic synthesis is justified since it involves
simple, versatile, economical, and high yield methodologies.
Nitrenium ions have been engaged in a variety of synthetic
approaches including electrophilic amination of aromatic and
heterocyclic compounds,14 rearrangements15 of nitrogen-con-
taining compounds with nucleophiles,16 and intramolecular
cyclizations to afford new C-C,17 C-O,18 and C-N bonds.19

Abramovitch and co-workers have extensively used this type of
reaction for the preparation of six and seven homo- and hetero-
cyclic rings via acid-catalyzed decomposition of aryl azides.20

Intramolecular cyclization of nitrenium ions formed by treat-
ment of N-acylaminophthalimides with hypervalent iodine com-
pounds was also reported to afford lactams and spiro-fused
lactams.21
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ABSTRACT: Intramolecular cyclization via nitrenium ion of
2-phenylpentanoic/2-phenylbutanoic acid esters with a term-
inal p-azidophenyl group gives direct access to tetrahydro-
naphthalene lignan esters. The p-azidophenyl-substituted
butanoate led to an ethyl spirodienone carboxylate, while its
homologue pentanoate gave ethyl 4-(4-aminophenyl)-1,2,3,4-
tetrahydronaphthalene-1-carboxylate in good yield. In contrast,
the m-azidophenyl-substituted esters suffered aromatic nucleo-
philic addition of trifluoromethanesulfonate. X-ray crystallogra-
phy established unequivocally the end products structure, and density functional theory studies were performed to rationalize the
cyclization outcome. Reaction intermediates and end products were evaluated for their capacity to inhibit in vitro growth of the cell
lines MCF-7 (breast cancer), NCI-H460 (lung cancer), SF-268 (CNS cancer), and UACC-62 (melanoma). Growth inhibition of
breast, lung, and CNS cancer cell lines was observed with the spirodienone carboxylate, the m-nitrophenylalkyl iodides, and p-
phenyl-substituted elongated ethyl esters, namely, the p-nitrophenylpentanoate and p-aminophenylbutanoate, with the latter being
also effective on the melanoma cell line.
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We now report on the antitumor activity and synthesis of
tetrahydronaphthalene lignan esters containing a spirodienone
or a 4-aryl substitution via intramolecular cyclization of open-
chain nitrenium ions, whose formation was interpreted by
density functional theory (DFT) calculations. Intramolecular
cyclization of the 1,3-substituted aromatic precursors was also
predicted by such calculations, but experimentally, the single
products obtained resulted from a p-nucleophilic addition of
trifluoromethanesulfonate. To date, most attention has been
devoted to lignans antitumor activity. Hence, the growth inhibi-
tory activity of the new cyclized products as well as those of some
synthetic intermediates on human tumor cell lines of breast, lung,
and central nervous system (CNS) cancer and melanoma was
assessed.

’RESULTS AND DISCUSSION

Chemistry. The starting materials 3-(3-nitrophenyl)acrylic
acid (1), 3-(4-nitrophenyl)acrylic acid (2), 2-(3-nitrophe-
nyl)ethanol (9), and 2-(4-nitrophenyl)ethanol (10) were used
for the synthesis of the key ethyl ω-(azidophenyl)-2-phenylalk-
anoate precursors 24-27, respectively, through a multistep
strategy. Accordingly, as depicted in Scheme 1, the 3-(3-nitro-
phenyl)propan-1-ol (5) and 3-(4-nitrophenyl)propan-1-ol (6)
were prepared in moderate to good yield from the corresponding
acids 1 and 2 after esterification followed by complete reduction
of the R,β-unsaturated esters 3 and 4 promoted by LiBH4.
Alternatively, the alcohol 6 was obtained in excellent yield by
nitration of 3-phenylpropanoic acid (7) followed by reduction of
the carboxylic acid with diborane (Scheme 1).
The alcohols 5, 6, 9, and 10 were converted into the

corresponding (ω-iodoalkyl)nitrobenzenes 11-14 in 96-98%
yield, employing the I2/PPh3/imidazole system in toluene
(Scheme 2).
Arylation methodologies involving the iodoalkyl derivatives

11-14 were then investigated to prepare the 4-/5-nitrophenyl-
2-phenylalkanoate precursors 16-19, namely, by condensation
with thalium salts, Wittig reactions (using the bromoalkyl pre-
cursors instead), and under microwave irradiation in the pre-
sence of ammonium halides and aluminum oxide. However,
these strategies gave low yields (<26%) or failed to give the target
molecules. Compounds 16-19 were efficiently synthesized by
SN2 reaction of the (iodoalkyl)nitrobenzenes 11-14 with the

anion of ethyl phenylacetate 15 generated in situ using lithium
diisopropylamide (LDA) in THF as the base (Scheme 2).
Reduction of the nitro function of derivatives 16-19 with
Raney-Ni/H2N-NH2 3H2O provided the corresponding amino-
phenyl compounds 20-23, which were then transformed into
the key ethyl 4-/5-azidophenyl-2-phenylalkanoate precursors
24-27 after treatment with sodium nitrite, sodium azide, and
hydrochloric acid.
The intramolecular cyclization of the aryl azides 24-27

catalyzed by acid led to distinct results (Scheme 3). Treatment
of the 1,3-substituted derivatives 24 and 26 with trifluorometha-
nesulphonic acid (TFMSA) at 0 �C did not lead to any cycliza-
tion. Instead, compounds 28 and 29 were obtained in 65 and
63% yield, respectively, suggesting the nucleophilic addition of
trifluoromethanesulfonate to an intermediate carbenium ion.
These results may be regarded as the introduction of a protected
hydroxyl group into an aniline ring system, and consequently,
these reactions could be of great value for arene chemistry.
The 1,4-substituted precursors 25 and 27 led to the synthesis

of ethyl 4-(4-aminophenyl)-1,2,3,4-tetrahydronaphthalene-1-
carboxylate (30) and ethyl 4-oxo-30,40-dihydro-20H-spiro-
(cyclohexa[2,5]diene-1,10-naphthalene)-40-carboxylate (31), re-
spectively. The structure of both final products, besides the usual
spectroscopic methods, was unequivocally assigned by means of
X-ray crystallography (Figure 1).
Compounds 30 and 31 crystallized in a monoclinic crystal

system but in different space groups: in P21 and P21/n space
groups, respectively. Although compound 30 crystallized in a
noncentrosymmetric space group, the structure determination
revealed that only 60% of the molecules in the crystal have the
conformation shown in Figure 1a. This has been shown by the
measure of a null specific optical rotation observed, confirming a
practically racemic mixture in this compound.
The new stereogenic center of compound 30 resulted from the

nucleophilic attack to the carbenium ion at C-5, formed by
electron delocalization of the intermediate iminium ion
(Figure 2a) to give a racemic mixture. The formation of the
six-membered ring in compound 30, instead of an eight-mem-
bered ring, is very peculiar, especially taking in consideration the
examples described in the literature for reactions of this type with
similar compounds, where six-membered rings are formed as
secondary products in very low yield.22 However, this result can
be rationalized through the mechanism depicted in Figure 2a,

Scheme 1a

aReagents and conditions: (a) MeOH, H2SO4, reflux, 1.5 h 94% (3), 96% (4). (b) LiBH4, dec-1-ene, THF, room temperature, 18 h, 71% (5), 56% (6).
(c) HNO3 fumaric/AcOH, room temperature, 6 h, 92%. (d) B2H6-THF, THF, room temperature, 3 h, 95%.
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and its interpretation (see below) was possible by DFT
calculations.23 The formation of 31, isolated in 62% yield, can

be explained by an ipso-substitution, followed by hydrolysis of the
intermediate imine (Figure 2b). This is a particularly exciting

Scheme 3a

aReagents and conditions: (a) TFMSA, CCl4, 0 �C to room temperature, 65% (28), 63% (29), 67% (30), 62% (31). (b) TFMSA, CH2Cl2, 0 �C to room
temperature, 49% (30), 47% (31).

Scheme 2a

aReagents and conditions: (a) I2, PPh3, imidazole, toluene, room temperature, 3 h, 96-98%. (b) LDA, THF,-78 �C to room temperature, 72-86%.
(c) Ra-Ni, H2N-NH2.H2O, MeOH, room temperature, quant. (d) NaNO2, NaN3, 20% HCl, 40 �C to room temperature, 71-93%.
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direct procedure to obtain spirodienones by intramolecular
cyclization of a nitrenium ion. Such a compound type bearing
a 1-azaspiro[4.5]decane ring system has also been synthesized by
the intramolecular ipso attack of a nitrenium ion starting from
N-methoxy-(4-halogenophenyl)amides generated with [hydroxy-
(tosyloxy)iodo]benzene in trifluoroethanol.24

DFT Calculations. DFT calculations23 (Gaussian03)25 were
performed on several of the intermediates shown in Figure 2, and
the two alternative pathways leading to the formation of cycliza-
tion product 30 and its analogue derived from 27a, or 31 and its
analogue derived from 25a were analyzed.
To check the reliability of the computational approach (see the

Experimental Section for details), we optimized the two final

products that were structurally characterized by single crystal
X-ray diffraction. The calculated structural parameters agree with
the experimental ones.
The optimized structures of the precursors, 25a and 27a, are

shown in Figure 3. Themain difference between them consists of
the length of the aliphatic side chain, with, respectively, three
(25a) or two (27a) carbon atoms, and it has no effect on the
atomic charges, as can be seen from the selected charges given in
Figure 3. Therefore, the contribution of the resonance hybrids
25a,b or 27a,b to the structure of each molecule will be identical.
Indeed, the charge on the nitrogen is negative, because of its

large electronegativity, while the carbon atom where cyclization
should occur has a positive charge. The C-C bond lengths in the

Figure 1. RASTER plot of the asymmetric units of compounds 30 (a) and 31 (b) showing the labeling scheme.

Figure 2. Mechanisms proposed for the formation of compounds 30 (a) and 31 (b).
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phenyl ring bearing theNH group indicate a large contribution of
the 25b or 27b resonance form. The N-C bond is short, with a
considerable double bond character, the same happening to two
of the C-C bonds. Also, in this form, the nitrogen does not carry
a formal positive charge. It is not surprising that a cyclization
reaction proceeds from 25b and 27b, since it seems to be
adequate for such a reaction.
Let us now consider the alternative pathway that leads to the

formation of 30 in the long chain compound. According to
Figure 2, the deprotonation of the precursor must take place at
the first carbon atom of the chain (25c), assisted by the triflate
anion, being followed by protonation at the nitrogen, to afford
25d. The formation of a C-C bond leads to the final product 30.
The relative energies are much lower for the tetrahydronaph-

talene compounds type 30 than for the cyclization product 27e,
for both chain lengths. Indeed, the final product 31 results from
hydrolysis of 27e. Therefore, only the precursor 25a leads to the
thermodynamically preferred product. The relative energies of
the relevant intermediates are collected in Table 1. The first
column contains the values calculated for gas-phase compounds.
Because some intermediates are neutral and others are cationic,
the calculations were repeated, adding one triflate anion to the
cationic species and one triflic acid to the neutral ones, to stay in
the same scale (column 2). Finally, a solvent was introduced in a
continuum model (CH2Cl2, column 3, and CCl4, column 4).
Despite the small changes observed in the relative energies when
triflate and solvent are added, the tetrahydronaphtalene type
compounds remain the preferred ones. The addition of triflate
anion and triflic acid to the species mentioned puts all of them in
the same energy scale. All of the products have negative energies,
showing that they are thermodynamically more stable than the
reagents. The inclusion of solvents compensates for the separa-
tion of charges, but no significant changes occur.
The formation of 30 requires the deprotonation/protonation

steps, which is expected to be favored in the slightly polar

dichloromethane, while in the presence of the nonpolar CCl4,
the pathway leading to the formation of species 27e/31, without
charge separation, is more likely to take place. However, reaction
in CCl4 leads to higher yields of both 30 and 31 than in
dichloromethane, which may also be inferred from the data given
in Table 1, in which the intermediate reactive species have lower
relative energies in CCl4 than in CH2Cl2.
As a conclusion, one may say that the solvent CCl4, selected

for optimized solubility for reagents and products, acts as a
reaction driving force conducting to lower relative energies of
intermediate and end products. However, the features of the two
precursors are quite similar, and the energy difference between
the two alternative products is rather large. The outcome cannot
be rationalized on the basis of the energy of intermediates, but
their energy differences are large enough to suggest that a
detailed study of the transition states would not bring any new
relevant information to the problem. It should be added that
different reaction outcomes observed for related products in-
volved side chains in different positions of the phenyl ring relative
to the NH group, while in this work the side chains occupy the
same position differing only in their size.
Effect of Compounds on theGrowth ofHuman Tumor Cell

Lines. The effects of compounds for their ability to inhibit the
in vitro growth of four human tumor cell lines representing
different tumor types, namely, breast adenocarcinoma (MCF-7),
nonsmall cell lung cancer (NCI-H460), CNS cancer (SF-268),
and melanoma (UACC-62), after a continuous exposure for 48
h, were evaluated. The obtained results are summarized in
Table 2. Interestingly, the meta-substituted iodides 11 and 13
show activity for three cell lines, while their isomeric para-
substituted forms, in particular the iodopropyl derivative, show
no activity on any of the cell lines studied. However, both the
para-substituted ethyl nitrophenyl pentanoate 17 and the ethyl
aminophenylbutanoate 23 exhibit bioactivity on three cell lines
and on all of the cell lines tested, respectively, with the latter
compound being slightly more effective against melanoma.
Interestingly, the spirodienone moiety seems to be determinant
for the observed cell growth inhibitory effects, which could
not be detected with compound 30 nor with the related com-
pound 1-(4-hydroxy-3,5-dimethoxyphenyl)-6,7-methylenedioxy-
8-methoxy-1,2,3,4-tetrahydronaphthalene-2,3-dimethanol diace-
tate tested against malignant lung (VA-13) and hepatoma
(HepG2) cells.8 Hence, the spirodienone 31, with this unique
scaffold, shows potential as a hit compound regarding the

Figure 3. OptimizedDFT structure of precursors 25a and 27a, showing
selected bond lengths and charges on nitrogen and the carbon involved
in the cyclization.

Table 1. Relative Energies of Selected Intermediates, Adding
OTf- or HOTf in the Gas Phase, in CH2Cl2 and in CCl4 (kcal
mol-1)

gas phase OTf- or HOTf CH2Cl2 CCl4

25a 0.0 0.0 0.0 0.0

25c 217.2 -97.3 -17.9 -48.1

25d -44.1 -44.1 -41.7 -43.2

”25e” 220.7 -93.8 -13.1 -43.9

30 186.2 -128.3 -48.4 -78.9

27a 0.0 0.0 0.0 0.0

27c 218.4 -96.1 -19.7 -48.4

27d -41.2 -41.2 -40.0 -40.6

27e 214.6 -99.8 -22.5 -51.8

”30” 185.9 -128.5 -51.6 -80.6
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Table 2. Effect of Compounds on the Growth of Human Tumor Cell Lines [GI50 (μM)]a
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development of new anticancer agents easily accessed by
synthesis.

’EXPERIMENTAL SECTION

General Experimental Procedures.Melting points were deter-
mined on an Electrothermal melting point apparatus. 1H and 13C NMR
spectra were recorded on a Br€uker AMX-300, a Br€uker AC-300, or a
Br€uker AMX-500 for solutions in CDCl3 at room temperature, using

tetramethylsilane as an internal reference. Additional correlation spec-
troscopy (COSY), nuclear Overhauser enhancement spectroscopy
(NOESY), total correlation spectroscopy (TOCSY), heteronuclear
multiple bond coherence (HMBC), and heteronuclear multiple quan-
tum coherence (HMQC) measurements to verify the proposed assign-
ments were performed in the same spectrometers. Chemical shifts are
reported in δ (ppm). Gas chromatography/mass spectrometry (GC/
MS) spectra were obtained on a Hewlett Pachard 5890 MSD or on a
GC/MS TRIO 1000 spectrometer operating at an ionization energy of

Table 2. Continued

aResults are given in concentrations that were able to cause 50% of cell growth inhibition (GI50) after a continuous exposure of 48 h and represent
means( SEMs of 3-6 independent experiments performed in duplicate and carried out independently. bResults from one or two independents
experiments performed in duplicate. Doxorubicin was used as a positive control, GI50 (nM):MCF-7 = 42.8( 8.2, NCI-H460 = 94.0( 8.7, SF-268
= 94.0 ( 7.0, and UACC-62 = 94.0 ( 9.4; ND, not determined.
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70 eV. Infrared (IR) spectra were rerecorded on aHitachi 270-50 or on a
Nicolet Magna-IR Spectometer 55. The specific analytical method
used to determine purity was elemental analysis, which confirmed a
purity g95% for the compounds tested. Elemental analyses were
determined on an autoanalyzer EA 1108. Column chromatography
was performed on Merck silica gel 60G (230-400 mesh, 0.040-0.063
mm). Preparative and analytical thin-layer chromatography (TLC) were
carried out on silica gel plates (Kieselgel 60 F254, E. Merck A.G.,
Germany) using UV light for detection. Solvents and reagents were
purchased from Sigma-Aldrich, Acros, or Fluka. Anhydrous solvents
were freshly distilled under argon fromNa/benzophenone (THF, Et2O,
and toluene) or P2O5 (CH2Cl2). Other anhydrous solvents were dried
over a bed of activated molecular sieves (ethanol and methanol). Dry
DMSO was purchased from Sigma-Aldrich. Solvents for column chro-
matography (hexane and EtOAc) were distilled before use.
Esterification of the Nitrophenyl Acrylic Acids: General

Procedure. In a typical experiment, a methanolic solution (30 mL) of
substrate (10 mmol) was added dropwise over a period of 15 min. The
reaction mixture was refluxed until the TLC revealed no trace of starting
material (usually 90 min). At the end of the reaction, the methanol was
removed under reduced pressure, and the remaining residue was
dissolved in EtOAc (60 mL) and washed with a saturated aqueous
solution of Na2CO3 (60 mL). The organic layer was separated, washed
with water (3� 100 mL), dried over MgSO4, filtered, and concentrated
under reduced pressure. The residue was purified by flash column
chromatography (hexane/EtOAc 5:1). The products were crystallized
from CHCl3.
Methyl 3-(3-Nitrophenyl)prop-2-enoate (3). White solid (94%

yield); mp 125-126 �C (CHCl3). IR (KBr): 1704, 1636, 1612, 1524,
1338 cm-1. 1HNMR (CDCl3): δ 8.41 (s, 1 H, H-20), 8.26 (d, J = 7.8 Hz,
1 H, H-40), 7.85 (d, J = 7.8 Hz, 1 H, H-60), 7.75 (d, 1 H, H-2), 7.61 (t, J =
7.8 Hz, 1 H, H-50), 6.58 (d, J = 16.2 Hz, 1 H, H-3), 3.66 (s, 3 H, OCH3).
GC/MS (EI): m/z 207 (Mþ). Elemental anal. calcd for C10H9O4N: C,
57.98; H, 4.38; N, 6.76. Found: C, 57.93; H, 4.27; N, 6.79.
Methyl 3-(4-Nitrophenyl)prop-2-enoate (4). White solid (96%

yield); mp 155-155.5 �C (CHCl3). IR (KBr): 1718, 1636, 1592,
1512, 1338 cm-1. 1H NMR (CDCl3): δ 8.25 (d, J = 8.7 Hz, 2 H,
H-30, H-50), 7.75-7.66 (m, 3 H, H-20, H-60, H-2), 6.59 (d, J = 15.9 Hz, 1
H, H-3), 3.84 (s, 3 H, OCH3). GC/MS (EI):m/z 207 (Mþ). Elemental
anal. calcd for C10H9O4N: C, 57.98; H, 4.38; N, 6.76. Found: C, 58.17;
H, 4.27; N, 6.66.
Ester Reduction: General Procedure. To a solution of LiBH4

(11 mmol) in anhydrous THF (8 mL) under N2 atmosphere was added
dropwise during 1 h a solution of starting material (6 mmol) together
with dec-1-ene (12 mmol) in anhydrous THF (10 mL). The reaction
mixture was stirred overnight, and the completion of the reaction was
monitored by TLC. The excess of LiBH4 was then decomposed by
dropwise addition of acidified water. The solvent was evaporated, and
the remaining residue was dissolved in CH2Cl2 (20 mL) and washed
with a 10% aqueous solution of NaCl (2 � 15 mL). The organic phase
was dried (MgSO4), filtered, and concentrated under reduced pressure.
Purification by flash column chromatography (hexane/EtOAc 3:1)
afforded the target alcohols.
3-(3-Nitrophenyl)propan-1-ol (5). Oil (71% yield). IR (KBr): 3316,

1578, 1527, 1353 cm-1. 1HNMR (CDCl3): δ 8.07-8.04 (m, 2 H, H-20,
H-40), 7.54 (d, J = 9.0 Hz, 1 H, H-60), 7.45 (t, J = 9.0 Hz, 1 H, H-50), 3.69
(t, J = 6.0 Hz, 2 H, H-1), 2.84 (t, J = 6.0 Hz, 2 H, H-3), 1.93 (m, 2 H,
H-2). GC/MS (EI): m/z 181 (Mþ). Elemental anal. calcd for
C9H11O3N: C, 59.66; H, 6.12; N, 7.73. Found: C, 59.50; H, 6.09;
N, 7.50.
3-(4-Nitrophenyl)propan-1-ol (6). Oil (56% yield). IR (KBr): 3322,

1599, 1512, 1347 cm-1. 1H NMR (CDCl3): δ 8.13 (d, J = 9.0 Hz, 2 H,
H-30, H-50), 7.36 (m, 2 H, H-20, H-60), 3.68 (t, J = 6.0 Hz, 2H, H-1), 2.83
(t, J = 6.0 Hz, 2 H, H-3), 1.92 (m, 2 H, H-2). GC/MS (EI): m/z 181

(Mþ). Elemental anal. calcd for C9H11O3N: C, 59.66; H, 6.12; N, 7.73.
Found: C, 59.89; H, 6.09; N, 7.57.

Alternative Synthetic Strategy to the Synthesis of 3-(4-Nitrophe-
nyl)propan-1-ol (6). Nitric acid (8.4 mL, 0.2 mol) was carefully added
dropwise during 1 h to an ice cooled solution of 3-phenylpropanoic acid
(7) (4.3 g, 28.4 mmol) in glacial acetic acid (10 mL). The reaction
mixture was stirred at room temperature for 3 h and then poured into ice
(50 g). The precipitated formed was recovered by filtration and washed
with cold water (3 � 100 mL). The product was crystallized in ethanol
and dried under vacuum to afford the 3-(4-nitrophenyl)propanoic acid
(8) (5.1 g, 92%).

To a solution of carboxylic acid 8 (4.9 g, 25.0 mmol) in anhydrous
THF (15 mL) under N2 was added dropwise a 1 M solution of diborane
in THF (33 mL, 33 mmol). After the solution was stirred for 2 h at room
temperature, TLC revealed no trace of starting material. The excess of
diborane was carefully decomposed by addition of a 7% aqueous
solution of K2CO3. The reaction mixture was concentrated under
reduced pressure and then dissolved in EtOAc (50 mL) and washed
with a saturated solution of NaHCO3 (3 � 25 mL). The organic phase
was dried and filtered, and the solvent was evaporated. Purification by
flash column chromatography (hexane/EtOAc 7:1) afforded the alcohol
6 (4.3 g, 95%).
Iodination: General Procedure. To a vigorously stirred solution

of triphenylphosphane (4 mmol) and imidazole (4 mmol) in anhydrous
toluene (20 mL) was added dropwise a solution of iodine (3.9 mmol) in
anhydrous toluene (10 mL) under N2 stream. After it was stirred for 30
min at room temperature, a solution of alcohol (3 mmol) in toluene
(10 mL) was added dropwise, and the reaction continued until TLC
revealed no trace of starting material (typically 3 h). A saturated solution
of NaHCO3 (10 mL) was added, and the mixture was stirred for 10 min.
The organic phase was recovered and then stirred with LiI (4 mmol) for
10min. Aqueous sodium thiosulfate (20mL)was added, and the organic
layer was separated and washed with water (2 � 10 mL). The
phosphonium oxide was directly precipitated from the organic layer
by addition of cold petroleum ether. The filtrate was concentrated and
purified by flash column chromatography (hexane/EtOAc 8:1).

1-(3-Iodopropyl)-3-nitrobenzene (11). Oil (96% yield). IR (NaCl):
1578, 1527, 1350 cm-1. 1HNMR (CDCl3): δ 8.08-8.06 (m, 2 H, H-20,
H-40), 7.55 (d, J = 9.0 Hz, 1 H, H-60), 7.47 (t, J = 9.0 Hz, 1 H, H-50), 3.18
(t, J = 6.0 Hz, 2 H, H-3), 2.66 (t, J = 6.0 Hz, 2 H, H-1), 2.17 (m, 2 H,
H-2). GC/MS (EI): m/z 291 (Mþ). Elemental anal. calcd for
C9H10O2N: C, 37.14; H, 3.46; N, 4.81. Found: C, 37.41; H, 3.39;
N, 4.78.

1-(3-Iodopropyl)-4-nitrobenzene (12). Oil (97% yield). IR (NaCl):
1599, 1512, 1344 cm-1. 1H NMR (CDCl3): δ 8.15 (d, J = 9.0 Hz, 2 H,
H-30, H-50), 7.35 (d, 2 H, H-20, H-60), 3.17 (t, J = 6.0 Hz, 2 H, H-3), 2.85
(t, J = 6.0 Hz, 2 H, H-1), 2.15 (m, 2 H, H-2). GC/MS (EI): m/z 291
(Mþ). Elemental anal. calcd for C9H10O2N: C, 37.14; H, 3.46; N, 4.81.
Found: C, 37.29; H, 3.23; N, 4.75.

1-(2-Iodoethyl)-3-nitrobenzene (13). Oil (98% yield). IR (NaCl):
1580, 1530, 1350 cm-1. 1HNMR (CDCl3): δ 8.18-8.10 (m, 2 H, H-20,
H-40), 7.58-7.50 (m, 2 H, H-50, H-60), 3.42 (t, J = 7.2 Hz, 2 H, H-2),
3.32 (t, J = 7.1 Hz, 2 H, H-1). GC/MS (EI): m/z277 (Mþ). Elemental
anal. calcd for C8H8O2NI: C, 34.68; H, 2.91; N, 5.06. Found: C, 34.64;
H, 2.96; N, 5.06.

1-(2-Iodoethyl)-4-nitrobenzene (14). Oil (97% yield). IR (NaCl):
1594, 1512, 1342 cm-1. 1H NMR (CDCl3): δ 8.22 (d, J = 8.7 Hz, 2 H,
H-30, H-50), 7.39 (d, J = 8.5 Hz, 2 H, H-20, H-60), 3.42 (t, J = 6.9 Hz, 2 H,
H-2), 3.32 (t, J = 6.9 Hz, 2 H, H-1). GC/MS (EI): m/z 277 (Mþ).
Elemental anal. calcd for C8H8O2NI: C, 34.68; H, 2.91; N, 5.06. Found:
C, 34.86; H, 2.90; N, 5.01.
SN2 Type Arylation: General Procedure. To an ice-cooled

solution of diisopropylamine (0.15 mol) in anhydrous THF (150 mL)
was added dropwise a 1.6 M solution of n-BuLi (0.15 mol) under
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continuous nitrogen flow. After 45 min, the reaction mixture was cooled
to-15 �C, and a solution of ethyl 2-phenylacetate (15) (0.075 mol) in
anhydrous THF (150 mL) was added dropwise over a period of 15 min.
The resulting mixture was stirred for 2 h at-15 �C and then cooled to-
78 �C. A solution of (ω-iodoalkyl)nitrobenzenes (0.038 mol) in
anhydrous THF (100 mL) was slowly added during approximately 50
min. The reaction mixture was allowed to reach room temperature and
stirred until the TLC showed the completion of the reaction (typically 3
h). The solvent was removed under reduced pressure, and the remaining
residue was dissolved in EtOAc (100 mL) and washed with water (2 �
50 mL). The organic phase was dried (MgSO4), filtered, concentrated,
and purified by flash column chromatography (hexane/EtOAc 8:1).
Ethyl 5-(3-Nitrophenyl)-2-phenylpentanoate (16). Oil (82% yield).

IR (NaCl): 1726, 1602, 1573, 1538, 1348, 741, 704 cm-1. 1H NMR
(CDCl3): δ 8.05-7.99 (m, 2 H, H-20, H-40), 7.45-7.25 (m, 7 H, H-50,
H-60, Ph0 0), 4.16-4.04 (m, 2 H, OCH2), 3.55 (t, J = 7.5 Hz, 1 H, H-2),
2.70 (dt, J = 7.8 Hz, J = 1.8 Hz, 2 H, H-5), 2.16-2.05 (m, 1 H, H-3a),
1.85-1.75 (m, 1 H, H-3b), 1.73-1.59 (m, 2 H, H-4), 1.19 (t, J = 7.2 Hz,
3 H, CH3).

13C NMR (CDCl3): δ 174.4 (CdO), 149.0 (C-30), 144.7
(C-10), 139.7 (C-100), 135.4 (C-60), 129.9 (C-50), 129.4 (C-30 0, C-50 0),
128.6 (C-20 0, C-60 0), 128.0 (C-40 0), 123.8 (C-20), 121.7 (C-40), 61.4
(OCH2), 52.2 (C-2), 35.9 (C-5), 33.7 (C-3), 29.6 (C-4), 14.8 (CH3).
GC/MS (EI):m/z 327 (Mþ). Elemental anal. calcd for C19H21O4N: C,
69.76; H, 6.47; N, 4.28. Found: C, 69.38; H, 6.38; N, 4.14.
Ethyl 5-(4-Nitrophenyl)-2-phenylpentanoate (17). Oil (86% yield).

IR (NaCl): 1725, 1599, 1515, 1350, 735, 702 cm-1. 1H NMR (CDCl3):
δ 8.05 (d, J = 8.4 Hz, 2 H, H-30, H-50), 7.31-7.20 (m, 7 H, H-20, H-60,
Ph0 0), 4.15-4.02 (m, 2 H, OCH2), 3.56 (t, J = 7.2 Hz, 1 H, H-2), 2.67 (t,
J = 7.8 Hz, 2 H, H-5), 2.15-2.10 (m, 1 H, H-3a), 1.85-1.77 (m, 1 H,
H-3b), 1.68-1.58 (m, 2 H, H-4), 1.16 (t, J = 6.9 Hz, 3 H, CH3).

13C
NMR (CDCl3): δ 173.4 (CdO), 150.6 (C-10), 147.0 (C-40), 139.7 (C-
10 0), 129.9 (C-20, C-60), 129.4 (C-30 0, C-500), 128.6 (C-200, C-60 0), 128.0
(C-40 0), 124.2 (C-30, C-50), 60.4 (OCH2), 51.2 (C-2), 35.1 (C-5), 32.7
(C-3), 28.4 (C-4), 13.8 (CH3). GC/MS (EI):m/z 327 (Mþ). Elemental
anal. calcd for C19H21O4N: C, 69.76; H, 6.47; N, 4.28. Found: C, 70.03;
H, 6.30; N, 4.18.
Ethyl 4-(3-Nitrophenyl)-2-phenylbutanoate (18). Oil (81% yield).

IR (NaCl): 1725, 1599, 1581, 1527, 1353, 732, 696 cm-1. 1H NMR
(CDCl3): δ 8.09-8.00 (m, 2 H, H-20, H-40), 7.47-7.39 (m, 2 H, H-50,
H-60), 7.33-7.26 (m, 5H, Ph0 0), 4.18-4.04 (m, 2H, OCH2), 3.54 (t, J =
7.8 Hz, 1 H, H-2), 2.70-2.64 (m, 2 H, H-4), 2.48-2.38 (m, 1 H, H-3a),
2.18-2.08 (m, 1 H, H-3b), 1.21 (t, J = 6.9 Hz, 3 H, CH3).

13C NMR
(CDCl3): δ 173.7 (CdO), 148.7 (C-30), 143.7 (C-10), 138.8 (C-10 0),
135.0 (C-60), 129.6 (C-50), 129.1 (C-30 0, C-500), 128.2 (C-20 0, C-60 0),
127.8 (C-40 0), 123.6 (C-20), 121.6 (C-40), 61.2 (OCH2), 51.3 (C-2),
34.9 (C-3), 33.6 (C-4), 14.4 (CH3). GC/MS (EI): m/z 313 (Mþ).
Elemental anal. calcd for C18H19O4N: C, 68.99; H, 6.11; N, 4.47. Found:
C, 69.37; H, 6.20; N, 4.36.
Ethyl 4-(4-Nitrophenyl)-2-phenylbutanoate (19). Oil (72% yield).

IR (NaCl): 1722, 1596, 1582, 1516, 1346, 738, 700 cm-1. 1H NMR
(CDCl3): δ 8.14 (d, J = 8.7 Hz, 2 H, H-30, H-50), 7.37-7.26 (m, 7 H,
H-20, H-60, Ph00), 4.19-4.07 (m, 2 H, OCH2), 3.53 (t, J = 7.5 Hz, 1 H,
H-2), 2.68 (dt, J = 7.2 Hz, J = 2.1 Hz, 2 H, H-4), 2.46-2.39 (m, 1 H,
H-3a), 2.16-2.12 (m, 1 H, H-3b), 1.21 (t, J = 6.9 Hz, 3 H, CH3).

13C
NMR (CDCl3): δ 173.2 (CdO), 149.1 (C-10), 146.3 (C-40), 138.3 (C-
10 0), 129.1 (C-20, C-60), 128.6 (C-30 0, C-500), 127.7 (C-200, C-60 0), 127.3
(C-40 0), 123.5 (C-30, C-50), 60.7 (OCH2), 50.7 (C-2), 34.3 (C-3), 33.3
(C-4), 14.0 (CH3). GC/MS (EI): m/z 313 (Mþ). Elemental anal. calcd
for C18H19O4N: C, 68.99; H, 6.11; N, 4.47. Found: C, 68.93; H, 6.10;
N, 4.51.
Nitro Reduction: General Procedure.Hydrazine monohydrate

(150 mmol) was added to a solution of nitrophenyl compound (2
mmol) in methanol (25 mL) under N2 atmosphere. After it was stirred
for 5 min at room temperature, a suspension of Raney-Ni (216 mg) in

ethanol (2 mL) was carefully added in 5 portions. The frequency of the
addition was determined by the decomposition rate of the hydrazine
(until the release of gas stop). The reaction mixture was stirred for 4 h at
room temperature and then refluxed for 30 min. The mixture was
filtered, the solvent was evaporated, and the residue was dissolved in
EtOAc (50mL) and washed with water (3� 25 mL). The organic phase
was dried over MgSO4, filtered, and concentrated under reduced
pressure. The product was purified by column chromatography
(hexane/EtOAc 5:1) using neutral Al2O3 activitation grade III.

Ethyl 5-(3-Aminophenyl)-2-phenylpentanoate (20). Oil (99%
yield). IR (NaCl): 3418, 3334, 1725, 1623, 732, 702 cm-1. 1H NMR
(CDCl3): δ 7.30-7.24 (m, 5 H, Ph00), 7.03 (t, J = 7.5 Hz, 1 H, H-50),
6.60-6.50 (m, 3 H, H-20, H-40, H-60), 4.07 (dq, J = 10.8 Hz, J = 7.2 Hz, 2
H, OCH2), 3.62-3.57 (m, 3 H, H-2, NH2), 2.56-2.46 (m, 2 H, H-5),
2.16-2.03 (m, 1 H, H-3a), 1.83-1.76 (m, 1 H, H-3b), 1.61-1.46 (m, 2
H, H-4), 1.18 (t, J = 7.2 Hz, 3 H, CH3).

13C NMR (CDCl3): δ 174.6
(CdO), 146.8 (C-30), 143.8 (C-10),139.6 (C-10 0), 129.7 (C-50), 129.1
(C-30 0, C-500), 128.4 (C-20 0, C-60 0), 127.7 (C-400), 119.2 (C-60), 115.7
(C-20), 113.2 (C-40), 61.3 (OCH2), 52.1 (C-2), 36.1 (C-5), 33.7 (C-3),
29.8 (C-4), 14.6 (CH3). GC/MS (EI): m/z 297 (Mþ). Elemental anal.
calcd for C19H23O2N: C, 76.79; H, 7.80; N, 4.71. Found: C, 76.88; H,
7.86; N, 4.69.

Ethyl 5-(4-Aminophenyl)-2-phenylpentanoate (21). Oil (100%
yield). IR (NaCl): 3419, 3334, 1725, 1623, 732, 702 cm-1. 1H NMR
(CDCl3): δ 7.37-7.26 (m, 5 H, Ph0 0), 6.95 (d, J = 8.4 Hz, 2 H, H-20,
H-60), 6.60 (d, J = 9.0 Hz, 2 H, H-30, H-50), 4.19-4.07 (m, 2 H, OCH2),
3.57 (t, J = 7.5 Hz, 1 H, H-2), 3.47 (br s, 2H, NH2), 2.55 (t, J = 7.8 Hz, 2
H, H-5), 2.20-2.07 (m, 1 H, H-3a), 1.89-1.79 (m, 1 H, H-3b), 1.67-
1.49 (m, 2H, H-4), 1.23 (t, J = 7.2 Hz, 3H, CH3).

13CNMR (CDCl3): δ
173.9 (CdO), 144.1 (C-40), 139.1 (C-10 0), 131.9 (C-10), 129.0 (C-20,
C-60), 128.4 (C-30 0, C-500), 127.8 (C-20 0, C-60 0), 127.0 (C-400), 115.0 (C-
30, C-50), 60.5 (OCH2), 51.6 (C-2), 34.6 (C-5), 33.0 (C-3), 29.5 (C-4),
14.0 (CH3). GC/MS (EI): m/z297 (Mþ). Elemental anal. calcd for
C19H23O2N:C, 76.79;H, 7.80;N, 4.71. Found:C, 76.74;H, 7.81;N, 4.71.

Ethyl 4-(3-Aminophenyl)-2-phenylbutanoate (22). Oil (100%
yield). IR (NaCl): 3424, 3340, 1725, 1617, 1602, 1527, 735, 699 cm-1.
1H NMR (CDCl3): δ 7.32-7.24 (m, 5 H, Ph0 0), 7.05 (t, J = 7.5 Hz,1 H,
H-50), 6.56-6.48 (m, 3 H, H-20, H-40, H-60), 4.22-4.09 (m, 2 H,
OCH2), 3.59-3.52 (m, J = 8.0 Hz, 3 H, H-2, NH2), 2.50-2.34 (m, 3 H,
H-4, H-3a), 2.07-2.02 (m, 1H,H-3b), 1.19 (t, J = 6.9Hz, 3H, CH3).

13C
NMR (CDCl3): δ 173.7 (CdO), 146.4 (C-30), 142.3 (C-10), 138.8 (C-
100), 129.0 (C-50), 128.4, 127.8 (C-20 0, C-30 0, C-50 0, C-600), 127.0 (C-400),
118.5 (C-60), 115.0 (C-20), 112.6 (C-40), 60.5 (OCH2), 50.8 (C-2), 34.6
(C-3), 33.3 (C-4), 13.9 (CH3). GC/MS (EI):m/z 283 (Mþ). Elemental
anal. calcd for C18H21O2N: C, 76.29; H, 7.47; N, 4.94. Found: C, 76.35;
H, 7.30; N, 4.84.

Ethyl 4-(4-Aminophenyl)-2-phenylbutanoate (23). Oil (100%
yield). IR (NaCl): 3412, 3334, 1719, 1623, 732, 702 cm-1. 1H NMR
(CDCl3): δ 7.33-7.21(m, 5 H, Ph0 0), 6.92 (d, J = 8.4 Hz, 2 H, H-20,
H-60), 6.59 (d, J = 8.6 Hz, 2 H, H-30, H-50), 4.12-4.07 (m, 2 H, OCH2),
3.54-3.51 (m, 3H, H-2, NH2), 2.46 (t, J = 7.6Hz, 2 H, H-4), 2.38-2.31
(m, 1 H, H-3a), 2.06-1.99 (m, 1 H, H-3b), 1.19 (t, J = 7.1 Hz, 3 H,
CH3).

13C NMR (CDCl3): δ 174.4 (CdO), 144.9 (C-40), 139.6 (C-
100), 131.7 (C-10), 129.7 (C-20, C-60), 129.0(C-300, C-50 0), 128.5 (C-20 0,
C-60 0), 127.6 (C-40 0), 115.7 (C-30, C-50), 61.1 (OCH2), 51.4 (C-2),
35.8(C-3), 33.1 (C-4), 14.6 (CH3). GC/MS (EI): m/z 283 (Mþ).
Elemental anal. calcd for C18H21O2N:C, 76.29; H, 7.47; N, 4.94. Found:
C, 76.29; H, 7.45; N, 4.85.
Diazotation: General Procedure. A solution of aminophenyl

compound (0.24 mmol) in 20% hydrochloric acid (3 mL) was heated at
40 �C and vigorously stirred for 30min. The reactionmixture was cooled
to 0 �C, and a solution of NaNO2 (0.40 mmol) in H2O (2 mL) was
added. After 1 h, a solution of NaN3 (0.43 mmol) in H2O (2 mL) was
added dropwise, and the mixture was stirred at room temperature until
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completion of the reaction detected by TLC (typically 4 h). The reaction
mixture was diluted with EtOAc (20 mL) and washed with water (3 �
15 mL). The organic phase was dried (MgSO4), filtered, and concen-
trated. The product was purified by flash column chromatography
(hexane/EtOAc 5:1) using neutral Al2O3 retention grade III.
Ethyl 5-(3-Azidophenyl)-2-phenylpentanoate (24).Oil (93% yield).

IR (NaCl): 2104, 1728, 1602, 1581, 735, 699 cm-1. 1H NMR (CDCl3):
δ 7.30-7.19 (m, 6 H, H-50, Ph0 0), 6.89 (d, J = 8.0Hz, 1H, H-60), 6.82 (d,
J = 9.5 Hz, 1 H, H-40) 6.76 (s, 1 H, H-20), 4.16-4.04 (m, 2 H, OCH2),
3.53 (t, J = 9.0 Hz, 1 H, H-2), 2.64-2.54 (m, 2H, H-5), 2.13-2.06 (m, 1
H, H-3a), 1.83-1.76 (m, 1H, H-3b), 1.65-1.50 (m, 2H, H-4), 1.18 (t, J
= 7.0Hz, 3H, CH3).

13CNMR (CDCl3): δ 174.1 (CdO), 144.4 (C-10),
140.3 (C-30), 139.4 (C-10 0), 129.9 (C-50), 128.9 (C-300, C-50 0), 128.2 (C-
20 0, C-60 0), 127.5 (C-400), 125.4 (C-60), 119.2 (C-20), 116.8 (C-40), 61.0
(OCH2), 51.9 (C-2), 35.7 (C-5), 33.3 (C-3), 29.4 (C-4), 14.4 (CH3).
GC/MS (EI):m/z 323 (Mþ). Elemental anal. calcd for C19H21O2N3: C,
70.57; H, 6.55; N, 12.99. Found: C, 70.66; H, 6.43; N, 12.87.
Ethyl 5-(4-Azidophenyl)-2-phenylpentanoate (25).Oil (71% yield).

IR (NaCl): 2104,1725, 1602, 732, 699 cm-1. 1H NMR (CDCl3): δ
7.34-7.24 (m, 5 H, Ph0 0), 7.10 (d, J = 8.1 Hz, 2 H, H-20, H-60), 6.91 (d, J
= 9.0 Hz, 2 H, H-30, H-50), 4.15-4.05 (m, 2 H, OCH2), 3.52 (t, J = 8.1
Hz, 1H, H-2), 2.61-2.57 (m, 2 H, H-5), 2.12-2.05 (m, 1 H, H-3a),
1.82-1.75 (m, 1 H, H-3b), 1.63-1.48 (m, 2 H, H-4), 1.18 (t, J = 7.0 Hz,
3 H, CH3).

13C NMR (CDCl3): δ 174.2 (CdO), 139.5 (C-10 0), 139.2
(C-10), 137.9 (C-40), 130.0(C-20, C-60), 128.9 (C-30 0, C-50 0), 128.2 (C-
20 0, C-60 0), 127.5 (C-40 0), 119.3 (C-30, C-50), 61.0 (OCH2), 52.0 (C-2),
35.3 (C-5), 33.4 (C-3), 29.6 (C-4), 14.5 (CH3). GC/MS (EI): m/z 323
(Mþ). Elemental anal. calcd for C19H21O2N3: C, 70.57; H, 6.55; N,
12.99. Found: C, 70.72; H, 6.51; N, 12.71.
Ethyl 4-(3-Azidophenyl)-2-phenylbutanoate (26). Oil (81% yield).

IR (NaCl): 2104, 1728, 1602, 1584, 735, 699 cm-1. 1H NMR (CDCl3):
δ 7.32-7.22 (m, 6 H, H-50, Ph0 0), 6.92 (d, J = 8.0Hz, 1H, H-60), 6.85 (d,
J = 9.5 Hz, 1 H, H-40) 6.79 (s, 1 H, H-20), 4.16-4.06 (m, 2 H, OCH2),
3.53 (t, J = 7.8 Hz, 1 H, H-2), 2.57 (t, J = 7.5 Hz, 2 H, H-4), 2.45-2.36
(m, 1H, H-3a), 2.11-2.05 (m, 1H, H-3b), 1.20 (t, J = 7.2 Hz, 3H, CH3).
13C NMR (CDCl3): δ 173.9 (CdO), 143.7 (C-10), 140.3 (C-30), 139.1
(C-10 0), 130.0 (C-50), 129.0 (C-30 0, C-50 0), 128.3 (C-20 0, C-60 0), 127.6
(C-40 0), 125.4 (C-60), 119.4 (C-20), 117.0 (C-40), 61.1 (OCH2), 51.2
(C-2), 35.0 (C-3), 33.7 (C-4), 14.4 (CH3). GC/MS (EI): m/z 309
(Mþ). Elemental anal. calcd for C18H19O2N3: C, 69.88; H, 6.19; N,
13.58. Found: C, 70.19; H, 6.10; N, 13.20.
Ethyl 4-(4-Azidophenyl)-2-phenylbutanoate (27). Oil (84% yield).

IR (NaCl): 2120, 1736, 1610, 1586, 740, 706 cm-1. 1H NMR (CDCl3): δ
7.33-7.23 (m, 5H,Ph0 0), 7.11 (d, J=8.5Hz, 2H,H-20,H-60), 6.93 (d, J=8.5
Hz, 2 H, H-30, H-50), 4.16-4.06 (m, 2 H, OCH2), 3.52 (t, J = 7.5 Hz, 1 H,
H-2), 2.55 (t, J = 7.5 Hz, 2 H, H-4), 2.41-2.34 (m, 1 H, H-3a), 2.10-2.03
(m, 1H, H-3b), 1.19 (t, J = 7.5Hz, 3H, CH3).

13CNMR (CDCl3): δ 174.0
(CdO), 139.2 (C-10 0), 138.5 (C-10), 138.1 (C-40), 130.1 (C-20, C-60), 129.0
(C-300, C-50 0), 128.3 (C-20 0, C-600), 127.6 (C-40 0), 119.3 (C-30, C-50), 61.0
(OCH2), 51.3 (C-2), 35.3 (C-3), 33.3 (C-4), 14.4 (CH3).GC/MS (EI):m/
z 309 (Mþ). Elemental anal. calcd for C18H19O2N3: C, 69.88; H, 6.19; N,
13.58. Found: C, 69.77; H, 6.28; N, 13.76.
Intramolecular Cyclization by Acid-Catalyzed Decompo-

sition of the Aryl Azides: General Procedure. To a solution of
aryl azide (0.80 mmol) in anhydrous CH2Cl2 or CCl4 (10 mL) was
added dropwise TFMSA (2mmol) at 0 �C under continuous N2 stream.
The reaction mixture was stirred at 0 �C for 1 h and then at room
temperature until the TLC revealed no trace of starting material. The
mixture was concentrated, and the residue was dissolved in Et2O
(10 mL) and washed with a saturated solution of NaHCO3 (3 �
5 mL) and water (3 � 5 mL). The organic phase was dried (MgSO4),
filtered, and concentrated under reduced pressure. The product was
purified by flash column chromatography (hexane/EtOAc 4:1) using
neutral Al2O3 activity grade III.

Ethyl 5-[5-Amino-2-(trifluoromethylsulfonyloxy)phenyl]-2-phenyl-
pentanoate (28). Oil (65% yield). IR (NaCl): 3346, 3004, 1725,
1629, 879, 699 cm-1. 1H NMR (CDCl3): δ 7.42-7.33 (m, 5 H, Ph00),
7.11 (d, J= 8.4Hz, 1H,H-30), 6.67 (d, J= 2.1Hz, 1H,H-60) 6.60 (dd, J=
8.4 Hz, J = 2.1 Hz, 1 H, H-40), 4.25-4.14 (m, 2 H, OCH2), 3.92 (br s, 2
H, NH2), 3.60 (t, J = 7.5 Hz, 1 H, H-2), 2.56 (t, J = 7.8 Hz, 2 H, H-5),
2.18-2.12 (m, 1 H, H-3a), 1.87-1.83 (m, 1 H, H-3b), 1.67-1.58 (m, 2
H, H-4), 1.20 (t, J = 7.4 Hz, 3 H, CH3).

13C NMR (CDCl3): δ 174.7
(CdO), 147.5 (C-20), 140.6 (C-50), 139.8 (C-10 0), 136.1 (C-10), 129.4,
128.6 (C-20 0, C-30 0, C-50 0, C-60 0), 128.0 (C-40 0), 122.8 (C-30), 121.5
(CF3), 116.8 (C-60), 114.1(C-40), 61.5 (OCH2), 52.3 (C-2), 33.7 (C-3),
30.5 (C-5), 28.3 (C-4), 14.7 (CH3). GC/MS (EI): m/z 445 (Mþ).
Elemental anal. calcd for C20H22O5NS: C, 53.92; H, 4.98; N, 3.14; S,
7.20. Found: C, 54.26; H, 5.13; N, 2.87; S, 7.16.

Ethyl 4-[5-Amino-2-(trifluoromethylsulfonyloxy)phenyl]-2-phenyl-
butanoate (29). Oil (63% yield). IR (NaCl): 3472, 3380, 1734, 1598,
888, 706 cm-1. 1HNMR (CDCl3): δ 7.32-7.25 (m, 5 H, Ph00), 6.97 (d,
J = 8.5Hz, 1Hz, H-30), 6.50-6.47 (m, 2H,H-40, H-60), 4.14-3.95 (m, 2
H, OCH2), 3.72 (br s, 2 H, NH2), 3.56 (t, J = 7.5 Hz, 1 H, H-2), 2.49 (t,
J = 7.5 Hz, 2 H, H-4), 2.28-2.23 (m, 1 H, H-3a), 2.05-1.93 (m, 1 H,
H-3b), 1.20 (t, J = 7.1 Hz, 3 H, CH3).

13C NMR (CDCl3): δ 173.3
(CdO), 146.3 (C-20), 139.5 (C-50), 138.3 (C-10 0), 134.6 (C-10), 128.4,
127.5 (C-20 0, C-30 0, C-50 0, C-60 0), 127.0 (C-40 0), 121.8 (C-30), 120.6
(CF3), 115.9 (C-60), 113.2 (C-40), 60.6 (OCH2), 50.9 (C-2), 33.1 (C-
3), 27.7 (C-4), 13.7 (CH3). GC/MS (EI): m/z 431 (Mþ). Elemental
anal. calcd for C19H20O5NS: C, 52.90; H, 4.67; N, 3.25; S, 7.43. Found:
C, 52.98; H, 4.40; N, 3.17; S, 7.12.

Ethyl 4-(4-Aminophenyl)-1,2,3,4-tetrahydronaphthalene-1-carbox-
ylate (30).White solid (67% inCCl4; 49% inCH2Cl2);mp 127-128 �C
(ethanol). IR (KBr): 3376, 3304, 1713, 1635, 1611, 831, 726 cm-1. 1H
NMR (CDCl3): δ 7.20 (d, J = 7.5 Hz, 1 H, H-8), 7.14 (t, J = 7.5 Hz, 1 H,
H-7), 7.09 (t, J = 7.5 Hz, 1 H, H-6), 6.90 (d, J = 7.5 Hz, 1 H, H-5), 6.83
(d, J = 9.0 Hz, 2 H, H-20, H-60), 6.60 (d, J = 9.0 Hz, 2 H, H-30, H-50),
4.22-4.17 (m, 2H, OCH2), 4.07 (t, J = 6.0Hz, 1H, H-4), 3.91 (t, J = 6.5
Hz, 1 H, H-1), 3.58 (br s, 2 H, NH2), 2.35-2.29 (m, 1 H, H-3e), 2.15-
2.06 (m, 2 H, H-2), 1.87-1.81 (m, 1 H, H-3a), 1.28 (t, J = 7.0 Hz, 3 H,
CH3).

13CNMR (CDCl3): δ 175.7 (CdO), 145.3 (C-40), 140.9 (C-4a),
137.6 (C-10), 134.6 (C-1a), 131.2 (C-5), 130.2 (C-20, C-60), 129.4 (C-
8), 127.6 (C-6), 126.8 (C-7), 115.8 (C-30, C-50), 61.5 (OCH2), 46.1 (C-
1), 44.9 (C-4), 31.3 (C-3), 24.9 (C-2), 15.0 (CH3). GC/MS (EI): m/z
295 (Mþ). Elemental anal. calcd for C19H21O2N: C, 77.26; H, 7.17; N,
4.71. Found: C, 77.30; H, 7.20; N, 4.61.

Ethyl 4-Oxo-30,40-dihydro-20H-spiro(cyclohexa[2,5]diene-1,10-
naphthalene)-40-carboxylate (31). White solid (62% in CCl4, 47% in
CH2Cl2); mp 59-60 �C (hexane/EtOAc 4:1). IR (KBr): 1734, 1670,
1630 cm-1. 1HNMR (CDCl3): δ 7.29 (br d, J = 7.6Hz, 1H,H-15), 7.23
(dt, J= 7.3Hz, J= 1.4Hz, 1H,H-13), 7.17 (dt, J= 7.7Hz, J= 1.2Hz, 1H,
H-14), 7.05-6.99 (m, 3 H, H-8, H-10, H-12), 6.34 (dd, J = 9.9 Hz, J =
1.8 Hz, 1 H, H-7 or H-11), 6.27 (dd, J = 9.9 Hz, J = 1.9 Hz, 1 H, H-7 or
H-11), 4.21 (q, J = 7.2 Hz, 2 H, OCH2), 3.94 (t, J = 5.5 Hz, 1 H, H-3),
2.36-2.16 (m, 3 H, H-4a, H-5a, H-5e), 1.92-1.87 (m, 1 H, H-4e), 1.30
(t, J = 7.2Hz, 3H, CH3).

13CNMR (CDCl3): δ 186.5 (CdO, quinone),
174.3 (CdO), 155.5, 154.7 (C-8, C-10), 134.3 (C-2), 133.4 (C-1),
130.9 (C-15), 129.4 (C-12), 128.2 (C-14), 128.1 (C-13), 127.8, 127.2
(C-7, C-11), 61.6 (OCH2), 44.9 (C-3), 44.7 (C-6), 31.3 (C-5), 22.8 (C-
4), 14.6 (CH3). GC/MS (EI): m/z 282 (Mþ). Elemental anal. calcd for
C18H18O3: C, 76.57; H, 6.43. Found: C, 76.42; H, 6.84.
X-ray Structure Determination. X-ray data were collected on a

TURBOCAD4 Enraf-Nonius diffractometer with a rotating anode and
Cu-KR1 radiation (λ = 1.54439 Å), at room temperature for compounds
30 and 31. Data collection and data reduction were done withCAD4 and
XCAD programs.26

All structures were solved by direct methods with SIR9727 and refined
by full-matrix least-squares on F2 with SHELXL97,28 both included in



3185 dx.doi.org/10.1021/jm101182s |J. Med. Chem. 2011, 54, 3175–3187

Journal of Medicinal Chemistry ARTICLE

the package of programs WINGX-Version 1.70.01.29 Nonhydrogen
atoms were refined with anisotropic thermal parameters. All hydrogen
atoms were located in a Fourier map, and their positions and isotropic
displacement parameters, Uiso(H), were refined freely, except those of
the methyl groups in both compounds, which were refined using a riding
model (1.5 times the attached oxygen atom), and the hydrogen atoms
attached to the C11 atom (compound 30) and those hydrogens attached
to the C2 and C3 in compound 31, which were also allowed to refine
riding on the parent C atom (1.2 times the attached oxygen atom).

Graphical representations were prepared using RASTER3D.30 A
summary of the crystal data, structure solution and refinement param-
eters for both compounds is given in Table S1 in the Supporting
Information.
DFT Studies. DFT calculations23 were performed with the Gauss-

ian03 software package25 using the B3LYP hybrid functional. This
functional includes a mixture of Hartree-Fock31 exchange with DFT
exchange-correlation, given by Becke's three parameter functional32 with
the Lee, Yang, and Parr correlation functional, which includes both local
and nonlocal terms.33 All intermediates were optimized without sym-
metry constraints. The standard 6-31G* basis set was employed for all
the elements.34 Frequency calculations were performed in all species at
this level of theory to confirm the nature of the stationary points and to
calculate electronic energies corrected for ZPE (ΔE0DFT) and free
energies (ΔGDFT). The free energies in dichloromethane or CCl4
solution (ΔGs) were obtained by performing self-consistent reaction
field (SCRF) calculations using the polarizable continuum model
(PCM) and the universal force field (UFF)35 to define the atomic radii
of the atoms on the gas-phase optimized geometries. Three-dimensional
representations of structures were obtained with Chemcraft.36

Biological Activity. Reagents. RPMI-1640, fetal bovine serum
(FBS), L-glutamine, phosphate-buffered saline (PBS), and trypsin were
from Gibco Invitrogen Co. (Scotland, United Kingdom). Acetic acid,
dimethyl sulfoxide (DMSO), doxorubicin, ethylenediaminetetraacetic
acid (EDTA), penicillin, streptomycin, sulforhodamine B (SRB), and
trypan blue were from SigmaChemical Co. (St. Louis, MO). Triclor-
oacetic acid (TCA) and Tris were sourced from Merck (Darmstadt,
Germany).
Samples. Stock solutions of compounds were prepared in DMSO and

kept at -20 �C. Appropriate dilutions of the compounds were freshly
diluted just prior to every assay.
Cell Cultures. Four human tumor cell lines, MCF-7 (breast

adenocarcinoma), NCI-H460 (nonsmall cell lung cancer), SF-268
(CNS cancer), and UACC-62 (melanoma), were grown as a monolayer
and routinely maintained in RPMI-1640 medium supplemented with
5% heat-inactivated fetal bovine serum, 2 mM glutamine, and antibiotics
(100 U/mL penicillin and 100 μg/mL streptomycin), at 37 �C in an
humidified atmosphere containing 5% CO2.
Tumor Cell Growth Assay. The effects of the compounds on the

growth of human tumor cell lines were evaluated according to the
procedure adopted by the National Cancer Institute (NCI, United
States) in the “In Vitro Anticancer Drug Discovery Screen” that uses the
protein-binding dye sulforhodamine B to assess cell growth.37 The
optimal plating density of each cell line, which ensures exponential
growth throughout all of the experimental period, was the same as
originally published38 andwas, respectively, 1.5� 105 cells/mL toMCF-
7 and SF-268, 7.5 � 104 cells/mL for NCI-H460, and 1.0 � 105 cells/
mL for UACC-62. The effect of the vehicle solvent (DMSO) on the
growth of these cell lines was evaluated in all experiments by exposing
untreated control cells to the maximum concentration (0.25%) of
DMSO used in each assay. Cells in 96-well plates were allowed to attach
overnight and then exposed for 48 h to five serial concentrations of the
compounds, starting from a maximum concentration of 100 μM.
Following this incubation period, the adherent cells were fixed in situ
with 50% TCA, washed with distillate water, and stained with 0.4% SRB

(solubilized in 1% acetic acid). The bound stain was solubilized in
10mMTris, and the absorbance wasmeasured at 492 nm in amicroplate
reader (EAR400 STL-Labinstruments). For each test compound and for
each cell line, a dose-response curve was obtained, and the growth
inhibition of 50% (GI50), corresponding to the concentration of
compound that inhibited 50% of the net cell growth, was calculated as
described elsewhere.38 Doxorubicin, used as a positive control, was
tested in the same manner.
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