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Abstract—A series of p-alkylaminophenols including 3, p-butylaminophenol; 4, p-hexylaminophenol; 5, p-octylaminophenol; and 6,
N-(p-methoxybenzyl)aminophenol were synthesized based on the structure of fenretinide, N-(4-hydroxyphenyl)retinamide (1). This
latter agent is a synthetic amide of all-trans-retinoic acid (RA), which is a cancer chemopreventive and antiproliferative agent. It was
found that elongation of the alkyl chain length in these compounds increased antioxidative activity and inhibition of lipid perox-
idation. These findings led us to investigate whether antiproliferative activity against cancer cells was effected by the length of alkyl
chains linked to the aminophenol residue. All p-alkylaminophenols inhibited growth of HL60 and HL60R cells in a dose-dependent
manners. The HL60R line is a resistant clone against RA. Growth of various cancer cell lines (HL60, HL60R, MCF-7, MCF-7/
AdrR, HepG2, and DU-145) was suppressed by p-alkylaminophenols in a fashion dependent on the aminophenol alkyl chain length
(5 > 4 > 3 > p-methylaminophenol (2)), with 5 being the most potent inhibitor of cell growth against HL60R, MCF-7/AdrR, and
DU-145 cells among p-alkylaminophenols tested, including 1. In particular, with the exception of compound 2, antiproliferative
activity against DU-145 cells by these p-alkylaminophenols was greater than by 1. In HL60 cells, growth inhibition was associated
with apoptosis. On the other hand, elongation of the alkyl chain length reduced superoxide trapping capability (2 > 3 > 4 > 5) in
contrast to the effects on inhibition of lipid peroxidation. These results indicate that anticancer activity of p-alkylaminophenols cor-
related with the inhibitory activity of lipid peroxidation, but not with the superoxide scavenging activity.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

N-(4-Hydroxyphenyl)retinamide (1, fenretinide) (Fig. 1),
a synthetic derivative of all-trans-retinoic acid (RA), is
an effective chemopreventive and antiproliferative
agent,1–4 which is used against a wide variety of tumor
types. Compound 1 currently is in clinical trial for the
treatment of breast, bladder, and neuroblastoma malig-
nancies.4–9 Compound 1 induces apoptosis in HL60 and
NB4 human leukemia cell lines, as well as in C33A, a
human cervical carcinoma cell line and in neuroblasto-
ma.9–15 Compound 1 alone is a poor inducer of differen-
tiation of HL60 cells as compared to RA.16

The mechanism(s) of 1 action is unclear because 1 binds
poorly or not at all to RA nuclear receptors (RARs and
RXRs),16–23 which directly activate transcription of
0968-0896/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bmc.2005.08.016

Keywords: Aminophenol; Fenretinide; Antioxidant; Anticancer;

Retinoic acid.
* Corresponding author. Tel./fax: +81 3 5498 5950; e-mail: t-noriko@

hoshi.ac.jp
target genes by binding to specific DNA sequences. In
addition, the mechanism of action of 1 may involve oxi-
dative pathways, since 1 generates reactive oxygen spe-
cies (ROS) and apoptosis induced by 1 is decreased by
addition of the antioxidants a-tocopherol (vitamin E)
and N-acetyl-LL-cysteine in HL60 cells and MCF-7 hu-
man breast cancer cell lines and by pyrrolidine dithio-
carbamate (PDTC) and nordihydoroguaiaretic acid in
C33A cells.12,24–26 On the other hand, 1 itself exhibits
antioxidative activity equivalent to vitamin E.26

To clarify mechanisms of 1 action, we studied biological
activities of 4-aminophenol, p-methylaminophenol (2),
and p-aminoacetophen, which are derived from the
side-chain amido portion of 1 that distinguishes it from
RA, a poor inducer of apoptosis. Compound 2, which
lacks partial functionality of 1, exhibited antioxidant
activity. It scavenged DPPH radicals and reduced lipid
peroxidation in rat liver microsomes. It also had anti-
cancer activity, suppressing growth of HL60 and
HL60R cells to the same extent as 1, and it induced
apoptosis of HL60 cells.27 Recently, we found that elon-
gation of alkyl chains in p-alkylaminophenols increased

mailto:t-noriko@ hoshi.ac.jp
mailto:t-noriko@ hoshi.ac.jp


1

O

N
H

OH

4
OH

N
H

2
OH

N
H

5
OH

N
H

3
OH

N
H

6
N
H

OHO

Figure 1. Chemical structures of p-alkylaminophenols (2, 3, 4, 5, and

6) and 1.
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antioxidant activity, reducing lipid peroxidation, mark-
edly. These findings raised questions whether the anti-
cancer activity of p-alkylaminophenols is dependent on
alkyl chain length and whether p-alkylaminophenols
also scavenge superoxide and oxi-radicals other than hy-
droxy radicals. In the current study, these questions
were evaluated using p-alkylaminophenols (Fig. 1) with
various lengths of alkyl residues.
2. Results

2.1. Inhibition of HL60 and HL60R cell growth by
p-alkylaminophenols

HL60 and HL60R cells, which are resistant to RA, were
grown in medium containing 10% FBS in the presence
of p-alkylaminophenols (Fig. 1). Compound 1, a parent
compound, was used as an internal standard for inhibi-
tion of cell growth. The percentage of net cell growth in
the presence of p-alkylaminophenol was shown with val-
ues adjusted by subtracting the initial cell concentrations
of experimental cultures from the initial concentrations
of control cultures, which were defined as 100% at each
time period. Growth of HL60 and HL60R cells was
inhibited by various concentrations of p-alkylaminophe-
nols and 1 in dose-dependent manners (Fig. 2A). In
HL60 cells, at low concentration in the range of
0.1 lM to 1 lM, 5 was a more potent inhibitor of cell
growth than 1, while in HL60R cells this order was
reverse (Fig. 2A). The percentage of net growth of
HL60 and HL60R cells in the presence of 4 lM p-alkyl-
aminophenol is shown in Figure 2B. Compound 5
(approximately 60% inhibition) was as potent as 1
(approximately 62% inhibition) in HL60 cells. In con-
trast, 5 (approximately 70% inhibition) was less potent
than 1 (approximately 90% inhibition) in HL60R cells.
In both HL60 and HL60R cells, elongation of the alkyl
chain attached to the aminophenol residue increased
antiproliferative activities. Compound 5 inhibited cell
growth to a greater extent than 6, which has a meth-
oxybenzyl residue instead of an alkyl chain. These re-
sults indicate that the inhibition of cell growth by both
compounds cannot be attributed to cell necrosis, and
that leukemia cell growth is suppressed by 5 more
strongly as compared with other aminophenols. Com-
pound 5 was the most potent inhibitor among the five
p-alkylaminophenols examined. This may indicate that
hydrophobic properties of an octanyl residue linked to
the aminophenol may be significant for antitumor
activity.

2.2. Effects on growth of various cancer cell lines

We examined whether p-alkylaminophenol or 1 affects
breast cancer cell growth. As shown in Figure 3,
MCF-7 cells having estradiol receptors (ER-positive
cells) or MCF-7/AdrR cells not having estradiol recep-
tors (ER-negative cells) were grown in the presence of
2, 3, 4, 5, 6 or 1 at concentrations of 4 lM. In MCF-7
cells, cell growth was inhibited approximately 75% by
1, 8% by 2, 34% by 3, 37% by 4, 70% by 5, and 25%
by 6, and approximately 67% by 1, 13% by 2, 49% by
3, 55% by 4, 98% by 5, and 38% by 6 in MCF-7/AdrR

cells (Fig. 3). Thus, while 1 showed cell growth inhibito-
ry effects as great as 5 against MCF-7 cells, 1 was less
potent than 5 in MCF-7/AdrR cells, which are resistant
to RA (Fig. 3).28,29 Growth inhibition by these com-
pounds was carried out in dose-dependent manner (data
not shown). These results indicate that 5 is a potent
growth inhibitor against human breast cancer cell lines,
particularly RA-resistant cells. In addition, the extent of
antiproliferative activity against breast cancer cells was
also enhanced depending on the length of the alkyl
residue.

Proliferation of DU-145 and HepG2 cells was sup-
pressed by p-alkylaminophenols and 1 (Fig. 4). At
4 lM concentrations, antiproliferative activities against
DU-145 cells were approximately 65% for 1, 43% for
2, 75% for 3, 78% for 4, 86% for 5, and 50% for 6
(Fig. 4). These results suggested that 3, 4, and 5 showed
more potent cell growth inhibitory activities than 1,
which is well known as an effective compound against
prostate cancer. Growth inhibitory activity increased
depending on the alkyl chain length.

In contrast, the percentage of growth inhibition against
HepG2 cells by p-alkylaminophenols was much less than
against DU-145 cells, whereas 5 was as potent as 1
against HepG2 cells (approximately 45% growth inhibi-
tion). At 4 lM concentrations, growth of HepG2 cells
was inhibited by approximately 10% for 2, 12% for 3,
20% for 4, and 10% for 6. These results indicated that
elongation of the alkyl chain enhanced cell growth inhi-
bition. Replacing the alkyl moiety with a methoxybenzyl
residue resulted in marked loss of inhibitory activity,
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Figure 2. Growth of HL60 and HL60R cells in the presence of p-alkylaminophenols and 1. (A) Cells (2 for HL60 or 1 for HL60R · 105 cells/ml) were

grown without (h) or with various concentrations of 1 (�) and p-alkylaminophenols (2 (s), 3 (d), 4 (n), 5 (j), and 6 (m)) in RPMI medium

containing 10% FBS. Growth was measured at 113 h for HL60 or 67 h for HL60R as described under Section 4. (B) Net growth percent of control

(C) was shown for each compound at 4 lM concentration. Each point is the mean of at least four measurements. The SD of each point was �8% of

the mean.
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thereby indicating that this functionality is essential for
action against cancer cells.

2.3. Agarose gel analysis of DNA fragmentation in HL60
cells

The finding that the length of the alkyl residue in the
p-alkylaminophenols affects cell growth inhibitory
potency led us to investigate the effect of these p-alkyl-
aminophenols on induction of apoptosis. DNA isolated
from HL60 cells treated with p-alkylaminophenols for
48 h was visualized on agarose gel. DNA extracted from
cells treated with DMSO showed no fragmentation
(Fig. 5A). In contrast, cells treated with 10 lM
concentrations of p-alkylaminophenols contained frag-
mented ladder DNA (Fig. 5). The intensity of ladder
DNA increased depending on the length of the alkyl
chain of aminophenol. These results indicate that
p-alkylaminophenols may potentially induce apoptosis
of HL60 cells and thereby inhibit cell growth.

2.4. Scavenging of superoxides

The superoxide scavenging activity of compounds was
measured using the absorbance of blue formazan pro-
duced from the yellow dye NBT2+. Blue formazan was
formed by superoxide remaining after compounds scav-
enged superoxide produced by a hypoxanthine/xanthine
oxidase system. The absorbance of control was approx-
imately 0.8. At 10 lM concentration, all p-alkylamin-
ophenols scavenged superoxides completely (>85%)
(Fig. 6), which showed no effects on xanthine oxidase
activity (Fig. 7). In contrast, RA and 1 were inactive
of both scavenging of superoxides and production of
superoxides by the xanthine oxidase system (Fig. 6). In
addition, 2, 3, 4, 5, and 6 eliminated superoxide in
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Figure 4. Growth of DU-145 and HepG2 cells in the presence of p-alkylaminophenols with various lengths of alkyl chains. DU-145 and HepG2 cells

were grown in the presence of 1 and p-alkylaminophenols (2, 3, 4, 5, and 6) at 4 lM concentration or DMSO (C) in medium containing 10% FBS for

68 h. The SD of each data point was �8% of the mean.
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Figure 3. Effects on growth of MCF-7 and MCF-7/AdrR cells by p-alkylaminophenols with various lengths of alkyl chains. MCF-7 and MCF-7/

AdrR cells were grown in the presence of 1 and p-alkylaminophenols (2, 3, 4, 5, and 6) at 4 lM concentration or DMSO (Control, C) in medium

containing 10% FBS for 68 h. The SD of each data point was �8% of the mean.
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dose-dependent manner (Fig. 8). Surprisingly, 2, which
has the shortest alkyl chain, was the most potent super-
oxide scavenger among these p-alkylaminophenols. At a
concentration of 1 lM, the extent of superoxide de-
creased approximately 72% by 2, 49% by 3, 40% by 4,
38% by 5, and 34% by 6. IC50 values are approximately
0.6 lM for 2, 1 lM for 3, and 1.5 lM for 4, 5, and 6.
These results indicate that all p-alkylaminophenols
exhibited antioxidant activity, scavenging superoxide
and that elongation of the alkyl chain reduced the capa-
bility to trap superoxide.
3. Discussion

The synthetic retinoid, 1, is a cancer chemopreventive,
antiproliferative agent, and a potent inducer of apopto-
sis. Its mechanism of action may rely on the generation
of ROS. Compound 2, which lacks partial functionality
of 1, is a more potent antioxidant than 1, exhibiting
antioxidant activity, scavenging DPPH radicals, and
reducing lipid peroxidation in rat liver microsomes. In
addition, 2 suppresses growth of HL60 and HL60R cells
to the same extent as 1 and induces apoptosis in HL60
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p-alkylaminophenols. Reaction mixtures containing various concen-
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were mixed, and then xanthine oxidase was added as described under

Section 4. After the incubation at 25 �C for 20 min, CuCl2 was added

to the reaction mixture. The subsequent extent of NBT reduction was

determined at 560 nm by spectrophotometer. The SD of each data

point was �8% of the mean.

0

20

40

60

80

100

120

R
em

ai
ni

ng
su

pe
ro

xi
de

(%
)

C RA 1 2 3 4 5 6N

Figure 6. Superoxide scavenging activity by p-alkylaminophenols, RA,

and 1. Reaction mixtures containing compounds (p-alkylaminophe-

nols, RA, and 1 at the concentration of 10 lM) or DMSO (C) were
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Section 4. After the incubation at 25 �C for 20 min, CuCl2 was added
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Figure 5. DNA fragmentation of HL60 cells grown in the presence of

p-alkylaminophenols. HL60 cells (4 · 105 cells/ml) were grown in the

presence of 2, 3, 4, 5, and 6 at the concentration of 10 lM or DMSO

(C) in medium containing 10% FBS for 48 h. DNA was extracted from

the cells and DNA fragmentation was measured by agarose gel

electrophoresis as described under Section 4. M, marker.
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cells. In contrast, 2 is an effective antiproliferative agent
against various other cancer cells, but is less potent than
1. In the current study, elongation of alkyl chain length
in p-alkylaminophenols based on the structure of 1 in-
creased antiproliferative activities against several cancer
cell lines (HL60, HL60R, MCF-7, MCF-7/AdrR,
HepG2, and DU-145 cells). Analog 5 was the most
potent inhibitor of cell growth in MCF-7/AdrR, and
DU-145 cells among p-alkylaminophenols as well as 1.
Antiproliferative activities of p-alkylaminophenols
againstDU-145cellsweregreater thanby1with the excep-
tion of 2. Growth inhibition by p-alkylaminophenols was
also associatedwith apoptosis inHL60 cells. In contrast, 2
was the most potent scavenger of superoxide.

Previous studies have shown thatp-alkylaminophenols
(2, 3, 4, 5, and 6) exhibit DPPH radical quenching activ-
ity in 1:2 ratios, whereas 1 exhibits a 1:1 ratio, and RA
F

R

o

w

a

2

a

was inactive. The extent of reduction of lipid peroxida-
tion by p-alkylaminophenols depends on the length of
the alkyl chain bound to the aminophenol. Compound
5 is the most potent inhibitor of lipid peroxidation,
being approximately 350-fold higher than 2 or 1 and
220 more potent than RA. In the current study, 2 was
the most potent inhibitor of superoxide radical scaveng-
ing activity, which is another antioxidant activity. The
hydrophobic nature of the compounds was not related
to Superoxide trapping.

As described above, the superoxide scavenging activity
of 2 is more potent than 5 and 1. Inhibition of lipid
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peroxidation by 5 is more potent than 2 and 1. In con-
trast, growth inhibition of various cancer cell lines by
5 and 1 is greater than by 2. Whether the mechanism(s)
behind these two different actions is attributable, the
same functionality is becoming clearer. The results of
the current study indicate that superoxide scavenging
activity may be due to the phenolic hydroxyl functional-
ity. In contrast, inhibition of lipid peroxidation may be
due to the three-dimensional structure formed by pheno-
lic hydroxyl and alkyl residues. Anticancer action may
be attributed to phenolic hydroxyl and alkyl functional-
ity attached to the aminophenol. The alkyl residue may
be particularly significant for cell–drug contact and anti-
cancer action. It would be interesting to examine further
the activity of other aminophenols linked to various al-
kyl chain lengths longer than 5.

Treatment of patients with 1 was accompanied by side
effects of night blindness brought on by decreasing ser-
um retinol levels.23 Since 1 binds to the nuclear reti-
noid receptors RARs and RXRs very poorly, the
mechanism of 1 action is still unclear. However, 1 ap-
pears to act on cells directly rather than through
hydrolysis to free RA. Recently, it was revealed that
4-hydroxybenzylretinone (4-HBR), a stable C-linked
analog of 1, exhibits antitumor effects to an extent sim-
ilar to 1.23,30 However, it was reported that 4-HBR did
not exhibit side effects of night blindness,23 even
though both 1 and 4-HBR contain the same aromatic
ring as retinol. In the current study, we showed that
5 which has a markedly different structure than retinol
is the most potent antiproliferative agent among p-
alkylaminophenols against various cancer cell lines.
Therefore, it is possible that 5 may be an anticancer
drug without the side effects observed in 1.

Certain forms of cancer, cardiovascular and cerebrovas-
cular diseases, and ischemia/reperfusion injuries are con-
sidered to occur by free radicals. Antioxidants, including
vitamins and flavonoids, prevent these diseases.31–34 Our
study indicates that 2 may be effective in diseases involv-
ing superoxide and that 5 affects diseases concerned with
hydroxy radicals. The antioxidant and antiproliferative
activities of 2 may influence many physiological process-
es, including immunostimulation, enhancement of cell
communication, and inhibition of metabolic activation.
Therefore, p-alkylaminophenols may potentially be use-
ful as lead compounds for development of therapeutics
against a variety of diseases, which are currently being
treated using antioxidants, and 1.

In the current study, 5 inhibited the growth of the RA-
resistant cancer cell lines, HL60R and MCF-7/AdrR,
more potently than the RA-sensitive cancer cell lines,
HL60 and MCF-7 (Figs. 2 and 3). In cytodifferentiation
therapy, a high percentage of patients in complete remis-
sion induced by RA alone relapse within a few
months.35–37 and most relapsed patients are resistant
to further treatment with RA37–39 The clinical outcome
of patients treated with RA may be modified by admin-
istration of 5. Studies are presently underway to deter-
mine the toxicity of 5 in animals and to measure the
effectiveness of 5 on tumors growing in animals.
4. Experimental

4.1. General

RA, nitroblue tetrazolium (NBT), ethylenediaminetetra-
acetic acid (EDTA), bovine serum albumin (BSA, frac-
tion V), and dimethylsulfoxide (DMSO) were obtained
from Sigma Chemical (St. Louis, MO, USA). Compound
1was provided byDr. R. C.Moon, University of Illinois,
Chicago, IL, USA. Compound 2 and dithiothreitol
(DTT)were purchased fromNacalai Tesque, Inc. (Kyoto,
Japan).

4.2. Cells

Early passage (<30) human myeloid leukemia cell lines,
HL60 and HL60R, a mutant subclone of HL60 that
exhibits relative resistance to RA and that harbors RA
receptors with markedly reduced affinity for RA, were
maintained in RPMI 1640 medium (Gibco, Grand Is-
land, NY) supplemented with 10 mM 4-(2-hydroxyeth-
yl)-1-piperazinethanesulfonic acid (HEPES), pH 7.3,
and 10% fetal bovine serum (FBS) (Gibco).40–42 Human
breast cancer cell lines, MCF-7 and MCF-7/AdrR, were
obtained from the American Type Culture Collection,
Rockville, MD.43 Human hepatoma cell line, HepG2,
was obtained from RIKEN cell bank (Tokyo, Japan).44

Human prostate cancer cell line, DU-145, was obtained
from Dr. Y. Pommier of the National Cancer Institute
(Bethesda, MD, USA).45 MCF-7, MCF-7/AdrR,
HepG2, and DU-145 cells were grown in RPMI medium
containing 10% FBS and subcultured every week. At-
tached cells were removed from the tissue culture flask
surface with trypsin–EDTA (0.05% trypsin and
0.53 mM EDTA in Hanks� balanced salt solution with-
out Ca2+ or Mg2+, Gibco).

All cells described above were incubated at 37 �C in a
humidified atmosphere of 5% CO2 in air. Cell number
was estimated using on an electric particle counter
(Coulter Electronics, Hialeah, FL) and viability was
determined by trypan blue dye exclusion.

4.3. Cell growth

HL60 and HL60R cells (1 or 2 · 105/ml, respectively)
were grown in RPMI 1640 medium containing 10%
FBS and various concentrations of compounds. Cell
number was estimated by an electric particle counter
and viability by trypan blue dye exclusion. The percent-
age of net growth is shown with values adjusted by sub-
tracting the initial cell concentration of experimental
cultures from the initial concentrations of control cul-
tures which were defined as 100%. Values for percent
net growth were calculated with the following formula:
[(cell concentration of experimental culture) � (initial
cell concentration)/(cell concentration of control cul-
ture) � (initial cell concentration)] · 100.

MCF-7, MCF-7/AdrR, HepG2, and DU-145 cells were
trypsinized and suspended in RPMI 1640 medium con-
taining 10% FBS. Cells (0.5 or 1 · 104/ml) were incubat-
ed at 37 �C in a humidified atmosphere of 5% CO2 in air.
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After one day, various concentrations of compounds
were added to the cultures. Cells were incubated for
72 h, and then viable cell number was estimated using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide as described previously.46,47 Values for
percent net growth were calculated with the following
formula: [(absorbance of experimental cell concentra-
tion) � (absorbance of initial cell concentration)/(absor-
bance of control cell concentration) � (absorbance of
initial cell concentration)] · 100.

4.4. Analysis of DNA fragmentation by agarose gel
electrophoresis

DNA isolation was performed as described previously.48

Briefly, HL60 cells (2 · 105 cells/ml) treated with various
compounds were harvested and washed with ice-cold
PBS. Cells were suspended in PBS (1 · 106 cells/ml) con-
taining 0.1 mg/ml proteinase K, 0.1 mg/ml RNase A, and
1% SDS, and were incubated at 37 �C for 30 min. After
addition of a NaI solution (6 M NaI/13 mM EDTA/
0.5% sodiumN-laurylsarcosine/10 lg glycogen as a carri-
er/26 mM Tris–HCl, pH 8.0), cells were incubated at 60
�C for 15 min and diluted with an equal volume of iso-
propanol. Cells were mixed vigorously and placed at
room temperature for 15 min. Mixtures were centrifuged
at 10,000g for 5 min, and supernatants were discarded.
Precipitated DNA was suspended in 1 ml of 40% isopro-
panol, vortexed, and centrifuged at 10,000g for 5 min to
recover DNA. Pellets were dried under vacuum and dis-
solved in sample solution for analysis by agarose gel elec-
trophoresis. Electrophoresis was performed on 2%
agarose gel at 100 V/gel. The presence of DNAs in the
gels was visualized by ethidium bromide.

4.5. Measurement of superoxide anion scavenging activity

The superoxide radicals were generated in vitro by the
hypoxanthine/xanthine oxidase system. The scavenging
activities of compounds were determined by the NBT
reduction method. In this method, O2

�� reduces the
yellow dye (NBT2+) to produce the blue formazan,
which is measured spectrophotometrically at 560 nm.
Antioxidants are able to inhibit the purple NBT
formation.

The capacity of compounds to scavenge the superoxide
radical was measured by a partial modified method of
previous assay as described.49 Briefly, a reaction mixture
was prepared with a final volume of 2.6 ml/tube. Sodium
carbonate buffer (50 mM, pH 10.2) (2.0 ml), 3 mM
EDTA (0.1 ml), 1.5 mg/ml BSA (0.1 ml), 0.75 mM
NBT (0.1 ml), 3 mM xanthine (0.1 ml), and 2.4 ll com-
pound were mixed, and then xanthin oxidase (0.1 ml,
one unit) was added. After the incubation at 25 �C for
20 min, 6 mM CuCl2 (0.1 ml) was added to the reaction
mixture. The subsequent extent of NBT reduction was
determined at 560 nm by spectrophotometer.

To determine effects on xanthine oxidase by compounds,
the formation of uric acid was measured. Reaction mix-
tures without NBT solution above were incubated at
25 �C for 20 min, and 6 mM CuCl2 (0.1 ml) was added
to the reaction mixture. Absorbances of uric acid were
determined at 290 nm by spectrophotometer.

The solutions were prepared daily and kept from light.
The results are expressed as the percentage inhibition
of the NBT reduction with respect to the reaction mix-
ture without sample (buffer only).

4.6. Presentation of results

Each experiment was performed at least 4 times, and
most experiments were repeated at least 3 times with
consistent results.

4.7. Synthesis of p-alkylaminophenols

Compounds 3, 4, 5, or 6 was synthesized and reported as
described previously.27,50–59 Typical experimental proce-
dures were as follows: to a stirred solution of n-butyral-
dehyde (0.72 g, 10 mmol) in absolute tetrahydrofuran
(10 ml) were successively added molecular sieves 3A
(4 g) and 4-aminophenol (1.1 g, 10.1 mmol), and the
resulting mixture was stirred for 4 h at 5 �C. After addi-
tion of sodium borohydride (0.76 g, 20 mmol), the mix-
ture was stirred for an additional 30 min at the same
temperature. The mixture was treated with H2O
(50 ml) and the organic solvent was removed under re-
duced pressure. The aqueous solution was extracted
with dichloromethane (3· 30 ml). The combined ex-
tracts were dried (Na2SO4), and evaporated in vacuo
to give a residue, which was purified by column chroma-
tography on silica gel (hexane/ethyl acetate = 6:1) to af-
ford pure 3 (200 mg, 12%). Compound 3 was
recrystallized with hexane/ethyl acetate solvent.

4.8. p-Butylaminophenol (3)

1H NMR d: 0.94 (3H, t, J = 7.3 Hz, 4-CH3), 1.40 (2H,
m, 3-CH2), 1.57 (2H, m, 2-CH2), 3.05 (2H, t,
J = 7.1 Hz, 1-CH2), 3.80–5.10 (1H, br, NH), 6.54 (2H,
d, J = 8.8 Hz, Ar-H), 6.68 (2H, d, J = 8.8 Hz, Ar-H);
13C NMR d: 13.8, 20.2, 31.5, 45.4, 115.3, 116.3, 141.8,
148.5; EI-MS m/z (%): 165 (M+) (84), 122 (100), 108
(28); HRMS Calcd for C10H15NO (M+) 165.1154.
Found 165.1168.

4.9. p-Hexylaminophenol (4)

1H NMR d: 0.89 (3H, t, J = 6.7 Hz, 6-CH3), 1.25–1.45
(7H, m, 3-, 4-, 5-CH2 and OH), 1.54–1.64 (2H, m, 2-
CH2), 3.04 (2H, t, J = 7.0 Hz, 1-CH2), 6.54 (2H, d,
J = 8.6 Hz, Ar-H), 6.69 (2H, d, J = 8.6 Hz, Ar-H); 13C
NMR d: 14.0, 22.6, 26.8, 29.6, 31.6, 45.2, 114.4, 116.2,
142.7, 147.7; EI-MS m/z (%): 193 (M+) (30), 171 (15),
149 (27), 133 (15), 122 (100), 113 (16), 99 (12); HRMS
Calcd for C12H19NO (M+) 193.1467. Found 193.1442.

4.10. p-Octylaminophenol (5)

1H NMR d: 0.88 (3H, t, J = 6.7 Hz, 8-CH3), 1.25–1.45
(10H, m, 3-, 4-, 5-, 6-, 7-CH2), 1.54–1.64 (2H, m, 2-
CH2), 3.04 (2H, t, J = 7.1 Hz, 1-CH2), 3.50–4.60 (1H,
br, NH), 6.54 (2H, d, J = 8.7 Hz, Ar-H), 6.68 (2H, d,
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J = 8.7 Hz, Ar-H); 13C NMR d: 14.1, 22.6, 27.2, 29.2,
29.4, 29.6, 31.8, 45.3, 114.6, 116.2, 142.5, 147.8; EI-MS
m/z (%): 221 (M+) (35), 213 (25), 189 (6), 171 (22), 167
(18), 157 (14), 149 (75), 122 (100); HRMS Calcd for
C14H23NO (M+) 211.1780. Found 221.1750.

4.11. N-(p-Methoxybenzyl)aminophenol (6)

1H NMR d: 3.80 (3H, s, OMe), 4.19 (2H, s, NHCH2),
6.55 (2H, ddd, J = 2.2, 3.4, and 8.7 Hz, Ar-H), 6.68
(2H, ddd, J = 2.1, 3.5, and 8.7 Hz, Ar-H), 6.87 (2H,
ddd, J = 2.0, 3.0, and 8.6 Hz, Ar-H), 7.28 (2H, brd,
J = 8.6 Hz, Ar-H); 13C NMR d: 48.8, 55.3, 114.0,
114.4, 116.2, 128.8, 131.6, 142.4, 147.8, 158.8; EI-MS
m/z (%): 229 (M+) (25), 184 (2), 167 (43), 150 (12), 149
(100), 132 (5), 122 (11), 121 (82), 113 (11), 104 (11);
HRMS Calcd for C14H15NO2 (M+) 229.1103. Found
229.1117.
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