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FIGURE 1. Chemical structures of phenanthrenes and their related
compounds: APh, azaphenanthrene; APhO, azaphenanthrene N-oxide.

19 NAPhs, including their N-oxide derivatives, were synthesized; 1-, 3-,
and 9-NPhs; 1,5-, 1,6-, 1,10-, 2,6-, 2,9-, 2,10-, 3,5-, 3,6-, 3,10-,4,9-, and
4,10-diNPhs; 1,5,9-, 1,5,10-, 1,6,9-, 1,7,9-, 2,5,10-, 2,6,9-, 3,5,10-, and
3,6,9-triNPhs; 8-N-1-ANPh, 6- and 8-N-4-APhs, 4-, 5-, 6-, and 7-N-9-
APhs; 5-, 6-, and 8-N-1-APhOs, 5-, 6-, and 8-N-4-APhOs, 1-, 2-, 3-,and
5-N-9-APhOs; 1,5- and 1,8-diN-4-APhOs. Tables 1 and 2 indicate the
results for reduction potentials, LUMO energy levels, and orientation of
NPhs and NAPhs. As shown in Table 1, NPhs substituted at the 1 and 8,
5 and 4, 9 and 10 positions in the phenanthrene rings were perpendicular
or almost perpendicular due to the steric effect of the bay region aro-
matic proton, while those at the 2 and 7, 3 and 6 positions were almost
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TABLE 1. LUMO Energy Levels and Dihedral
Angles of Nitrophenanthrenes

Dihedral angles

Compound Epc LUMO (deg)
1-NPh —1,477 1345 16.9
3-NPh —1.453 ~1.367 0.3
9-NPh —1,450 11.1
1.5-diNPh -1.373 —l.644 125

1.6-diNPh -1.357 -—1.937 19.1
1,10-diNPh —-1,336 -—1.767 127.5
2.6-diNPh -1,365 -—1.836 2.8
2.9-diNPh -1,311  —1.908 17.9
2,10-diNPh —-1.368 —1.901 15.7
3,5-diNPh —1363 —1.735 87.3
3.6-diNPh —1,341 —-1.955 0.5
3,10-diNPh —1,242 2006 18.8
4,9-diNPh —-1,277 —1.880 112.7
4,10-diNPh -1,297 -—1.850 110.2
1,59-triNPh ~ —1,063 -2.345 151.6
1,5.10-riNPh  —1,150 —2.228 198.1
1,6,9-triNPh ~ —1,058 —2.528 51.6
1,7.94riNPh~ —1.058 —2.422 57.8
2.5.10-triNPh  —1,050 -2.186 174.3
2.6,9-triNPh ~ —1,116 —2.432 35.7
3.5,10-triNPh —1,139 2394 122.1
3,6,9-riNPh ~ —1,042 —2.643 21.2

coplanar to the phenanthrene rings, showing dihedral angles from 0.3 to
2.8. Similarly, the chemical properties of NAPhs were also calculated,
as shown in Table 2. NAPhs substituted at the 2 and 7, and 3 and 6
were almost coplanar, showing dihedral angles from 0.0 to 0.7 while
those at the 1, 4, 5, and 8 were perpendicular or almost perpendicular to
the aromatic rings. In addition, the calculated LUMO energy levels were
in good correlation with the observed reduction potentials among NPhs
and NAPhs; in particular, the LUMO energy levels were correlated with
the first reduction potentials more than the second reduction potentials
(Table 2).

As this study was to investigate whether or not these chemical prop-
erties were associated with 8-oxo-Gua formation in primary rat hepa-
tocytes. Primary rat hepatocytes were prepared from male SD rats as
described in the Materials and Methods section. The ability to form 8-
ox0-Gua in the primary rat hepatocytes was investigated using 4-NQO, a
potent carcinogen. The results were obtained with dose dependency for
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TABLE 2. LUMO Energy Levels. Reduction Potentials,
and Dihedral Angles of Nitroazaphenanthrenes

Epc (mV)

Chemical Epcl Epc2 LUMO Dihedral angle
8-N-1-Aph —-1.042 -1,631 -—-1.429 315
6-N-4-Aph -1,036 -—-1,675 —1,400 0.1
8-N-4-Aph —1.058 1555 —1,372 322
4-N-9-Aph —1120 -1.662 -—1,326 62.6
5-N-9-Aph -1.085 ~1,615 -1.219 61.7
6-N-9-Aph -1027 -1,645 —1.508 0.2
7-N-9-Aph —-1,004 —-1.664 —1.436 0
5-N-1-APhO —-1.04% —1.625 -—1,505 61
6-N-1-APhO —-972 -1.572 —1.663 0.1
8-N-1-APhO —988 —-1.641 —1,623 333
5-N-4-APhO -1,214 ~1,619 —1.427 32,27
6-N-4-APhO -1.0589 -1723 -—1,583 0.7
8-N-4-APhO —-1.047 -1678 —1,545 317
1-N-9-APhO —853 —-1.484 -1.674 26.5
2-N-9-APhO —964 -1.628 —1.696 0.1
3-N-9-APhO —893 —-1463 -1733 0.1
5-N-9-APhO —-1,029 -1568 —1.49%4 60.3
1,5-diN4-APho  —623 —-1,263 2,074 30.1%
1.8-diN-4-APho 916 -1,032 -2.214 58.2*

*8-NO2, 33.5; 1-NO2, 24.7.
4.5, UUMO energy and dihedral angle were obtained by AMI calculations
based on the structure that was optimized by PM3.

8-0x0-Gua formation at dose levels from 1 to 5 nM of 4-NQO (Figure 2),
suggesting metabolic activation of cytochrome p450 in rat hepatocytes.

Figure 3 shows the correlation between the first reduction potentials
of NPhs (a) and LUMO energy (b), and levels of 8-0x0-Gua formed in rat
hepatocytes. The first reduction potentials of NPhs, but not the second
reduction potentials, represented a significant correlation with 8-oxo-
Gua levels (r == 0.906) (Figure 3a). In addition, the correlation between
LUMO energy and 8-oxo-Gua levels was analyzed (Figure 3b). It was
found that 8-0x0-Gua was strongly formed at lower LUMO energy levels
from —~1.345 to —2.643, and both agents were significantly correlated
at a correlation factor of 0.874.

The first reduction potentials and LUMO energy levels of NAPhs were
also determined, and the results are illustrated in Figure 4. Similarly, the
first reduction potentials were involved with the metabolic reduction of
the nitro group of PAHs and the involvement was more pronounced than
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FIGURE 2. 8-0x0-Gua formation by 4-NQO in primary rat hepatocytes.

the second reduction potentials (data not shown). The first reduction
potentials of mononitro-APhs were lower than those of dinitro-APhs
(Table 2).

The 8-0x0-Gua formation of NPhs was significantly correlated with
the first reduction potentials (r = 0.924) and also with LUMO energy
levels, but was not significant ( = 0.428). The 8-oxo-Gua formation
increased at the higher levels of the first reduction potentials, but was at
lower levels of LUMO energy (Figure 4a, b).

Possible Mechanism of Oxygen Damage
Due to NPhs and NAPhs

Modification of guanine residue on DNA due to oxygen damage
was analyzed, and its chemical pathway is illustrated in Figure 5. Nitro
groups of NPhs and NAPhs were metabolically reduced by the NADPH-
cytochrome p450 enzyme in primary rat hepatocytes, and radical anions
were induced at the 8-position of the guanine residue. Subsequently,
reactive oxygen species as superoxides were generated, and hydroxyl
radicals were generated in the presence of heme iron. Consequently, it
was considered that 8-oxo-Gua was formed by the reactive hydroxyl
radical at position 8 of the guanine residue.

DISCUSSION

We previously reported that the mutagenic potency of NPhs and
NAPhs for Salmonella strains was closely correlated with the orientation
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FIGURE 3. Correlation between 8-oxo0-Gua formation, and the first reduction
potentials (a), and LUMO energy (b) of NPhs. (a) r = 0.906; (b) r = 0.874.

of nitro substituents of aromatic rings and LUMO energy levels (9,
11). In fact, some derivatives substituted at positions 4 and 5 in the
phenanthrene rings were perpendicular or almost perpendicular, and they
were weak mutagens or nonmutagens. In contrast, those substituted on
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FIGURE 4. Correlation between 8-oxo-Gua formation, and the first reduction
potentials (a) and LUMO energy (b) of NAPhs. (a) r = 0.924; (b) r = 0.428.

positions 2, 3, 6, and 7 were almost coplanar to the phenanthrene rings
and were potent mutagens. NPhs substituted on positions 1, 8, 9, and 10
were noncoplanar because of steric hindrance of the aromatic proton at
the peri position, with dihedral angles varying from 10° to 65°.

On the other hand, 8-o0x0o-Gua formed on the guanine residue on
DNA is well known as cause of oxidative damage due to environmental
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chemicals (18). By using primary rat hepatocytes, 8-oxo-Gua was effec-
tively caused oxidative damage by generation of oxygen and hydroxyl
radicals that were induced by nitro groups of NPhs and NAPhs. Thus, 8-
oxo-Gua was effectively detected in primary rat hepatocytes by treatment
with NPhs and NAPhs, and the induction was closely correlated with
their chemical features; primary rat hepatocytes prepared in our labora-
tory effectively activated these derivatives, suggesting that cytochrome
p450 in primary rat hepatocytes has sufficient enzymes to form 8-oxo0-
Gua. Primary rat hepatocytes showed growth regulation at the begin-
ning of carcinogenesis (19), and in this study, 8-0xo-Gua formation by
treatment of 4-NQO, a carcinogen, was observed with dose dependency
(Figure 2). Similarly, 8-oxo-Gua formation by treatment with NPhs and
NAPhs was significantly correlated with the first reduction potentials,
and with LUMO energy for NPhs but not NAPhs. This was due to the
fact that nitro groups of NPhs and NAPhs generated OH radicals in the
metabolic pathway by microsome enzymes, and radical anions occurred
at the 8-position of the guanine residue involving hydroxyl radicals in the
presence of heme iron. This suggested that the formation of 8-oxo-Gua
was promoted by primary rat hepatocytes. This was roughly the same
as the results of many investigators who found increasing 8-0x0-Gua in
peripherat lung tissue (17, 20-22).

It was reported that carboxylic acid derivatives of NPhs might induce
multiple tumors in aristolochic acid (a herbal drug) patients (23). It was
found that induction of mutagens and carcinogens caused the formation
of a cyclic nitrenium ion with a decolorized charge by metabolic acti-
vation in microsomal enzymes (24-25). NPh derivatives are ubiquitous
mutagens in environmental materials, but no NPhs or NAPhs have been
detected in plant extracts.
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NO-Release Ability and DNA-Damage Activity
of Aromatic N-Nitroso Compounds

AERE - XEET - BF ¥ - SHER™ - REHEA
Masayuki Tanno®, Shoko Sueyoshi, Kiyoshi Fukuhara, Naoki Miyata*, Haruhiro Okuda

To develop 2 new nitric oxide-donor (NO-donor) that is useful for chemical and biochemical research, we syn-
thesized several aromatic N-nitroso compounds including 1-[N-nitroso-N-(4-tolyl}carbamoyl] piperidine-4-car-
boxylic acid (1F) and phenyl(2-pyridyl)-N-nitrosamines, which spontaneously generate NO at ambient tempera-
ture. Thermal decomposition of these compounds was run under mild conditions. Gaseous NO released from
them was quantified by means of the Griess reaction using a specially designed apparatus in which NOz is gener-
ated from NO. The structure of products arose from the radical cleavage of N-NO bond was clarified by chemical
and spectral studies. Generation of NO from the N-nitroso compounds was also confirmed by ESR spectroscopy.
The action of these NO-releasing compounds against DNA was examined. When the pBR 322 DNA was treated
with 1 at 37 ¢ C for 3 h, the DNA single-strand breaks was 31 % for 1 mM of 1f. The denitrosated compound and
sodium nitrite did not show any effective DNA-cleaving activity. On the other hand, aromatic N-nitrosamines
induced weak DNA-cleaving activity under the same condition.

Keywords: NO-donor, N-nitrosourea, phenylpyridyl-N-nitrosamine, DNA-cleaving activity
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Fig.3 Decomposition of N-nitrosourea {1f) and N-nitrosamine (4f)

[adhy

1f ORER: RETE (0.65 g, 2.4 nuol) ZHEE (10
nl) AL, SIRLARG 15T UTICED L S ICHAL
T. RiERE: (0.6 =]) ZPBRIDIETFLTNCE, BE
AcE 3. WBRERL, RRE&HZKOPAPRT
SEHAL L, aEEMnEAMTHLTS. ThEsa
RALTHHL, KSR ZRE A RS ETI/nal
ILLEK TG 2. cOraaii h\BEEKEREET LU Y
LTEER, BEATET DL, HOADER (R156-
157C) D1IFA90.56 g (L73.9 %) Bbhik.
AfDSRRIG {Lat (4f) (0.80 g, 4.0 amol) ZHE
B (A& /—XE7aaRibs) (60 al) KEhL
3P0 TSRMIMEE . C o, HEEHON- oY
BOSMRIZA Y Tholr. BET S NOUNDZFRRER
PN BEBE (-nNFY v z—FA i roafRibh =5
41 1) ZRAWTTLC VANV 2T L, 9f-1, 4f
r10, 81, 9f-2 DIFETEMI Nz, ChoDFRERYO
i Fig. 3ICRUREREBRISARICERL , MERT
NMR A7 FATF—2h6ELT (Table 1.

8fH5 9f-1 £ 9f-2 DA™K 8f (0.85 g 5.0 mol)
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EREE(10e]) ICVERRL, BHRLAAS 150 UTFIEEDE
JTHALT, BIERFE (0.6 0l) 2AHTOETL TN
CE, BRBHICRS . HIBMERL , RIBESIREKD
PFAPBRTOEEAL L, mkMEIMRH L. ThESO
WRVLTHM L, KSR RE XL 23X Truok
WALBEKRTR- . Oy ooV LEEEKEEET MY
TLTEIRE, BEEREETR L, 9f-1 L 9f-2 DRSS
MAFo NI, COESMELRO I oaRILALIENL,
PVATNVAS LIRS T7 +—THRBILE. Juank
WLEXT—TILORE (8 : 2) #EMBRE L. B¥D
779 aryhb 9f-1 (RE66-67C, WNH3.0 %) HE
bz, R 9f-2 (RES66-67'C, UM 36.0 %) HEH
Nfz. NMRAARY B LF—%%Table 1ICRT. E612.9
f-2i32-Jonyyrrk-—ra7 sV ERIGEET
Ligoni. 2-sooeyTy (2.3 g 20 weol) k4-
—brarz=vur (2.7 g 20 meol) FEAL, 150C, 7 BE
BFLOASLRISEE. Ribtk, HokEmMZ, REDKET
FUDLTT VAT 3. yuaRiVLAThE. SkEE:
F RIS LTI aoaRVLBEEGERE, A8L, Yaafib
LEHERIREL A0 ok 9f-2 %79 % DOIY
BTHEE.

v FZY/38% (10) OREER® © B A EAY
(719 =g, 5 mmol) D7+ (10 al) FBHkIC 8F (0.26 g,
1.5 maol) LEiEETFFYTL (0.5 OF7HF2 (10 al)
BEZ0CTHAT, —HIHEL. 2BLTT 2

L, BEME YRS VASLYOR IS T 0 —THRHE
L. BoID75 03 a>RERD 8, Ricikd&t (10)
B (98 1822CI#9.0 %). NMR AR hLF—4%
# Table 1 }S7R L.

5. HHNOOEE L RERORE

—EEBON-Z bavi{ikamh—-EBET T, —ERMA
IKHRLTRET S NO SORIER, BANERLEES
BIREVERVTITo R, N~=FavV{EsH (1 x 107 wol)
EEEBE (CHCLYQ »l) H23 B (Krebs buffer:
pH 7.4) ZiB8EL,37C T 2 BB L. BETAHHRA
ZHEL, NO,CEATERETE/. ERETELLTI Y-
ARE (A4-TI/RAVVBVANVKRVBEBERUN-FTFIV
IFLVI7IORNESBE) (2al) ZERALE. 2 8%
RIS, 546 ne KB ARNEEAIZL , BHEEF Y
T LEREFAVTIERLIERERNS NO,ORERIL
-, $58% Tabte 2IC/R L 1.

6. ESREEICL 3 NOOHE

2--ANEKRF T 2=)-4,4,5,5-F b Z AFIVAZH
VO -1-FF ) 3-AF Y FOF R )Y LI (Carboxy-
PTIO) BLUN-(FFFAHIIREAN)-N- AF N -D- T
AZIOF FV I LE - A4 ik (MGD-Fe> §&
) ZNOMHHEZEL UTHERIL TAAETMIES-FAI00T
TEFHBA Y ESR (x-band ESR) #HIE L7z, MGD-Fe*

Table I "C-NMR Chemical shift (ppm) of N-nitroso compounds (1, 4) and related compounds *

Cotrpd. Y-Ph-N(X)-Z Phenyl Pyridyl (or Piperidyl) Me co

No. X Y z | ¢ Cc2 ca c4 c-5 c6 | C2 c3 c4 C-5 (o8 ]

af NO H 2Py | 13542 1 12789 | 12955 | 12955 | 129.55 | 12789 | 15531 | 12072 | 13845 | 13345 | 14852

8 H H 2Py | 14062 | 12049 §| 12925 [ 12274 | 12955 | 12049 | (5629 | 10802 | [37.70 | 11479 | 14827

ag NO 4-Me 2Py | 13267 [ 12238 | 13030 | 13970 | 13030 | 12758 | 15543 | 13840 | 13764 | 11339 | 14853 | 21D

Bg H 4Me 2Py ] 13272 { 12128 | 12981 | 137.04 | 12981 | 12128 | 15671 | 13764 | 14992 | 11446 | 14834 | 2082

4h NO 4l 2Py | 13550 | 129.13 | 12083 | 13339 [ 12983 | 12943 | 155.04 | 12185 | 13856 | 11333 | 14846

th H 4ci 2Py | 139.23 | 12132 { 12932 | 12900 | 12932 | 12132 [ 15575 | 108.54 { 137.86 | 11523 | 14825

4 NO H 4Py | 13447 | 12786 | 13037 | 130.53 | 13037 | 127.86 | 14983 | N0L73 | 14992 | 14992 | LT3

g H H APy 13960 | 12961 | 12954 | 12400 { 12954 | 12161 | 15072 | 10946 | 150.56 | 15016 | 10946

4% NO 4-Me apy | 13197 | 12751 | 13080 | 14068 | 13039 | 127.51 | 14926 | 11167 | 15055 | 15055 | 1167 { 2132

Bk H 4-Me 4Py | 13436 | 12246 | 13005 | t36.59 | 13005 | 12246 | 15174 | 10908 | 14908 | 14908 | 109.08 | 2190

9f-t H 2-NO, 2-Py | 12030 | 13897 | 126.24 { 119.69" | 13570 { 119597 | 15361 | 113.83 | 13806 | 117.86 [ 147.96

9r3 H 1.NO, 2.Py | 14208 | 116.40 | 14890 | 11629 | 12573 | 124.44 | 15466 | 110,06 | 138.06 | 11312 | 148.12

9i2¥ | H) 4-NO, 2Py | 147.34 | 11653 | 125.19 | 139.89 | 12519 | W63 | 15458 | [1236 § 137.53 [ li644 | 147.34

LY " 141,78 | 120,07 | 12881 | 12366 | 12681 | 12017 | 15646 | 11057 | 13824 | 11699 | 147.88

I* | No 4-Me @ | 13295 | 12047 | 12946 | 137.05 | 12046 | 12047 | 4370 | 27497 | 3998 | 274921 4330 2073 | 15558, -
13629 | 12534 | 130,28 13028 | 125.34 2109

" |H 4-Mc 2 | 13042 | 11992 | 52853 | 13796 | 12853 | 11992 | 4326 | 2789 | 4037 | 2739 | 4326 | 2032 { 15508, 175.67

I | H [ 4-Me-Z.NO; | ® [ 13050 | 135.05 | 12532 | 13556 | 13705 | 12053 | 4361 | 2790 | 4085 | 27.50 | 4361 | 2037 | 15365, 174.05

“ Measured in CDCly with TMS as an iniernal standard. Ph=pheayl, Py=pyridyt * Daw in DMSO-d,

. P Assig

may be d. ¥ Coincudences

7 Ph{2-Py)N-NPh{2-Py} *Z=CO{CH;}CO,H " Decomposed during the
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Table 2 NO-Releasing ability of various N-nitroso compounds * A

Compd. Y-Ph-N{NO}-X ¥ mM
Y X
la 4Me  CON(Bnp 4.79
la 4-Me  CON(Bn); 0.457
if 4Me  CON(CH:)s CO; H 2.04
if 4-Me CON(CH;)s CO; H 0.047
42 H Ph 0.02¢
4f H 2-Py 052
4z 4-Me 2-Py 0469
4h 4-Cl 2-Py 0527
4i H 4-Py 0.52¢
4k 4-Me 4-Py 0.26
NOC-18 0.46%
SNAP 0.55
SNAP .0.507

% Concentration of cach N-nitroso compound and SNAP for thermal
decomposition in CHC); was 1-10 x 107 M. Reactions were carried
out at 37°C for 2h. Detection as NO;" using the Griess method. The
values are amounts of NOy™ generated via NO from the 100 mM
CHCI; solution of the compound. b) Bn=benzyl, Ph=phenyl,
Py=pyridyl. © Reacted for 4h. ¥ Reacted for 7h. ¥ Reacted in the
Krebs buffer (pH 7.4). 7 Reacted in the mixture of DMSO-Krebs
buffer (1:9).

ek T I VBB IEIEE 8 (FeCl) GmM) L MGD
(5mM) DOKBGEREHEANCEELTERLL. Carboxy-
PTIO Ic & 24 ME 5 M Carboxy-PTIO & 20 pM {EL5HD
TRAFNERVLTIE (DMF) L@k © 1:4 BHiz
HELT{T> 7. MGD-Fer fitkic X A8 HIX, MGD-Fe*
itk e 200 pM {EAYODMSO L pH 7.2 V) VEREHERD

e

o A
(ils

7. -
—q-—-————'\-H‘WﬂM,—-—w ﬂ::’ O '*,',‘,
(V-

-

&
w——@i—“b,'\,ﬂ/\*;mﬁ
ns
o
o OW

wa

Fig.4 ESR spectra of variable PTIO dervatives MGD with NO

produced from N-nitrosamine (4f)
1) $ M of carboxy-PTIO in H,0 :b) § 4 M of carboxy-PTIO and 204 M of 4f in a mixture of

DMF and H,0 {1:4) ic ) afler 20 sec.:d)15mM of MGD and 3 mM of FeCl,in a mixture of

DMSO and phosphate buffer,pH 7.2 (1:4) :e) 200uM of 41.5mM of MGD and 3ImM of FeCl, in
2 mixture of DMSO and phosphate buffer,pH 7.2 {1:4)

1:4 B BEBLTITo . BRZ FigdlIRLEE.

7. DNA Q1SN

EE/RN-ZFOVRERE () , N-=baVY7 I {4a.
AF-i) BIU 1-eFoFxy2-F4FY-3,3-ERAE-T 2
JIFA) FYTEY (NOC-18) iZDWT DNA YIEREE
I LT . {LS7% DMF & Tris-HCl-buffer (pH 7.2) @
| (1 : 4) ICTARRL , JASIL# pBR 322 TFARF
DNA AT 37¢C T 3 BRREL %, 7HO—AER
WE (G0 V, 2 BSRD) EfTolc. kEmORILEE R
(NIH-Tmage) =& DHH LT . &R%E Table 3BT
5] O

Table 3 DNA-Cleaving activity of various N-nitroso compounds®

Compd. mM DNA Cleavage
Form 1 (%) Form 11 (%)

1f 1 67 33
if 10 3 69
Af 1 9% 4
4f 10 2 1
" 1 97 3
Kid 10 95 4
8f I 98 2
8f 10 95 5

NOC-18 { 69 31

NOC-18 10 60 40

NaNO; 1 96

NaNO; 10 9% 4

< Treated for 3 h

Table 4 DNA-Cleaving activity of aromatic N-nitrosamines®

Compd. mM DNA Cleavage
Form 1(%4) Form 11 (%)
4a 10 97
af 10 95 5
4g 10 88 12
4h 10 93 7
4 10 80 20
NaNG: 10 97 3
a) Treated for 3 h
HERUER

N-=trovieadt (If. 4f-k) &Fig2iiRLEL S
SRk, N-=FrVRESHE (1f) OBERTY-
AV TF— AV =AaF VEERISE R TELR
FEMk () 2o boviELTaERLE. £k, #HER



FEERE N- = b o £SO NO HEERAE & DNA YIBREHE 5

N-ZbavU7= UV ) @72V vElKionay
EVIHEMARKINLTEET I VE 8) 2EETICE
BM7T PUOLTZ b b LTEBE. R, B5hiN-
Zbhovik (if) 2ZETRUBLOEG T ToREET:
(Fig3). N-ZbhravRE (1f) Z#70D0RVLBTHE
SHIL, IREFBROFRERY (7f. 1) LT/
o, Zhotk (1) BRSEKE LTI #=rofkL
THRoN. ThOREFBHEDEEIINMR A7 bV
TR THELE (Table 1). —F, HERN-= OV T2
U (4f) OSENL 37,5 BMITITo /. TOE, HEE
HON-ZPOVEOHRRBIZA % THol. Fig3lih
LEXSICIEEO7 Y- L7 25 (8f, 0f-1, 9f-2)
LTFFOBBERITUE (10) BERT R EHDho
2. INSDERMOBEER, 00— TaAEETY
(Fig.3), ZRHEEMOBESIEEBVW RN EEARY ML
F—ATHEL (Table 1). 35, M= b0 VRER ()
PEZRRN-ZFOVTZ) Y (4f) BOROBICHYT S
2-ZboERL-ZrugSELBEC R (- hok
(91-3) DERIIED SN oT:), FTREBETNODER
ZRLTWVWS .Y FOT, anbOah b OB
HI-DONORERERNI. BRELEN-ZFOVIEED
FEHEBRICEBNL, T, DRKIBHOLELEDIE
DMSO-Krebs $2HTHIC , KIBMHELAWIE Krebs IREHHICIE
ML, 3TCTNOERETE. RHON-—FOViLEH
(4f-k, 1f) (Fig.1) © NORLE#E (Bliomol LEMBO
ILHETZNODE) 2EHDONO FH—TH3 s-=k
Y -N-7EFI-DL- =5 I (SNAP) kiatt
NOC-18 b T Table 21 R L1z, /e, BHINORAIZAEL,
MERADEEY (la, 4a) L TOEICME , HERHLE:.
FHEEN-ZFOVILAYONO AR, SBEBRESY
% (1) PERLAEVY, SEERLE 1f 13 1a OB
D NO RAERETRLE . 1a &, KCBBTH 12, 1If
3 Krebs BRETHPNORERER ARG T LATERICD, #
DFERNOC-18 D1/10 THAET kdbhok. gk, ¥
TY=ZbaVYT Iy ) KDWTR, 728 %EE
UPUNVRIKTZC ki s> TRERENY 20 {S8mLk
(Table2: #HEHEH4a LSERMLI-4-i ZHED) . &
B, BYWEN-ZFOVEEY 6, 6) HSDONORERE
BFTREDLENT VN, ? 60, = raVikdt
(1, & 5 NO HERELTVWAT LORERIL, —ELE
FEOTF ST 2BV T 4 U8k (NO-TPP-Co(ll) £
%) DOHBEEL Carboxy-PTIO LU MGD-S8{kE RV
ESR fIEETLIT-/. BB, = baviL&YOEMIc X
D Carboxy-PTIO ' 2-(4- HILRF T 2 =11)-4, 4,5, 5-
FTEIAFNASIZSY Y -1-FFVADF U T LIE
(Carboxy-PTI) ~ZEbH B OIS HEVEREFHNC ESR AT b b
WELT (Figd,ac) . TBIC, HILE—HHEHETT MGD
LIEEMDRISTIE MGD- $i8iiklc NO A'FfZ L, MGD-

Fe-NO EEADERL , FEODART FiVESRLE (Figd,
d,e).

—% ., FEEN-ZFOVEE () , N-ZbnvTrs
>~ (4a, 4f-i), FE= ok (Of,8f) BLUNOC-18 i
DWT DNA UIEERERIZ L. {E&¥% DMF & Tris-
HCl-buffer (pH 7.2) DR (1 : 9 ICBEREEL, #RILE
pBR 322 S AZ K DNA AT 37°C T3EMIREL
g, THO—XELKE 0V, 288 #iT-o7. K
B OREEPEREFCIVERLE. ERE Table3 B X
TAICRLE . HEBE= o V{tat. 1f D DNA YIS
% NOC-18 LHET DL, NOC-18 DO—AHEUNiEtt:
(Form 11 OEF)Z 10 T 31 %10n¥ T 40 % THo
T LT I —RSUEY (Form 11) %1 ol T
33% 10 aM T 69 % FML, & DENRIENEHTRLI(Table
3. A B raovik () » EREFNUIA
(NaNO,) TIIYIBENERET, i NO ERESEL
FEE-FOVT I VOBRERIERICTBN b o
COFBERE, S L ABEEEFRIcET 3iEEE=
OYV{kdD NO AErENEMT Y TLE—HL ., If ick
% DNA YIEiRICAMESHEDER LT NO 723 NO
HEOERECERLTWA T LTS L TVS. NOC-18
DNOEREZIF IO REVE LMD LTELEIEVD
3 R THEEENHNDOTNOC- 18 L FREL /-
NO 4% DNA (LN ZE S 985 DNA DY
AEAICER L TLEWHER L  DNAKCER L WAlEE
P EHFREFD If OFSDNA KHT 3HEMENEW
CLEORBRCI D EHELE. A, FEER=_uv7T=
HOHETS NO X35 MERO®REIIEN. VIl
ZxZ= v 7 IVE @f-i) BEEEN-ZFOVR
#F AN LHETIEEREEVY, FOUERIGIREER
HEFTLE (Tabled), BV VN Tzl bavy P I8
(4f-i) O DNA YIRS 7ol by P Iy (da)
b kEL, NO ErisEoEme s —HLE. LA
T, ChoDEEMIc VT LEER- F O VERE EFRIC
NO ¥zl NO BRI AYHEHETH A TEMEERLT
W3, T5IT, 40k FIFICEA, SRBEEILGEWVA, B3
HEFONO FH—ORRICRBT S HERETTLOTHE
BEWERETHS. ‘
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The scavenging reaction of 2.2-diphenyl-1-picrylhvdrazyl radical {DPPH") or galvinoxyl radical (GO') by a vitamin E
model. 2.2.5.7.8-pentamethylchroman-6-o} (1), was significantly accelerated by the presence of Mg(C1Q,). in
de-acrated methanol (MeOH). Such an acceleration indicates that the radical-scavenging reaction of 1 in MeOH
proceeds via an electron transfer from 1H to the radicat. followed by a proton transfer, rather than the one-step hydrogen
atom transfer which has been observed in acetonitrile (MeCUN). A sigmificant negative shift of the one-¢lectron
oxidation potentiat of 1H in McOH (0.63 V vs, SCE), due to strong solvation as compared to that in MeCN

{0.97 V vs. SCE). may result in change of the radical-scavenging mechanisms between protic and aprotic media.

Introduction

Recently. much attention has been paid to the mechanisms of
radical-scavenging reactions of phenolic antioxidants. such as
vitanin E {u-tocoplierol) and favonoids, with regard to the
development of chemopreventive agents against oxidative stress
and associated discases. There are two mechanisms for the
radical-scavenging reactions of phenolic antioxidants: a one-
step hydrogen atom transfer from the phenolic OH group: and
an electron transfer followed by a proton transfer.!-* Metal ions
are a powerful tool that can be used to distinguish between these
two mechanisms, since clectron-transier reactions are known to
be sipnificantly accelerated by their presence.* In fact, we have
recently reported that scavenging reactions of the galvinoxyl
radical (GO') and the cumylperoxyl radical by (+}-catechin in
aprotic media. such as acctonittile (MeCN) and propionitrile.
proceed via an electron transfer rom (+)-catechin to the radicals
(which is sipnificantly accelerated by the presence of metal ions,
such as Mg™ and Sc* } followed by a proton transter>® On the
other hand. no effect of Mg™ on the hydrogen-transfer rate from
a vitamin E model. 2.2.5.7.8-pentamethylchroman-6-01 (1H). 1o
2 2-bis(4-rert-octylphenyl)-1-picrylhydrazyl radical (DOPPI)
or GO in de-acrated MeCN has been observed. indicating
that the radical-scavenging reactions of 1H in MeCN proceed
vig 2 one-step hydrogen atom transfer rather than vy electron
transler.™ However. the effects of solvents on the mechanism
of madical-scavenging reactions of phenolic antioxidants have
vel to he clarified. Leopoldini er al. have reported that the
bond dissociation enthatpies for O-H bonds and the adiabatic
jonization potentials for phenolic antioxidants. calculied with
use of density functional theory, donot follow the same trends in
gas, water and benzene® Thus, it is of considerable importance

o
-~
o
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to investigate the effects of metal jons on radical-scavenging
reactions in various solvents with different polarity.”

We report herein that the scavenging reactions of 2.2-diphenyl-
1-picrythydrazyl radical (DPPH*) or GO by the vitamin L
mode! 11 in de-aerated methanol (MeQH) proceed vig an
clectron transfer mechanism rather than vie a one-step hy-
drogen atom transfer. which has been observed in de-acrated
MeCN, Eflects of bases on the radical-scavenging rates were
also examined. to clanily whether the actual clectron donor is
1H or the corresponding phenolate anion 1 in MeOH. Dillerent
mechanisms in protic and aprotic solvents are discussed based
on kinetic, electrochemical. and EPR data obtained in this
study. providing valuable and fundamental information about
he radical-scavenging mechanism of phenolic antioxidants,

Experimental
Materials

2.2.5.7.8-Pentamethylchroman-6-o] (1H) was purchased from
Wako Pure Chemical Ind. Lid.. Japan., 2.2-Diphenyl-
1-picrylhydrazyl radical (DPPH') and galvinoxy! radical
(GO*) were commercially obtained from Aldrich. Tetra-n-
butylmnmonium perchlorate {Bu,NCI10, ). used as a supporting
electrolyte for the electrochemical measurements. was purchased
from Tokyo Chemical Industry Co., Ltd.. Japan, recrystallized
from ethanol, and dried under vacuum at 313 K. Mg(C10,), and
methanol (McOH: spectral grade ) were purchased from Nacalai
Tesque. Inc., Japan and used as received. Pyridine and 2.6-
lulidine were conmmercially obinined from Wako Pure Chemical
Ind. Ltd.. Japan and purified by the standard procedure.”
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Spectral and kinetic measurements

Since the phenoxyl radical of 1H (1°) generated in the reaction
of 11 with radicals readily reacts with molecular oxygen {O,).
reactions were carried out under strictly de-aerated conditions.
A continuous flow of Ar gas was bubbled through a MeOH
solution (3.0 mL) containing DPPH" (4.8 ~ 10-* M) and
Mg(ClO,): (0-0.3 M} in a square quartz cuvette (0 mm id) with
a glass tube neck for 10 min. Air was prevented from leaking into
neck of the cuvette with a rubber septum. Typicaily. an aliquot
of 1TH (2.0 » 10-* M), which was also in de-aerated MeOH, was
added to the cuvette with a microsyringe. This led to a reaction
of 1H with DPPH". UV-vis spectral changes associated with
the reaction were monitored using an Agilent 8453 photodiode
array spectrophotometer. The rates of the DPPI"-scavenging
reactions of 1H were determined by monitoring the absorbance
change at 516 nm due to DPPH' (¢ = 1.13 » 10*M~' em~") using
a stopped-flow technique on a UNISOKU RSP-1000-02NM
spectrophotometer. The pseudo-first-order rate constants (k)
were determined by a least-squares curve fit using an Apple
Macintosh personal computer. The first-order plots of In(4--
A.) vs time (4 and A, are denoted as the absorbance at the
reaction time and the final absorbance, respectively) were linear
until three or more half-lives with the correlation coefficient g ~
0.999. The reaction of 1IE with GO was carried out in the same
manner and the rates were determined from the absorbance
change at 428 nm due to GO* (¢ = 1.32 - 10° M'! em™'). The
rate constants of the reactions in the presence of base (pyridine
or 2.6-lutidine) were determined in the same manner.

Electrochemical measurements

The cyclic voltammetry (CV) and second-harmonic alternating
current voltammetry {(SHACV)'!''¢ measurements were per-
formed on an ALS-630A electrochemical analyzer in de-aerated
MecOH containing 0.10 M Bu,NCIO, as a supporting electrolyte.
The Pt working electrode (BAS) was polished with BAS polish-
jng alumina suspension and rinsed with acetone before use. The
counter electrode was a platinum wire. The measured potentials
were recorded with respect to an Ag/AgNO, (0.01 M) reference
elecirode. The Iy valkies (vs. Ag/AgNO;) were converied
to those vs SCE by adding 0.29 V.7 All electrochemical
measurements were carried out at 298 K under 1 atm Ar.

EPR measurements

Typically, an aliquot of a stock solution of 111 {2.0 - 10-* M}in
de-aerated McOlH was added to the EPR sample tube (0.8 mm
id) containing a de-acrated MeOH solution of DPPH" (20 .

104 M) with a microsyringe under 1 atm Ar. EPR spectra of
the phenoxyl radical 1° produced in the reaction between 1H
and DPPH' were taken on a JEOL X-band spectrometer (JES-
RE1XE). The EPR spectra were recorded under non-saturating
microwave power conditions. The magnitude of modulation was
chosen to optimize the resolution and the signal-to-neise ratio
of the observed spectra, The g values and the hyperfine splitting
constants were calibrated with a Mn’ marker. Computer
simulation of the EPR spectra was carried out using Calleo
ESR Version 1.2 program {Calleo Scientific Publisher) on an
Apple Macintosh personal computer.

Results and discussion

Radical-scavenging reactions of the vitzmin E model in
de-aerated MeOH

Ulpon addition of 1H to a de-aerated MeOH solution of DPPH".
the absorption band at 516 nm due to DPPH- disappeared
immediately. accompanied by an appearance of the absorption
band at 427 nm. Since the absorption band at 427 nm is
diagnostic of the phenoxyl radical derived from 1H (I°) in
MeOIL" this spectral change indicates that hydrogen transfer

from the phenolic OH group of 1H to DPPH' takes place o
produce 1° (eqn. (1)). The absorption band of 1* was shifted
from 423 nm in MeCN Lo 427 oin in MeOH.™ Such a shift in
the absorption band of 1+ may be due to a stronger solvation of
1* in MeOH than in MeCN.

HO

NO;
DPPH’ )

The rate of the DPPH'-scavenging reaction of 11 wus
measured by monitoring the decrease in absorbance al 516 i
duc to DPPH" using a stopped-flow technique. The decay of the
absorbance at 516 nm due to DPPI obeyed psendo-first-order
kinetics when the concentration of 111 ([1H]) was maintained
at more than a 10-fold excess of the DPPH" concentration. The
pseudo-first-order rate constants (k) increase with increasing
[1H], exhibiting first-order dependence on [111]. From the slope
of the linear plot of k., vs. [1H]. the second-order rate constant
(kur) was determined for the radical-scavenging reaction as
te7 . 100 M s, in de-aerated MeOH at 298 K. The
kyr value thus obtained in de-aerated McOH is significantly
larger than that determined in de-acrated MeCN (4.35 .
10> M~ s-1).7 A similar result has been reported by Litwinienko
and Ingold.” Intermolecularly hydrogen-bonded phenolic OF1
groups of hydrogen-bond accepting solvents, such as alcohols.
are known to be essentially unreactive against radicals.® Thus,
the enhanced kyp value in MeOH suggested that the reaction
raechanism in MeQ11 may be different from that in MeCN. The
GO -scavenging rate constant by 1H in de-aerated MeOH has
also been determined in a same manner by monitoring the
decrease in absorbance at 428 nm duc to GO as 2.54 -
10° M-! 5-1, which is slightly smaller than that in de-aerated
MeCN (3.32 - 10° M1 57Y),

Effect of magnesium jon on the rates of radical scavenging
reactions

If the radical-scavenging reactions of 1H involve an electron-
transfer process as the rate-determining step. the rates of radical
scavenging would be aceelerated by the presence of metal ions
This was investigated by examining the effect of Mg(C10,), on
the radical-scavenging rates by 1H in de-acrated McOH. When
MgtCl10,), is added to the 1H-DPPII- system in de-aerated
MeQH, the rate of DPPH'-scavenging reaction by 1H was
significantly accelerated. Such an acceleration was not observed
for the DPPH'-scavenging reaction by 1H in MeCN." The kyy
value increases linearly with increasing Mg™ concentration
([Mg™D as shown in Fig. 1a. A similar acceleration effect of
Mg has been observed for the GO’-scavenging reaction by
111in de-acrated MeOH (Fig. 1b). Thus. the radical-scavenging
reactions in de-acrated MeOH may proceed vie an electron
transfer from 1H to DPPH* or GO-. which is accelerated by
the presence of Mg™ . followed by proton transfer from IH*
to DPPH- or GO~ as shown in Scheme 1. In such a case
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Fig.1 Plots of kyp ve [Mg?*] in the reaction of 1H with (a) DPPH" and
{b) GO in de-aerated MeOH at 298 K.
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fast

1 + RH + Mg®*

Scheme 1 Radical-scavenging reaction by 1H via an electron transfer
in McOH.

the coordination of Mg™ to DPPH  or GO- may stabilize the
product. resulting in the acceleration of the electron transfer.

Effect of base on the rates of radical scavenging reactions

In protic media, such as alcohols and water, 11 may be in
equilibrium with the corresponding phenolate anjon 1, which
is a much stronger electron donor as compared to the parent
111.* In such a case, 1- may act as an electron donor rather than
the parent 1H in MeOH.

In order to clarily an actual electron donor in McOH, the
effect of base on the radical-scavenging rates of 1H was exam-
ined. The addition of pyridine to the 1H-DPPH* system results
in a significant increase in the rate of the DPPH -scavenging
reaction by 1H. The ky; value increases with increasing pyridine
concentration to reach a constant value as shown in Fig. 2.
When pyridine is replaced by 2.6-lutidine, a stronger base than
pyridine, the limiting Ay value is larger than that in the case
of pyridine. as shown in Fig. 2. If the rate of acceleration is
due 1o the deprotonation of the phenolic OH group of 1H in
the presence of base, the limiting kyr value should be the same
regardiess of the basicity of pyridines. The different Yimiting kg
values between pyridine and 2.6-lutidine in Fig. 2 suggest that
little deprotonation occurs to produce 1 and that the actual
electron donor is the parent 111 rather than 1 in MeOH. as
shown in Scheme 1. In such a case, the coordination of pyridines

5
2,6-Lutidine
ik
'IU'D
..53_ Pyndine
9 2
e
194
1] L . 1 1
0 0§ 10 1.5 20 25
10° [Basc] / M

Fig.- 2 Plot of kur vs [base] for the reaction of 1H with DPPH- in
the presence of pyridine (black circles) or 2.6-lutidine (white cireles) in
de-acrated McQH at 298 K.
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to 1H"* may stabilize the product, resulting in the acceleration
of the initial electron-transfer process. In the presence of a
large amount of a strong Lewis acid. such as Mg{ClQ,):. no
deprotonation of 1H occurs in McOH.

Solvent effect on the one-electron oxidation potential of the
vitamin E model

The solvent effect on the one-electron oxidation potential
(E2) of 1H was examined by cyclic voltammetry {CV) and
second-harmonic altemating current voltammetry (SHACYV)
measurements.!* Very recently. Williams and Webster have
reported that the one-electron oxidation of a-tocopherol itsell
oceurs at about 0.97 V vs. SCE in MeCN (0.25 M BuNPF,)
based on the detailed electrochemical analyses.? A similar cyclic
voltammogram was observed for the electrochemical oxidation
of 1H in MeCN (0.1 M Bu,NCI10,) (data not shown). from
which was determined the E?, value (vs. SCE) of 1Hin Me('Nas
(.97 V. On the other hand, the CV wave of 1H in MeOH (0.1 M
Bu,NCIO,) was irreversible. Thus. SHACV measurement was
carried out to determine the E?. value of 1H in MeOH. The E,,
value (vs SCE) of 1H in McOH (0.1 M Bu,NCJOQ,). determined
from the intersection of an SHACV wave (Fig. 3). is located at
0.63 V, which is significantty more negative than the value in
MeCN {0.97 V). Such a negative shift of the £ value in MeOH
as compared Lo thal in MeCN may be asctibed to a stronger
solvation of 1H** in McOH than in MceCN. Thus. the case of
one-clectron oxidation of 1H in McOI1 as compared toin McCN
may resull in the difference in the radical-scavenging mechanisne.

,)'

107 Current £ A
O

S
fﬁ/
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Fig. 3 SHACV of 11 recorded at the scan rate of 4 mV s on Pt
working electrode in de-aerated MeOH (L1 M Bu,NCJO,) at X8 K.

EPR spectrum of the phenoxyl radical derived from the vitamin
E model in de-nerated MeOlY

The EPR detection of radical species derived {rom 111 would
provide vatuable information about the solvation of the radical
species. 2 The EPR spectrum of 1° in de-acrated MeOIl at
298 K is shown in Fig. 4a. It should be noted that the g value of
the EPR spectrum of 1*in MeOH (2.0040} is apparently smaller
than that in MeCN (2.0047).7 The observed hyperfine structure
in Fig.4ais well reproduced by the computer simulation (Fig. 4b)
with four hyperfine splitting constants (Afc} listed in Table 1.
Table 1 also shows the /ife values of 1° in MeCN." All the /ife
values in MeOH are also smaller than those in MeCN. The
smaller g value of the EPR spectrum of 1° as well as the
smaller /ife values in MeOH than those in MeCN indicates
that the stronger solvation of 1° may occur in MeOH than
in MeCN. Although the EPR spectrum of 1H could not
be observed because of the fast deprotonation to produce 1°
(Scheme 1), stronger solvation of TH** may also occur in MeOH
than in McCN, resulting in the ease of one-clectron oxidation of
1H in MeOH than in MeCN.
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Fig. 4 (a) EPR spectrum of 1* generated in the reaction of 1H (1.0 .
10-* M) with DPPH: (2.0 .+ 10-* M) in de-actated McOH at 298 K.
{b) The computer simulation spectrum. The Afe values used for the
simulation are listed in Table |.

Table 1 Hyperfine splitting constants thfe; in mT) and g vatues of 1 in
de-aerated solvents

Solvent g a(3H) a({3H") a{3H*) a( 2119
MeOll 2.0040 0.577 0.423 0.073 0.126
MeCN 20047 0.587 0440 0.086" 0.139

* Taken from ref. 7.

In conclusion. the scavenging reaction of DPPI' or GOr
by 1H in MeOH proceeds via the electron transfer from 1H
to DPPH* or GO followed by proton transfer rather than viu
the one-step hydrogen atom transfer, which has been observed
in MeCN. Such a difference in the mechanism of radical-
scavenging reactions by the vitamin E model depending on
the solvents provides valuable information for the biological
antioxidative reactions.
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