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Abstract: N-Nitroso compounds con-
taining benzene, fluorene or fluorenone
rings were synthesized. Photolysis of
these compounds with 312-nm UV
light provided the NO° species, the
presence of which was corroborated by
use of an EPR method and of 2-
phenyl-4,4,5,5-tetramethylimidazolin-1-
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agent. During irradiation of N-methyl-
N-nitroso-9-fluorenone  carboxamide
(14¢) in the absence of PTIO, it under-
went decomposition followed by re-
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combination to give the heterocyclic
nitric oxide radical 15. Incorporation of
intercalating moieties endowed the N-
nitroso compounds with DNA-cleaving
ability through single-strand scission
upon UV irradiation in a phosphate
buffer (pH 5.0-8.0) under aerobic con-
ditions.

oxyl 3-oxide (PTIO) as a trapping

Introduction

Nitric oxide radical (NO") is a colourless gas with a solubili-
ty of 2-3 mM in water. It may react with a variety of atoms
and radical species.!! Its importance increased dramatically
after Furchgott,” Ignarro,’! Murad™ and their co-workers
reported its physiological roles in humans. Nevertheless,
direct applications of this radical species encounter prob-
lems because of its instability and the inconvenience of han-
dling of its aqueous solutions. Use of “NO*-masked” com-
pounds (i.e., NO' donors) is a feasible alternative. Some
NO* donors may be heat- or light-sensitive; others may de-
compose in the presence of oxidants or metal-ion catalysts.”!
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N-Nitrosamines, for example, can function as NO® donors
through homolytic fission of the N-NO bond."*”

We set out to develop N-nitroso carboxamides and sulfox-
imides as efficient NO® donors under control conditions, and
then to apply their derivatives as a new class of DNA-cleav-
ing agents with potential for gene therapy. Our first step was
to understand their photochemistry and to use UV light as
the “trigger.” The second step was to incorporate intercalat-
ing moieties into N-nitroso carboxamides and to study their
abilities to nick DNA.

NO* within cells plays a major role as a neurotransmitter
and a regulator of blood pressure.*? Recent reports indi-
cate that NO" species cause damage to DNA and mutation
in a human lymphoblastoid cell line in cell culture. Macro-
phages also use nitric oxide as a cytotoxic agent that can
cause DNA damage.">'? Nitric oxide radical can deaminate
deoxynucleosides and deoxynucleotides; it can also intact
with DNA under physiological conditions."*' Here we
report our success in developing N-nitroso carboxamides
and sulfoximides!"™ as NO* donors triggered by UV light.
Furthermore, our results indicate that irradiation of these
compounds caused homolytic fission at the N—NO bond and
that the resultant NO" species cleaved DNA through single-
strand scission.
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Results

Syntheses of N-nitroso compounds: We synthesized a series
of N-nitroso compounds from readily available starting ma-
terials by established methods.'"*'*) Accordingly, N-methyl-
N-nitrosoaniline (2) was obtained in 86 % yield by N-deme-
thylation/N-nitrosation of N,N-dimethylaniline (1) with
nBuONO (Scheme 1). Compound 5, bearing an N-nitroso
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(86%)

Me
O
Me
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O
Me
2

Scheme 1.

moiety attached to a sulfonyl group, was generated in 54 %
yield by amidation of p-toluenesulfonyl chloride (3) fol-
lowed by N-nitrosation with NaNO, (Scheme 2).

MeNH,
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Scheme 2.

Compounds 8, 11 and 14, each containing an N—NO
moiety attached to a carbonyl group, were prepared from
the corresponding acid or acyl chloride in two steps in 41—
61% overall yields (see Schemes 3 and 4). Compounds 11

RNH,
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Scheme 3.

and 14 incorporated fluorene or fluorenone moieties, respec-
tively, which can function as intercalating species for
DNA.?) In the 9-fluorenone carboxamides 14a—c, the N-
methyl-N-nitroso carboxamide moiety was placed variously
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at a C-1, a C-2, or a C-4 position. Accordingly, the N-NO
moiety might approach DNA from different angles.

Detection of radicals resulting from NO' species: To detect
the nitric oxide radical (NO°) intermediate, we used UV
light (. >300 nm) to irradiate a solution of 14¢ containing 2-
phenyl-4,4,5 5-tetramethylimidazolin-1-oxyl 3-oxide (PTIO).
The reagent PTIO can oxidize the NO' radical to form 2-
phenyl-4,4,5,5-tetramethylimidazolin-1-oxyl (PTI) and NO,
radicals.?? Over 15 min of irradiation, the colour of the
solution gradually changed from dark blue to brown. We de-
tected a set of EPR signals as shown in Figure 1a. The
g value and hyperfine splitting constants (g=2.0061, ayl=
9.65 G, ay3=4.32 G) were consistent with those of PTI as
shown in Figure 1b.?? These results clearly indicate that the
NO' species was generated in the reaction medium.
Production of the NO' radical can be inferred from our
successful detection of the PTI signal, the appearance of
which was found to be time-dependent (see Figure 2a-e).
At the start, the reaction mixture was placed in the dark
and the EPR spectrometer exclusively showed the signal of
PTIO (Figure 2a). After the mixture had been irradiated
with UV light for various time periods, the EPR signals cor-
responded to combinations of PTIO and PTI as shown in
Figure 2b-d. After 15 min, the detected EPR signal shown
in Figure 2e could be fully superimposed on the simulated
signal for pure PTI shown in Figure 2j. Moreover, use of the
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Figure 1. EPR spectra of PTI obtained a) by photolysis of 14¢ in the
presence of PTIO, and b) by computer simulation.

Simfonia EPR program allowed us to determine the ratios
of PTIO/PTI by comparing the detected signals shown in
Figure 2b-d with the simulated signals shown in Figure 2 g—
i, respectively.

40G

a) dark

b) 1.0 min -

Figure 3. EPR spectra of radical 15 obtained a) by photolysis of 14¢, and
b) by computer simulation. These two spectra are superimposable.

(form I; 50 um/base pair), were irradiated with 312 nm UV
light (16 W) at room temperature for 2.0 h. Results from gel
electrophoresis on 1.0% agarose with ethidium bromide
staining showed that these N-nitroso agents exhibited appar-
ent DNA-cleaving activities and
gave the relaxed circular DNA
(form IT). The ratios of form IT
to form I ranged from 0.61-99

H (Table 1).
Furthermore, we performed
2 two control experiments with

r=PTIO/PTI

r=12

5 5.0 min

the N-nitroso carboxamide 14¢
to investigate its photolytic
DNA-cleaving mechanism. For
the first control experiment, the

h)

=0.48

=0.24
9 —AANNANAAAN— 158 AANANAA—D

Figure 2. EPR spectra a)-e) of PTI were obtained by photolysis of a mixture containing 14¢ and PTIO 1:1 in
THF under different conditions: a) in the dark at r=0, b) t=1.0 min, ¢) 7=5.0 min, d) /=10 min, and e) t=
15 min. These spectra are superimposable with those (i.e., spectra f—j, respectively) obtained by computer sim-
ulation. Spectrum f), obtained by use of the Sinfonia program, represents the signal from pure PTIO and spec-
trum j) that from PTI; spectra g)-i) were identified as combinations of PTIO and PTI signals in the ratios of

1.2, 0.48, and 0.24, respectively.

Similarly, we repeated the EPR experiments with 14¢
under the same photolytic conditions but without addition
of PTIO. After 3.0 min, we detected a complicated signal as
shown in Figure 3a. Its gvalue (=2.0062) and hyperfine
splitting constants (ax=13.34 G, ay=5.571 G) agreed well
with a simulated spectrum of nitric oxide radical 15, shown
in Figure 3b.

DNA-cleaving ability of N-nitroso compounds: The N-ni-
troso compounds 2, 5, 8a, 8b, 11 and 14a—c, in sodium phos-
phate buffer (pH 5.0, 6.0, 7.0, and 8.0) containing THF
(10%) and the supercoiled circular ¢X174 RFI DNA
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same reaction was repeated,
except in the dark. For the
second control experiment,
sodium azide was added to the
photolytic reaction mixture as a
scavenger of singlet oxygen.
Our data, listed in the last
column of Table 1, indicate that
single-strand cleavage did not
occur in the dark [(form II)/-
(form I) =0.12], so the UV light
was functioning as a “trigger” to initiate the cleaving pro-
cess. On the other hand, the DNA-cleaving ability was not
reduced dramatically after the addition of sodium azide (see
the second-last row of Table 1). Accordingly, singlet oxygen
did not participate in this reaction.

Our results indicate that the DNA-cleaving abilities of the
N-nitroso compounds follow the order: 14¢>14a>14b>
11>5>8a>2>8b (see Figure 4). The better potencies of
14a—c and 11 relative to the other compounds could be the
result of their structures containing intercalating moieties.
Out of all the N-nitroso compounds, N-methyl-N-nitroso-9-
fluorenone-4-carboxamide (14¢) exhibited the highest

Chem. Eur. J. 2009, 15, 8742—-8750
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DNA Cleavage

Table 1. Single-strand cleavage of supercoiled circular ¢$X174 RFI DNA
(form I) to relaxed circular DNA (form II) by photolysis of N-nitroso
compounds with 312-nm UV light at room temperature over 2.0 h.

Compound®  pH % FormI® % FormII®  Form II/Form I
2 6.0 48 52 1.1

5 6.0 34 66 1.9
8a 6.0 36 64 1.8
8b 6.0 50 50 1.0
11 6.0 30 70 2.3
14a 6.0 5.0 95 19
14b 6.0 6.0 94 16
14c¢ 5.0 none >99 >99
14¢ 6.0 3.0 97 32
14¢ 7.0 3.0 97 32
14¢ 8.0 22 78 3.6
none 6.0 88 12 0.14
14c 60 50 95 19
14l 6.0 89 11 0.12

[a] A sodium phosphate buffer (Na,HPO, and NaH,PO,, 0.10M) contain-
ing an N-nitroso compound (500 pm), 50 um/base pair of form I DNA
(molecular weight 3.50x 10°, 5386 base pairs in length). [b] Analysed by
gel electrophoresis with 1.0% agarose and ethidium bromide staining.
[c] Sodium azide (50 mm) was added. [d] In the dark.

351

251

Form II/ Form 1

N -Nitroso agents

Figure 4. Cleavage of supercoiled circular $X174 RFI DNA (form I) by
the N-nitroso agents to produce the relaxed circular DNA (form II) in a
sodium phosphate buffer (pH 6.0) under aerobic conditions and with
photolysis with 312-nm UV light at room temperature over 2.0 h.

DNA-cleaving ability. At pH 6.0, 14¢ was able to cleave
DNA with a (form IT)/(form I) ratio of 1.1 at concentrations
as low as 5.0 um (see Figure 5).

Site specificity of DNA cleavage by compound 14c¢: To ex-
plore our findings relating to DNA cleavage in terms of site
specificity, we used polyacrylamide gel electrophoresis to
analyse the DNA cleavage pattern achieved with 14¢ under
photolytic conditions. Mixtures containing *P-end-labelled
DNA fragments and 14¢ (2000, 1000, and 500 pm) in sodium
phosphate buffer (pH 6.0) containing THF (10 %) were pre-
incubated for 30 min. The double-stranded 16-mer d(5'-*P-
GGACGAAGGATTACGT) - d(ACGTAATCCTTCGTCC)
was prepared with a DNA synthesizer. Irradiation of the

Chem. Eur. J. 2009, 15, 87428750
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Figure 5. Dose measurement of the DNA-cleaving ability of 14¢ in a

sodium phosphate solution (pH 6.0) with irradiation with 312-nm UV
light room temperature over 2.0 h.

mixture with UV light (312 nm), followed by piperidine
treatment at 95°C for 30 min, gave the autodiagram as
shown in Figure 6. The cleavage sites occurred predominant-
ly at the guanine position.

2000 2000 G 2000 1000 50020001000 500
hv hv dark dark hv  hv hv hv hv hv
|4 P P P P

aar-H=ESr>»00 H

>

Figure 6. Autoradiogram of a denaturing polyacrylamide gel representing
the cleavage of the 16-mer d(5'-*P-TGCATTAGGAAGCAG) - d(ACG-
TAATCCTTCGTCC) after photolysis of 14¢ at 2000, 1000, and 500 pm.
p: DNA fragments with piperidine treatment; A + G and G: nucleotide
residue determined by the Maxam-Gilbert chemical sequence; hv: 312-
nm UV light.
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Discussion

Formation of nitric oxide radical 18: A plausible mechanism
for the photochemical transformation of the N-nitroso car-
boxamide 14¢ into the nitric oxide radical 15 is illustrated in
Scheme 5. Upon irradiation with UV light, 14¢ decomposes

NHMe
14c 16 13c
minor
o} o o}
NO*
0 ~— GO )
R o Y
I =N—/ . N~
17 18 15
Scheme 5.

to give the amidyl radical 16 and an NO" radical. The pres-
ence of the NO' radical was confirmed in the control EPR
experiment involving the use of the trapping agent PTIO.
Disproportionation then takes place in the amidyl radical 16
to give the carboxamide 13¢ in 91 % yield, together with the
unstable conjugated ketone 17. The NO' radical produced in
situ then adds to 17 in a 1,4-fashion to afford the oxy-radical
18. Finally intramolecular cyclization occurs in 18 to afford
the nitric oxide radical 15 through a 5-exo-trig mode.

Potencies, intercalation, computer simulation, and site spe-
cificities of N-nitroso compounds: DNA plays a crucial role
in cells because of its ability to carry the genetic informa-
tion. It is hence generally chosen as the biological target of
anti-cancer agents, some of which exhibit intercalating or
cleaving ability or both.**! There is widespread interest in
exploration of new compounds that can cleave DNA in
unique and controllable ways.”2! These controllable condi-
tions include the application of heat,?”! light,®*?! metal
ions,**3! enzymes >3 etc. to initiate the process of free rad-
ical formation. The resultant radicals then damage DNA.
The DNA-cleaving agents under our development included
2, 5, 8, 11 and especially compounds 14. We adopted the N-
nitrosofluorenones 14a—c because they possessed both inter-
calating moieties and photocleavable N—NO bonds. UV
light was applied as the trigger to initiate the process of gen-
eration of NO" radicals, which were responsible DNA for
scission.

To understand the geometric effects on the intercalation
of the cleaving species into DNA, we carried out the graphic
molecular modelling®®! of oligodeoxyribonucleotides accom-
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panied by the N-nitroso agent. Our computational results
are shown in Figure 7a—c, with the oligodeoxyribonucleotide
assigned a d(TGCATTAGGAAGCAG) sequence on the
basis of the sequence in Figure 6. After the energy minimi-
zation of the host-guest complex shown in Figure 7a, we ob-
tained the oligodeoxyribonucleotide intercalated by 14¢
(see Figure 7b). This stable complex allowed hydrogen
bonds to exist between the carbonyl group of 14¢ and the
C-2 amino group of guanine (Figure 7¢ and d]. Our compu-
tational simulation results thus explain the outcome that
compounds 14a-c exhibited greater cleaving potencies than
compounds 2, 5, 8a, 8b and 11.

According to the gel electrophoresis result shown in
Figure 3, 14¢ predominantly cleaved the double-stranded
16-mer DNA at the guanine residue. Our findings coincide
with the properties associated with nitric oxide.* Recent
studies—based on determination of deaminated bases such
as hypoxanthine and xanthine—have revealed that, in intact
DNA, guanine is relatively more reactive than adenine and
cytosine.’®! The highly preferential cleavage at guanine resi-
dues may be due to fast deamination of guanine and its
rapid depurination.”!

Conclusions

A series of N-nitroso compounds containing intercalating
moieties were designed and synthesized. Upon UV irradia-
tion, these agents released active NO' species, the presence
of which was corroborated by an EPR method. These N-ni-
troso compounds functioned as UV-triggered DNA cleavage
agents. The fluorenone-containing nitroso compounds exhib-
ited high DNA-nicking abilities at concentrations as low as
5.0 um with site specificity at guanine residues.

Experimental Section

General procedures: Ethyl acetate, hexanes and tetrahydrofuran (THF)
were purchased from Mallinckrodt Chemical Co. Ethyl acetate and hex-
anes were dried and distilled from CaH,; THF was dried by distillation
from sodium and benzophenone under nitrogen. The following com-
pounds and reagents were purchased from Aldrich Chemical Co.: n-bu-
tylamine, N,N-dimethylaniline, ethanol, 9-fluoreneacetic acid, 9-fluore-
none-1-carboxylic acid, 9-fluorenone-2-carboxylic acid, 9-fluorenone-4-
carboxylic acid, methylamine (2.0M in THF), N-methyl-p-toluenesulfona-
mide (4), N-methyl-N-nitroso-p-toluenesulfonamide (5), N-methylbenza-
mide (7a) and N-n-butylbenzamide (7b). N-Methyl-N-nitrosoaniline (2)
was provided by Sinova Chemical Co. The following compounds and re-
agents were purchased from Merck, Inc.: benzoyl chloride, n-butyl nitrite,
HCI (37% wt. in water), pyridine, sodium nitrite, thionyl chloride and
toluene-4-sulfonyl chloride. Supercoiled circular ¢X174 RFI DNA and
pBR322 DNA were purchased from New England Biolabs Co. Agarose
gel was purchased from Sigma Chemical Co.

Analytical thin layer chromatography (TLC) was performed on precoat-
ed plates (silica gel 60 F-254), purchased from Merck, Inc. Purification by
gravity column chromatography was carried out with Merck Reagents
silica gel 60 (particle size 0.063-0.200 mm, 70-230 mesh ASTM).

Infrared (IR) spectra were measured on a Bomem Michelson Series FT-
IR spectrometer. The wavenumbers reported are referenced to the poly-

Chem. Eur. J. 2009, 15, 8742—-8750
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Figure 7. A host-guest complex was obtained by computer simulation and energy minimization with MM2 until the root mean square derivative reached
0.01 kcalmol ' A. Tt contains a double-stranded DNA with one d(TGCATTAGGAAGCAG) strand sequence. The DNA was intercalated by 14c:
a) before energy minimization, and b) after energy minimization. c) A close view of a hydrogen bond between the carbonyl group of 14¢ and the C-2

amino group residue. d) Chemical structure depicting the hydrogen bonding.

styrene 1601 cm ™' absorption. Absorption intensities are recorded by the

following abbreviations: s, strong; m, medium; w, weak; br, broad.
Proton NMR spectra were obtained on a Varian Unity 400 (400 MHz)
spectrometer with use of CDCI, as solvent and tetramethylsilane as an in-
ternal standard. Carbon-13 NMR spectra were performed on a Varian
Unity 400 (100 MHz) spectrometer with use of CDCl; as solvent.
Carbon-13 chemical shifts are referenced to the centre of the CDCI; trip-
let (6 77.0 ppm). Multiplicities are recorded by the following abbrevia-
tions: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; J, coupling
constant (hertz). The EPR spectra were recorded on a Brucker EMX-10
X-Band spectrometer and the hyperfine splitting constants were mea-
sured in gauss. Elemental analyses were carried out on a Heraeus CHN-
O RAPID element analyser. The DNA cleavage experiments were car-
ried out in autoclaved glassware or Eppendorf tubes. Photolytic experi-
ments were carried out at 37°C by use of UV light (312 nm, 16 W) with
an instrument from Fisher Biotech. Purities of all products were
>99.5%, as checked by GC.

Chem. Eur. J. 2009, 15, 8742—-8750
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General procedure 1 for the preparation of N-aryl-N-nitrosobenzamides:
HCI (37%, 4.0 equiv) was added to a solution of the N-arylbenzamide
(1.0 equiv) in diethyl ether (1.0 mL). The reaction mixture was stirred
vigorously in a water/ice bath at 10°C. Sodium nitrite (4.0 equiv) in water
(1.0 mL) was then added over a period of 5.0 min and the reaction mix-
ture was then stirred at room temperature for 4.0 h. It was then worked
up with water and extracted with diethyl ether (3x5.0 mL). The com-
bined organic layer was washed with saturated aqueous NaCl, dried over
solid MgSO,, filtered and concentrated under reduced pressure. The resi-
due was purified by column chromatography (10% EtOAc/hexanes as
eluent) to provide the desired N-aryl-N-nitrosobenzamide.

N-Methyl-N-nitrosobenzamide (8a): General procedure 1 was followed
with use of N-methylbenzamide (7a, 165 mg, 1.22 mmol), diethyl ether
(1.0mL), HCl (37%, 481 mg, 4.88 mmol) and sodium nitrite (338 mg,
4.88 mmol) in water (1.0 mL) to give 8a (160 mg, 0.975 mmol, 80%) as a
yellow oil: TLC R;=0.68 (20% EtOAc/hexanes); 'HNMR (CDCl;,
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400 MHz): 6=3.31 (s, 3H; CH;), 7.47-7.59 (m, 3H; ArH), 7.78 ppm (d,
J=8.0Hz, 2H; ArH); "CNMR (CDCl;, 100 MHz): §=26.85, 128.16,
130.73, 132.54, 132.71, 172.90 ppm; IR (neat): #=3064 (w, CHj;), 2948 (w,
ArH), 1705 (m), 1600 (w), 1499 (m), 1343 (m), 1166 (s), 968 (s), 898 (W),
8.03 cm ™ (s). The compound’s spectroscopic characteristics are consistent
with those reported for the same compound.””!

N-n-Butyl-N-nitrosobenzamide (8b): General procedure 1 was followed
with use of N-n-butylbenzamide (7b, 217 mg, 1.23 mmol), diethyl ether
(1.0 mL), HCl (37 %, 481 mg, 4.88 mmol) and sodium nitrite (338 mg,
4.88 mmol) in water (1.0 mL) to give 8b (200 mg, 0.970 mmol, 79 %) as a
yellow oil: TLC R;=0.58 (20% EtOAc/hexanes); 'HNMR (CDCl,,
400 MHz): =091 (t, J=7.2Hz, 3H; CH;), 1.26-1.31 (m, 2H; CH,),
1.42-1.49 (m, 2H; CH,), 3.92 (t, /=7.2 Hz, 2H; CH,), 7.41-7.53 (m, 3H;
ArH), 7.71-7.73 ppm (m, 2H; ArH); IR (neat): ¥=2963 (m, ArH), 2936
(w), 1594 (m), 1568 (s), 1372 (s), 1282 (s), 1174 (s), 1087 (m), 905 (m),
669 (s) cm~'. The compound’s spectroscopic characteristics are consistent
with those reported for the same compound.””)

General procedure 2 for the preparation of N-methylarylamides: Thionyl
chloride (2.0 equiv) was added to a solution of the aryl acid (1.0 equiv) in
benzene (1.0 mL). The reaction mixture was heated at reflux for 4.0 h.
The excess of thionyl chloride was distilled off along with benzene. After
the residue had cooled to room temperature, methylamine in THF (2.0,
2.0 equiv) was added slowly into the reaction flask. The reaction mixture
was stirred for about 30 min. The reaction mixture was worked up with
water and extracted with CH,Cl, (3x10mL). The combined organic
layer was washed with saturated aqueous NaCl, dried over MgSO, ), fil-
tered and concentrated under reduced pressure. The residue was purified
by column chromatography (3.0% MeOH/CH,Cl, as eluent) to provide
the desire N-methyl-N-nitrosoarylamide.

N-Methyl-9-fluoreneacetamide (10): General procedure 2 was followed
with use of 9-fluoreneacetic acid (9, 75.2 mg, 0.331 mmol) in benzene
(1.0 mL), thionyl chloride (78.5mg, 0.662 mmol) and methylamine in
THF (2.0m, 0.33 mL, 0.66 mmol). The residue was purified by column
chromatography (3.0% MeOH/CH,Cl, as eluent) to give 10 (53.1 mg,
0.224 mmol, 68%) as a white solid: TLC R;=035 (5.0% MeOH/
CH,CL,); m.p. 180-182°C (recrystallized from CH,Cl,); '"H NMR (CDCl,,
400 MHz): 6=2.54 (d, /=7.6Hz, 2H; CH,), 2.85 (d, /=48 Hz, 3H;
CHs;), 4.50 (t, J=7.6 Hz, 1H; CH), 5.43 (s, 1H; NH), 7.26-7.75 ppm (m,
8H; ArH); "*CNMR (CDCl,, 100 MHz): 6 =26.42, 40.94, 44.00, 119.92,
124.44, 127.11, 127.39, 140.65, 146.41, 171.96 ppm; IR (neat): 7=3446
(w), 3286 (m, NH), 3040 (w, CHj;), 1634 (s), 1585 (m), 1276 (m), 1164
(m), 968 (w), 732 (s), 629 (s) cm™'; MS: m/z (%): 237 [M]* (56), 180 (7),
178 (100), 176 (11), 166 (8), 165 (43), 163 (7), 152 (7), 151 (4); elemental
analysis (%) caled for C;¢H;sNO: C 80.98, H 6.37, N 5.90; found: C
80.79, H 6.24, N 5.86.

General procedure 3 for the preparation of N-methyl-N-nitrosoaryl-
amides: HCl (4.0 equiv) was added to a solution of an N-methylaryl-
amide (152 mg, 1.0 equiv) in THF (1.0 mL). The reaction mixture was
stirred vigorously in a water/fice bath at 10°C, and sodium nitrite
(4.0 equiv) in water (1.0 mL) was then added over a period of 5.0 min.
After the reaction mixture had been stirred at room temperature for
4.0 h, the reaction mixture was worked up with water and extracted with
diethyl ether (3x5.0 mL). The combined organic layer was washed with
saturated aqueous NaCl, dried over MgSO, ), filtered, and concentrated
under reduced pressure. The residue was purified by column chromatog-
raphy (3.0% MeOH/CH,CI, as eluent) to provide the desire N-methyl-
N-nitrosoarylamide. Because of thermal lability, the resultant N-nitroso
compounds were unable to procceed a HRMS detection.

N-Methyl-N-nitroso-9-fluoreneacetamide (11): General procedure 3 was
followed, with use of 10 (30.3 mg, 0.128 mmol) in THF (1.0 mL), HCI
(37 %, 50.5 mg, 0.512 mmol) and sodium nitrite (35.3 mg, 0.512 mmol) in
water (1.0mL). The residue was purified by column chromatography
(3.0% MeOH/CH,Cl, as eluent) to give 11 (29.9 mg, 0.112 mmol, 88 %)
as a yellow solid: TLC R;=0.77 (3.0% MeOH/CH,Cl,); m.p. 121-125°C
(recrystallized from CH,CL); 'HNMR (CDCl,, 400 MHz): 6=3.17 (s,
3H; CH;), 3.68 (d, J=6.4 Hz, 2H; CH,), 4.68 (t, J=6.4 Hz, 1H; CH),
7.25-7.78 ppm (m, 8H; ArH); "CNMR (CDCl,;, 100 MHz): 6=25.79,
39.23, 42.89, 120.03, 124.46, 127.27, 127.34, 127.59, 140.87, 146.08,
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175.76 ppm; IR (neat): #=3453 (br), 1726 (s), 1623 (w), 1495 (m), 1307
(w), 1206 (m), 1060 (m), 989 (s), 821 (m), 750 cm™" (s); MS: m/z (%): 267
[M+1]* (6), 266 [M]* (6), 238 (10), 237 (25), 236 (16), 191 (13), 189
(11), 165 (100), 152 (12), 57 (19); elemental analysis (%) calcd for
CHuN,O,: C 7217, H 5.30, N 10.52; found: C 72.40, H 5.42, N 10.41.

N-Methyl-9-fluorenone-1-carboxamide (13a): General procedure 2 was
followed with use of 9-fluorenone-1-carboxylic acid (12a, 151 mg,
0.672 mmol) in benzene (1.0 mL), thionyl chloride (159 mg, 1.34 mmol)
and methylamine in THF (2.0Mm, 0.67 mL, 1.3 mmol) to give 13a (106 mg,
0.447 mmol, 67%) as a yellow solid: TLC R;=0.52 (3.0% MeOH/
CH,Cl,); m.p. 135-138°C (recrystallized from CH,Cl,); '"H NMR (CDCl,,
400 MHz): 0=3.05 (d, /J=4.4Hz, 3H; CH;), 7.25-7.58 (m, 6H; ArH),
8.18-8.21 (m, 1H; ArH), 10.01 ppm (s, 1H; NH); "CNMR (CDCl,,
100 MHz): 0 =26.61, 119.96, 122.69, 124.86, 129.41, 129.89, 132.42, 132.71,
133.97, 135.02, 135.68, 143.34, 145.38, 164.49, 195.54 ppm; IR (neat): 7=
3268 (m, NH), 3093 (w, CHj;), 1691 (s), 1665 (s), 1606 (s), 1575 (s), 1407
(m), 1102 (m), 924 (s), 739 (s) cm™'; MS: m/z (%): 237 [M]* (35), 209
(12), 208 (79), 207 (57), 181 (16), 180 (100), 152 (19), 151 (64), 150 (43),
75 (8); elemental analysis (%) caled for C;sH;;NO,: C 75.94, H 4.67, N
5.90; found: C 76.05, H 4.87, N 6.05.

N-Methyl-9-fluorenone-2-carboxamide (13b): General procedure 2 was
followed with use of 9-fluorenone-2-carboxylic acid (12b, 229 mg,
1.03 mmol) in benzene (1.0 mL), thionyl chloride (244 mg, 2.05 mmol)
and methylamine in THF (2.0m, 1.03mL, 2.06 mmol) to give 13b
(134 mg, 0.565 mmol, 55%) as a yellow solid: m.p. 232-234°C (recrystal-
lized from CH,CL); TLC R;=0.41 (5.0% MeOH/CH,CL); 'HNMR
(CDCl;, 400 MHz): 6=3.05 (d, /=4.8 Hz, 3H; CH,), 6.22 (s, 1H; NH),
7.35-8.08 ppm (m, 7H; ArH); *C NMR (CDCl;, 100 MHz): 6 =24.46,
119.07, 119.81, 120.43, 122.16, 128.08, 131.47, 132.02, 132.51, 133.44,
133.55, 141.32, 144.29, 163.61, 190.66 ppm; IR (neat): #=3260 (br, NH),
3089 (w, CH;), 1691 (s), 1664 (s), 1584 (s), 1471 (m), 1448 (m), 1189 (m),
923 (s), 738 (s) em™"'; MS: m/z (%): 237 [M]* (37), 209 (12), 208 (80), 207
(52), 181 (14), 180 (100), 151 (66), 150 (34), 125 (3), 75 (7); elemental
analysis (%) calcd for C;sH;;NO,: C 75.94, H 4.67, N 5.90; found: C
75.71, H 4.51, N 6.10.

N-Methyl-9-fluorenone-4-carboxamide (13c¢): General procedure 2 was
followed with use of 9-fluorenone-4-carboxylic acid (12¢, 199 mg,
0.888 mmol) in benzene (1.0 mL), thionyl chloride (213 mg, 1.79 mmol)
and methylamine in THF (2.0m, 0.893 mL, 1.78 mmol) to give 13¢
(151 mg, 0.636 mmol, 72%) as a yellow solid: TLC R;=0.37 (3.0%
MeOH/CH,CL); m.p. 219-221°C (recrystallized from CH,Cl,); '"H NMR
(CDCl;, 400 MHz): 0=3.11 (d, J=5.2 Hz, 3H; CHj), 6.11 (s, 1H; NH),
7.26-7.49 (m, 4H; ArH), 7.66-7.76 ppm (m, 3H; ArH); “CNMR
(CDCl;, 100 MHz): 6=26.81, 123.84, 124.26, 125.33, 128.96, 129.50,
131.85, 132.87, 134.06, 134.89, 135.13, 141.09, 142.89 ppm; IR (neat): 7=
3276 (br, NH), 1719 (s), 1636 (s), 1469 (m), 1413 (m), 1326 (m), 1164
(m), 944 (m), 734 (s), 675 (m) cm™'; MS: m/z (%): 237 [M]* (100), 179
(17), 155 (12), 154 (47), 136 (41), 107 (15), 91 (12), 90 (10), 89 (15), 77
(17); elemental analysis (%) caled for C;sH;;NO,: C 75.94, H 4.67, N
5.90; found: C 75.89, H 4.61, N 5.95.

N-Methyl-N-nitroso-9-fluorenone-1-carboxamide (14a): General proce-
dure 3 was followed, with use of 13a (80.1 mg, 0.338 mmol) in THF
(1.0mL), HCI (37 %, 133.2 mg, 1.35 mmol) and sodium nitrite (93.2 mg,
1.35 mmol) in water (1.0 mL) to give 14a (76.4 mg, 0.287 mmol, 85%) as
a yellow solid: m.p. (recrystallized from CH,Cl,) 105-107°C; TLC R;=
0.85 (3.0% MeOH/CH,CL); 'HNMR (CDCl;, 400 MHz): 6=3.36 (s,
3H; CH,), 7.27-7.62 ppm (m, 7H; ArH); *C NMR (CDCl;, 100 MHz):
0=26.12, 120.60, 122.15, 124.53, 127.72, 129.63, 131.40, 131.93, 133.33,
135.08, 135.19, 143.62, 144.36, 172.72, 191.95 ppm; IR (neat): #=3046 (w,
CHs;), 1713 (s), 1607 (m), 1586 (m), 1505 (s), 1402 (m), 1350 (m), 1186
(m), 980 (s), 728 (s) cm™"; MS: m/z (%): 267 [M +1]* (11), 259 (38), 237
(100), 207 (62), 179 (32), 151 (32), 77 (28), 57 (38), 41 (27), 23 (77); ele-
mental analysis (%) caled for C;sH;(N,O;: C 67.67, H 3.79, N 10.52;
found: C 67.79, H 3.91, N 10.48.

N-Methyl-N-nitroso-9-fluorenone-2-carboxamide (14b): General proce-
dure 3 was followed, with use of 13b (51.2mg, 0.216 mmol) in THF
(1.0 mL), HCI (37 %, 83.5 mg, 0.846 mmol) and sodium nitrite (59.6 mg,
0.846 mmol) in water (1.0 mL) to give 14b (42.6 mg, 0.160 mmol, 74 %)
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as a yellow solid: TLC R;=0.83 (5.0% MeOH/CH,Cl,); m.p. 130-133°C
(recrystallized from CH,CL); 'HNMR (CDCl,, 400 MHz): §=3.32 (s,
3H; CH;), 7.37-7.94 (m, 2H; ArH), 7.96-8.00 ppm (m, 5H; ArH);
BCNMR (CDCl;, 100 MHz): §=26.88, 120.02, 121.24, 124.60, 126.55,
130.27, 133.27, 133.69, 134.57, 135.00, 137.39, 143.02, 147.88, 171.63,
192.20 ppm; IR (neat): #=1705 (s), 1611 (s), 1494 (s), 1398 (s), 1338 (m),
1180 (m), 1031 (w), 943 (s), 893 (m), 662 (s) cm™'; MS: m/z (%): 267
[M+1]* (0.14), 266 [M]* (0.56), 225 (8), 224 (55), 208 (19), 207 (83), 179
(26), 151 (100), 45 (18), 30 (13); elemental analysis (%) calcd for
CsH(N,O5: C 67.67, H 3.79, N 10.52; found: C 67.51, H 3.85, N 10.42.

N-Methyl-N-nitroso-9-fluorenone-4-carboxamide (14c): General proce-
dure 3 was followed, with use of 13¢ (0.100 g, 0.422 mmol) in THF
(1.0mL), HCI (37%, 167 mg, 1.69 mmol) and sodium nitrite (117 mg,
1.69 mmol) in water (1.0 mL) to give 14¢ (96.5 mg, 0.362 mmol, 86 %) as
a yellow solid: TLC R;=0.83 (3.0% MeOH/CH,Cl,); m.p. 140-144°C;
'"HNMR (CDCl;, 400 MHz): 6=3.40 (s, 3H; CH;), 7.20-7.54 (m, 5H;
ArH), 7.69-7.82 ppm (m, 2H; ArH); *C NMR (CDCl,;, 100 MHz): 0=
26.14, 122.49, 124.64, 126.23, 128.47, 128.70, 128.87, 134.17, 134.78, 134.84,
134.97, 142.16, 142.32, 173.10, 192.33 ppm; IR (neat): #=1712 (s), 1606
(m), 1500 (m), 1348 (m), 1172 (m), 1090 (m), 1011 (s), 830 (m), 783
(m) cm™'; MS: m/z (%): 267 [M+1]1 (25), 239 (16), 220 (22), 208 (24),
207 (100), 180 (26), 179 (25), 152 (20), 151 (22), 23 (22); elemental analy-
sis (%) caled for C;sH;,N,O5: C 67.67, H 3.79, N 10.52; found: C 67.65, H
3.89, N 10.43.

Photolysis of N-methyl-N-nitroso-9-fluorenone-4-carboxamide (14c¢) in
the presence of 2-phenyl-4,4,5,5-tetramethylimidazolin-1-oxyl 3-oxide
(PTIO): A solution containing PTIO (2.35 mg, 0.0101 mmol) and 14¢
(2.71 mg, 0.0101 mmol) in THF (1.0 mL) was placed in an EPR cell at
room temperature. The cell was introduced into the cavity of an EPR
spectrometer and the solution was photolysed by use of UV light (A>
300 nm). After different periods of time, the resultant EPR signals were
detected as shown in Figure 1a—e. Furthermore, computer-simulated
EPR spectra of PTIO/PTI with different ratios are shown in Figure 1 f-i.

Photolysis of N-methyl-N-nitroso-9-fluorenone-4-carboxamide (14¢): A
solution of 14¢ (2.71 mg, 10.1 pmol) in THF (1.0 mL) was placed in an
EPR cell at room temperature. The cell was introduced into the cavity of
an EPR spectrometer and the solution was photolysed by use of UV
light (A>300 nm). After 8.0 min, a strong signal of PTI was detected as
shown in Figure 1a. Furthermore, a computer-simulated EPR spectrum
was obtained as shown in Figure 1b.

General procedure for DNA cleavage by use of N-nitroso compounds:
The reaction mixture containing supercoiled circular ¢$X174 RFI DNA
stock solution (50 pm/base pair, 1.0 uL), an N-nitroso compound
(0.50 mm, 1.0 pL) and phosphate buffer (8.0 uL) in a Pyrex vial was irra-
diated with UV light (312 nm) under aerobic conditions at 37°C. Gel-
loading buffer (6%, 2.5 uL) was added to the reaction mixture, which was
then slowly added to the slots of the submerged agarose gel (1.0%). The
gel was subjected to electrophoresis with a constant voltage (~100 mV)
in a buffer until the bromophenol blue and xylene cyanol FF had migrat-
ed by the appropriate distances. After the gel had been allowed to stand
in double distilled water overnight, it was examined by UV light and
then photographed.

Control DNA cleavage experiments: Sodium azide (500 mm, 1.0 pL) in a
phosphate buffer (pH 6.0, 7.0 uL) was added to a reaction mixture con-
taining supercoiled circular ¢X174 RFI DNA stock solution (50 um/base
pair, 1.0 pL) and 14¢ (1.00 mm, 1.0 pL) in a Pyrex vial. The mixture was
then irradiated as described. Electrophoresis was then performed as de-
scribed in the General procedure for DNA cleavage.

Dose measurement experiments with N-methyl-N-nitroso-9-fluorenone-
4-carboxamide (14c¢): A reaction mixture containing supercoiled circular
¢X174 RFI DNA stock solution (50 um/base pair, 1.0 pL), 14¢ (500, 250,
100, 50.0, 10.0, 5.00, 1.00 or 0.50 pm, 1.0 uL) and a phosphate buffer
(pH 6.0, 8.0 uL) in a Pyrex vial was irradiated as described in the General
procedure. Electrophoresis was then performed as described in the Gen-
eral procedure for DNA cleavage by use of N-nitroso compounds. The
NIH 1.60 image program, provided by Dr. R. Wayne of the National In-
stitutes of Health, U.S.A., was used for the quantitative analysis of DNA
cleavage.

Chem. Eur. J. 2009, 15, 8742—-8750

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

Acknowledgements

For financial support, we thank the National Tsing Hua University,
Grant 96N2509E1 and the National Science Council of the Republic of
China.

[1] H. Al-Sa’doni, A. Ferro, Clin. Sci. 2000, 98, 507-520.

[2] R.F Furchgott Angew. Chem. 1999, 111, 1990-2000; Angew. Chem.
Int. Ed. 1999, 38, 1870-1880; Angew. Chem. Int. Ed. 1999, 38, 1870—
1880.

[3] L.J. Ignarro Angew. Chem. 1999, 111, 2002-2013; Angew. Chem. Int.
Ed. 1999, 38, 1882-1892; Angew. Chem. Int. Ed. 1999, 38, 1882—
1892.

[4] F. Murad, Angew. Chem. 1999, 111, 1976-1986; Angew. Chem. Int.
Ed. Eng. 1999, 38, 1857-1868.

[5] P. G. Wang, M. Xian, X. Tang, X. Wu, Z. Wen, T. Cai, A. J. Janczuk,
Chem. Rev. 2002, 102, 1091 -1134.

[6] X.-Q. Zhu, J.-Q. He, Q. Li, M. Xian, J. Lu, J.-P. Cheng, J. Org.
Chem. 2000, 65, 6729-6737.

[7] J.-P. Cheng, M. Xian, K. Wang, X. Zhu, Z. Yin, P. G. Wang, J. Am.
Chem. Soc. 1998, 120, 10266—10267.

[8] P. Pacher, J.S. Beckman, L. Liaudet, Physiol. Rev. 2007, 87, 315—
424,

[9] J. M. Rifkind, E. Nagababu, E.B. Michaely, S. Ramasamy, R. M.
Pluta, A. Mayevsky, Nitric Oxide 2007, 11, 448—456.

[10] J. B. Hibbs, Jr., R. R. Taintor, Z. Varin, Science 1987, 235, 473-476.

[11] N. Phoa, B. Epe, Carcinogenesis 2002, 23, 469—475.

[12] X. Wu, K. Takenaka, E. Sonoda, H. Hochegger, S. Kawanishi, T.
Kawamoto, S. Takeda, M. Yamazoe, Cancer Res. 2006, 66, 748—754.

[13] D. A. Wink, K.S. Kasprzak, C. M. Maragos, R. K. Elespuru, M.
Misra, T. M. Dunams, T. A. Cebula, W. H. Koch, A. W. Andrews,
J.S. Allen, L. K. Keefer, Science 1991, 254, 1001 -1003.

[14] T. Nakano, H. Terato, K. Asagoshi, A. Masaoka, M. Mukuta, Y.
Ohyama, T. Suzuki, K. Makino, H. Ide, J. Biol. Chem. 2003, 278,
25264-25272.

[15] R. W. Darbeau, E. V. Perez, J. . Sobieski, W. A. Rose, M. C. Yates,
B.J. Boese, N. R. Darbeau, J. Org. Chem. 2001, 66, 5679 —5686.

[16] C. Verardo, A.G. Giumanini, P. Strazzolini, Tetrahedron 1991, 47,
7845-7852.

[17] M. Kabayashi, K. Nishioka, J. Phys. Chem. 1987, 91, 1247-1251.

[18] J. D. Boer, W. G. Dauben, Organic Synthesis, Vol. 4, 2nd ed. (Ed.: N.
Rabjohn), Organic Synthesis Inc., New York, 1967, pp. 943 -946.

[19] B. A. Phillips, G. Fodor, F. Letorneau, J. J. Ryan, Tetrahedron 1973,
29, 3309-3327.

[20] I. Takashi, K. Nagata, Y. Matsuya, M. Miyazaki, A. Ohsawa, Tetra-
hedron Lett. 1997, 38, 5017-5020.

[21] J. Feigon, W. A. Denny, W. Leupin, D. R. Kearns, J. Med. Chem.
1984, 27, 450-465.

[22] FE. Amano, T. Noda, FEBS Lett. 1995, 368, 425-428.

[23] T. Akaike, M. Yoshida, Y. Miyamoto, K. Sato, M. Kohno, K. Sasa-
moto, K. Miyazaki, S. Ueda, H. Maeda, Biochemistry 1993, 32, 827—
832.

[24] Q. Ma, Z. Xu, B. R. Schroeder, W. Sun, F. Wei, S. Hashimoto, K.
Konishi, C.J. Leitheiser, S. M. Hecht, J. Am. Chem. Soc. 2007, 129,
12439-12452.

[25] J. Chen, J. Stubbe, Nat. Rev. Cancer 2005, 5, 102—-112.

[26] G.J. Ryan, S. Quinn, T. Gunnlaugsson, Inorg. Chem. 2008, 47, 401—
403.

[27] D.S. Sigman, A. Mazumder, D. M. Perrin, Chem. Rev. 1993, 93,
2295-2316.

[28] S. Fukuzumi, K. Yukimoto, K. Ohkubo, J. Am. Chem. Soc. 2004,
126, 12794-12795.

[29] J.R. Hwu, C. C. Lin, S. H. Chuang, K. Y. King, T.-R. Su, S.-C. Tsay,
Bioorg. Med. Chem. 2004, 12, 2509-2515.

[30] J. R. Hwu, S.-C. Tsay, S. C. Hong, Y.-J. Leu, C. F. Liu, S.-S. P. Chou,
Tetrahedron Lett. 2003, 44, 2957 -2960.

[31] D.J. Maloney, J.-Z. Deng, S. R. Starck, Z. Gao, S. M. Hecht, J. Am.
Chem. Soc. 2005, 127, 4140-4141.

www.chemeurj.org — 8749


http://dx.doi.org/10.1002/(SICI)1521-3773(19990712)38:13/14%3C1870::AID-ANIE1870%3E3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1521-3773(19990712)38:13/14%3C1870::AID-ANIE1870%3E3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1521-3773(19990712)38:13/14%3C1870::AID-ANIE1870%3E3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1521-3773(19990712)38:13/14%3C1870::AID-ANIE1870%3E3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1521-3773(19990712)38:13/14%3C1882::AID-ANIE1882%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-3773(19990712)38:13/14%3C1882::AID-ANIE1882%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-3773(19990712)38:13/14%3C1882::AID-ANIE1882%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-3773(19990712)38:13/14%3C1882::AID-ANIE1882%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-3757(19990712)111:13/14%3C1976::AID-ANGE1976%3E3.0.CO;2-A
http://dx.doi.org/10.1002/(SICI)1521-3757(19990712)111:13/14%3C1976::AID-ANGE1976%3E3.0.CO;2-A
http://dx.doi.org/10.1002/(SICI)1521-3757(19990712)111:13/14%3C1976::AID-ANGE1976%3E3.0.CO;2-A
http://dx.doi.org/10.1021/cr000040l
http://dx.doi.org/10.1021/cr000040l
http://dx.doi.org/10.1021/cr000040l
http://dx.doi.org/10.1021/jo000865v
http://dx.doi.org/10.1021/jo000865v
http://dx.doi.org/10.1021/jo000865v
http://dx.doi.org/10.1021/jo000865v
http://dx.doi.org/10.1021/ja982086q
http://dx.doi.org/10.1021/ja982086q
http://dx.doi.org/10.1021/ja982086q
http://dx.doi.org/10.1021/ja982086q
http://dx.doi.org/10.1152/physrev.00029.2006
http://dx.doi.org/10.1152/physrev.00029.2006
http://dx.doi.org/10.1152/physrev.00029.2006
http://dx.doi.org/10.1126/science.2432665
http://dx.doi.org/10.1126/science.2432665
http://dx.doi.org/10.1126/science.2432665
http://dx.doi.org/10.1093/carcin/23.3.469
http://dx.doi.org/10.1093/carcin/23.3.469
http://dx.doi.org/10.1093/carcin/23.3.469
http://dx.doi.org/10.1158/0008-5472.CAN-05-2884
http://dx.doi.org/10.1158/0008-5472.CAN-05-2884
http://dx.doi.org/10.1158/0008-5472.CAN-05-2884
http://dx.doi.org/10.1126/science.1948068
http://dx.doi.org/10.1126/science.1948068
http://dx.doi.org/10.1126/science.1948068
http://dx.doi.org/10.1074/jbc.M212847200
http://dx.doi.org/10.1074/jbc.M212847200
http://dx.doi.org/10.1074/jbc.M212847200
http://dx.doi.org/10.1074/jbc.M212847200
http://dx.doi.org/10.1021/jo001144z
http://dx.doi.org/10.1021/jo001144z
http://dx.doi.org/10.1021/jo001144z
http://dx.doi.org/10.1016/S0040-4020(01)81940-2
http://dx.doi.org/10.1016/S0040-4020(01)81940-2
http://dx.doi.org/10.1016/S0040-4020(01)81940-2
http://dx.doi.org/10.1016/S0040-4020(01)81940-2
http://dx.doi.org/10.1016/S0040-4020(01)93483-0
http://dx.doi.org/10.1016/S0040-4020(01)93483-0
http://dx.doi.org/10.1016/S0040-4020(01)93483-0
http://dx.doi.org/10.1016/S0040-4020(01)93483-0
http://dx.doi.org/10.1021/jm00370a007
http://dx.doi.org/10.1021/jm00370a007
http://dx.doi.org/10.1021/jm00370a007
http://dx.doi.org/10.1021/jm00370a007
http://dx.doi.org/10.1016/0014-5793(95)00700-J
http://dx.doi.org/10.1016/0014-5793(95)00700-J
http://dx.doi.org/10.1016/0014-5793(95)00700-J
http://dx.doi.org/10.1021/bi00054a013
http://dx.doi.org/10.1021/bi00054a013
http://dx.doi.org/10.1021/bi00054a013
http://dx.doi.org/10.1021/ja0722729
http://dx.doi.org/10.1021/ja0722729
http://dx.doi.org/10.1021/ja0722729
http://dx.doi.org/10.1021/ja0722729
http://dx.doi.org/10.1038/nrc1547
http://dx.doi.org/10.1038/nrc1547
http://dx.doi.org/10.1038/nrc1547
http://dx.doi.org/10.1021/ic700967y
http://dx.doi.org/10.1021/ic700967y
http://dx.doi.org/10.1021/ic700967y
http://dx.doi.org/10.1021/cr00022a011
http://dx.doi.org/10.1021/cr00022a011
http://dx.doi.org/10.1021/cr00022a011
http://dx.doi.org/10.1021/cr00022a011
http://dx.doi.org/10.1021/ja046955p
http://dx.doi.org/10.1021/ja046955p
http://dx.doi.org/10.1021/ja046955p
http://dx.doi.org/10.1021/ja046955p
http://dx.doi.org/10.1016/S0040-4039(03)00375-7
http://dx.doi.org/10.1016/S0040-4039(03)00375-7
http://dx.doi.org/10.1016/S0040-4039(03)00375-7
http://dx.doi.org/10.1021/ja042727j
http://dx.doi.org/10.1021/ja042727j
http://dx.doi.org/10.1021/ja042727j
http://dx.doi.org/10.1021/ja042727j
www.chemeurj.org

CHEMISTRY

J.R. Hwu et al.

A EUROPEAN JOURNAL

[32] Y. Jin, J. A. Cowan, J. Am. Chem. Soc. 2005, 127, 8408 —8415.

[33] O. Augusto, E. L. Cavalieri, E. G. Rogan, N. V. S. RamaKTrishna, C.

Kolar, J. Biol. Chem. 1990, 265, 22093-22096.
[34] D. A. Hiller, J. J. Perona, Biochemistry 2006, 45, 11453-11463.

[35] N. Boge, M. L. Jacobsen, Z. Szombati, S. Baerns, F. D. Pasquale, A.

Marx, C. Meier, Chem. Eur. J. 2008, 14, 11194-11208.
[36] N. Boge, S. Grisl, C. Meier, J. Org. Chem. 2006, 71, 9728—-9738.

[37] Y. Sugiura, T. Matsumoto, Biochem. Biophys. Res. Commun. 1995,
211, 748-753.

[38] T. Nguyen, D. Brunson, C. L. Crespi, B. W. Penman, J. S. Wishnok,
S. R. Tannenbaum, Proc. Natl. Acad. Sci. USA 1992, 89, 3030-3034.

Received: December 8, 2008
Revised: May 20, 2009
Published online: August 5, 2009

8750 —— www.chemeurj.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2009, 15, 8742—-8750


http://dx.doi.org/10.1021/ja0503985
http://dx.doi.org/10.1021/ja0503985
http://dx.doi.org/10.1021/ja0503985
http://dx.doi.org/10.1021/bi0606400
http://dx.doi.org/10.1021/bi0606400
http://dx.doi.org/10.1021/bi0606400
http://dx.doi.org/10.1002/chem.200800979
http://dx.doi.org/10.1002/chem.200800979
http://dx.doi.org/10.1002/chem.200800979
http://dx.doi.org/10.1021/jo061803t
http://dx.doi.org/10.1021/jo061803t
http://dx.doi.org/10.1021/jo061803t
http://dx.doi.org/10.1006/bbrc.1995.1876
http://dx.doi.org/10.1006/bbrc.1995.1876
http://dx.doi.org/10.1006/bbrc.1995.1876
http://dx.doi.org/10.1006/bbrc.1995.1876
http://dx.doi.org/10.1073/pnas.89.7.3030
http://dx.doi.org/10.1073/pnas.89.7.3030
http://dx.doi.org/10.1073/pnas.89.7.3030
www.chemeurj.org

