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Sixteen unfused heterobiaromatic and biphenyl compounds substituted with an amino side chain (protonated in 
water) have been tested for (i) binding with DNA and (ii) their effect on the digestion of the DNA double helix 
by a bleomycin-iron complex. Only the DNA intercalating molecules amplify the digestion of DNA. One 2,2'-bipyridine 
derivative tested is an inhibitor of the bleomycin reaction because it removes ferrous ion from the bleomycin complex. 
Polarity of the intercalating unfused biaromatic system is of primary importance for effective binding of the molecule 
with native DNA and, a t  the same time, for its amplification activity. The molecules that have the biaromatic system 
polarized extensively in the direction of the side cationic chain, so that the intercalating sites constitutes a positive 
part of the dipole, show strong binding with DNA and good amplification activity. For strong intercalative forces 
that determine the amplification activity, it is important that both the heteroaromatic subsystems of the molecule 
have positive ends of their dipoles positioned away from the side chain. This work provides general guidelines for 
synthesis of new highly effective bleomycin amplifiers. 

The anticancer and antibiotic properties of bleomycins 
(Chart I), a family of metal-chelating glycopeptides, are 
well rec0gnized.l I t  is believed that the ferrous chelate 
is mainly responsible for the activity of bleomycins in vivo. 
Many studies have shown that DNA is the target for 
bleomycins. The ferrous complex is activated in the 
presence of molecular oxygen, binds with DNA, and causes 
degradation of the DNA.2 In addition to synergism,l the 
cytotoxic effect of bleomycins can be potentiated in vitro 
and in vivo by agents that may not be active alone. The 
enhancement effect is believed to be due to (i) increasing 
the intracellular level of the drug,3 (ii) inhibition of the 
DNA repair and/or synthesis," (iii) enhancement of the 
efficiency with which Fe2+ is recruited into the drug,5 (iv) 
direct action of the potentiating agents on the DNA,6 and 
(v) other, less understood mechanisms of action.' The 
activities of p h l e o m y ~ i n s ~ ~ ~ ~ ~ ~  and tallysomycinss can also 
be amplified. The two drugs are structurally related to  
the bleomycins and are usually described as a family of 
bleomycin-type drugs. 

In our research program on the enhancement of the 
activity of bleomycin-type drugs, we are interested in de- 
veloping potentiators that belong to category iv above. The 
stimulation of  bleomycin-induced fragmentation of DNA 
by DNA-interacting agents was noticed for the first time 
a decade ago by BeardenGa More recently, Beerman,6c,d 
on the basis of work with ethidium, a classical intercalator, 
has suggested that the combination of DNA unwinding and 
strand scission may represent a novel and rational ap- 
proach to the chemotherapy of cancer. The latter work, 
however, and recent studies by Grigg,loa although con- 
ducted on different biological systems, indicate that 
classical DNA. intercalators are poor candidates for future 
development as the amplifiers. A plot of DNA breakdown 
as a function of concentration of the intercalator was bell 
shaped. DNA breakdown was enhanced initially, but 
above a certain concentration, the proportion of DNA 
degraded declined, often to zero. On the other hand, 
conformationally flexible DNA binding dyes gave broad 
dose-response curves, indicating that the difference be- 
tween inhibitory concentrations and stimulatory concen- 
trations was greater (often more than 2 orders of magni- 
tude) than it was for ethidium and similar fused-ring DNA 
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Chart I. Structures of Bleomycins A2 and B2, the Major 
Components of Blenoxane 

OXYGEN ACTIVATION SITE DNA BINDING SITE 

intercalators.loa Recently, we have shown6fJ0d that another 
class of amplifiers, introduced for the first time by Brown? 

(1) Bleomycin Chemotherapy; Sikic, B. I., Rozencweig, M., Carter, 
S. K., Eds.; Academic: Orlando, 1985. 

(2) For reviews, see: (a) Stubbe, J.; Kozarich, J. W. Chem. Rev. 
1987,87,1107. (b) Hecht, S. M. Acc. Chem. Res. 1986,19,383. 

(3) Ikezaki, K.; Yamaguchi, T.; Miyazaki, C.; Ueda, H.; Kishiye, 
T.; Fukawa, H.; Komiyama, S. JNCI, J. Natl. Cancer Inst. 
1984, 73, 895. 

(4) (a) Chafouleas, J. G.; Bolton, W. E.; Means, A. R. Science 
(Washington, D.C.) 1984,224, 1346. (b) Lazo, J. S.; Hait, W. 
N.; Kennedy, K. A.; Braun, I. D.; Meandzija, B. Mol. Phar- 
macol. 1985, 27, 387. (c) Mircheva, J.; Smith, P. J.; Bleehen, 
N. M. Br. J .  Cancer 1986,53, 99. (d) Smith, P. J.; Mircheva, 
J.; Bleehen, N. M. Br. J .  Cancer 1986,53, 105. (e) Lazo, J. S.; 
Chen, D. L.; Gallicchio, V. S.; Hait, W. N. Cancer Res. 1986, 
46, 2236. (f) Smith, P. J.; Mircheva, J.; Bleehen, N. M. Int. J .  
Radiat. Oncol., Biol., Phys. 1986, 12, 1363. ( 9 )  Lazo, 3.  S.; 
Braun, I. D.; Meandzija, B.; Kennedy, K. A,; Pham, E. T.; 
Smaldone, L. F. Cancer Res. 1985,45,2103. (h) Kennedy, K. 
A.; Hait, W. N.; Lazo, J. S. Int. J .  Radiat. Oncol., Biol., Phys. 
1986,12,1367. (i) Huet, J.; Laval, F. Cancer Res. 1985,45,987. 
6 )  Chen, G.; Pan, Q. Yaoxue Xuebao 1985,20, 331. (k) Chen, 
G.; Pan, Q. Zhongguo Yaoli Xuebao 1986, 7, 373. (1) Saka- 
moto, H.; Kawamitsu, H.; Miwa, M.; Terada, M.; Sugimura, T. 
J.  Antibiot. 1983, 36, 296. (m) Kihlman, B. A,; Natarajan, A. 
T. In DNA Repair and Its Inhibition; Collins, A., Downes, C. 
S., Johnson, R. T., Eds.; IRL: Oxford, 1984. 
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is superior to the classical planar intercalators in catalyzing 
degradation of DNA by bleomycins. These compounds 
have a conformationally flexible, unfused polyaromatic 
system and cationic side chain in the molecule. Our studies 
indicate that this class of compounds shows promise for 
development as amplifiers of the bleomycin-type drugs. 

There are several objectives in this paper. First, we 
report the synthesis of a series of simple unfused-ring 
bicyclic compounds 2-4 and 8-16 (Chart 11). They are 
designed to differ in stereoelectronic features of the bicyclic 
system and the position of attachment of a side cationic 
chain. They are close structural analogues of amplifier 1, 
which is active in vitrolof and in vivo,1oe and compounds 
5-7, which show mediocre activity.lof Compounds 1 and 
5-7 have been included in our studies as controls. The 
most intriguing questions are whether or not structural, 
stereochemical, and stereoelectronic features of 1-16 play 
a role in binding with DNA and whether or not the DNA 
binding characteristics are important for amplification of 
the activity of bleomycins by these compounds. This work 
is part of our systematic research efforts directed toward 
an understanding of the molecular basis for bleomycin 
amplification. 
Results 

Synthesis. Methods of preparation of compounds 1-4 
and 8-16 are given in Chart 111. The bicyclic pyrimidine 
derivatives with a [ (dimethy1amino)ethyll thio side chain, 
1-3 and 10-12, and one oxy analogue, 4, were synthesized 
through the addition reaction of lithium reagents Ar-Li 
with suitably substituted pyrimidines 17-20, followed by 
aromatization of the resultant dihydropyrimidines 21 with 
2,3-dichloro-5,6-dicyanobenzoquinone (DDQ). Two ami- 

Burger, R. M.; Horwitz, S. B.; Peisach, J. Biochemistry 1985, 
24, 3623. 
(a) Bearden, J., Jr.; Haidle, C. W. Biochem. Biophys. Res. 
Commun. 1975, 65, 371. (b) Sugiura, Y.; Suzuki, T. J. Biol. 
Chem. 1982,257, 10544. (c) Agostino, M. J.; Bernacki, R. J.; 
Beerman, T. A. Biochem. Biophys. Res. Commun. 1984,120, 
156. (d) Pavelic, K.; Beerman, T. A.; Bernacki, R. J. Cancer 
Drug Delivery 1985, 2, 255. (e) Nasir, Z.; Chapman, I. V. 
Radiat. Res. 1985,102,295. (f) Strekowski, L.; Strekowska, A,; 
Watson, R. A.; Tanious, R. A.; Nguyen, L. T.; Wilson, W. D. 
J .  Med. Chem. 1987, 30, 1415. 
(a) Berry, D. E.; Kilkuskie, R. E.; Hecht, S. M. Biochemistry 
1985, 24, 3214. (b) Gutteridge, J. M. C.; Beard, A. P. C.; 
Quinlan, G. J. Biochem. Znt. 1985, IO, 441. (c) Leyhausen, G.; 
Schroeder, H. C.; Schuster, D. K.; Maidhof, A.; Umezawa, H.; 
Mueller, W. E. G. Eur. J. Cancer Clin. Oncol. 1985,21, 1325. 
(d) Kakinuma, J.; Tanabe, M.; Orii, H. Photobiochem. Photo- 
biophys. 1984, 7, 183. (e) Mori, H. Chem. Pharm. Bull. 1985, 
33, 4030. (f) Takiyama, W.; Hirai, T.; Miyoshi, Y.; Yoshihara, 
T.; Hattori, T. Jpn. J. Surg. 1984, 14, 262. (9) Sur, P.; Hazra, 
B.; Roy, D. K.; Sur, B. Indian J. Esp. Bid. 1984,22, 115. (h) 
Yoshikawa, H.; Takada, K.; Muranishi, S. J. Pharmacobio- 
Dyn. 1985,8, 305. (i) Allen, T. E.; Aliano, N. A.; Cowan, R. J.; 
Grigg, G. W.; Hart, N. K.; Lamberton, J. A.; Lane, A. Cancer 
Res. 1985, 45, 2516. 
Grigg, G. W.; Hall, R. M.; Hart, N. K.; Kavulak, D. R.; Lam- 
berton, J. A,; Lane, A. J. Antibiot. 1985, 38, 99. 
For reviews see: (a) Brown, D. J.; Grigg, G. W. Med. Res. Rev. 
1982, 2, 193. (b) Brown, D. J. Chem. Aust. 1987, 116. 
(a) Grigg, G. W.; Gero, A. M.; Sasse, W. H.; Sleigh, M. J. Nu- 
cleic Acids Res. 1984, 12, 9083. (b) Barlin, G. B.; Brown, D. 
J.; Cronin, B. J.; Ngu, M. Aust. J.  Chem. 1986, 39, 69 and 
references therein. (c) Grigg, G. W.; Gero, A. M.; Hughes, J. 
M.; Sasse, W. H. F.; Bliese, M.; Hart, N. K.; Johansen, 0.; 
Kissane, P. J. Antibiot. 1977, 30, 870. (d) Strekowski, L.; 
Chandrasekaran, S.; Wang, Y.-H.; Edwards, W. D.; Wilson, W. 
D. J.  Med. Chem. 1986, 29, 1311. (e) Allen, T. E.; Brown, D. 
J.; Cowden, W. B.; Grigg, G. W.; Hart, N. K.; Lamberton, J. 
A.; Lane, A. J. J. Antibiot. 1984, 37, 376. (f) Brown, D. J.; 
Cowden, W. B.; Strekowski, L. Aust. J. Chem. 1982,35,1209. 
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Chart 11. Compounds 1-16 and the Intercalation Model with 
DNA for Derivatives 1-12 and 14 with a Meta-Substituted Side 
Amino Chain (Protonated in Water)a 

R = ,'----NMe? "I 
m c 
C binding 

1-8 
compd w z R1 R 2  

1 C H S H H  

2 CH S Me H 

3 CH S H Me 

4 C H O H H  

5 CH NH H H 

6 N s H H  

7 N N H H H  

8 CH NH MeS H 

I 

p N + - ~ / R  kN&,R NpJ 

,AN bo/ 
11 12 13 ortho 16 

14 meta 
15 para 

"Dipole moments (Table 11) were computed for the given planar 
conformations and positioned in the coordinates as shown. The 
dipole moments for compounds 13, 15, and 16 were computed for 
the same orientation of the biaromatic systems (parallel to the y 
axis). 

Chart 111. Methods of Synthesis of Compounds 1-4 and 10-16 

R 

R-"?8+9 

23 ortho 

24 meta 
25 para 

"'y"1 \fi 
ROO NaO '"rN - 16 yN NE5 , 

N- N h  

26 27 
L A M e  &B, 

no-substituted isomers 8 and 9 were obtained in a nu- 
cleophilic displacement reaction of one methylthio group 
in compound 22 with N,N-dimethylethylenediamine. A 
large difference in the chemical shifts for the H5 atom1' 
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in the spectra of 8 and 9 permitted the unambiguous 
structural assignments for the two isomers. Biphenyl 
amino ethers 13-15 were prepared in the alkylation reac- 
tion of the respective phenylphenols 23-25 with 2-(di- 
methy1amino)ethyl chloride. In the preparation of com- 
pound 16, 4,4'-dimethyl-2,2'-bipyridine (26) was bromi- 
nated with N-bromosuccinimide, and the resultant mo- 
nobromo derivative 27 was reacted with sodium 24di- 
methy1amino)ethoxide. Some of the compounds discussed 
here were the subject of a preliminary communication 
without any synthetic details.12 

NMR Mode of Binding. Intercalation of an aromatic 
compound with DNA induces upfield shifts in the proton 
NMR spectra of both the intercalating molecule and DNA 
imino protons, as well as a downfield shift of the DNA 31P 
~igna1.l~ Nonintercalative binding modes induce much 
smaller effects in the spectra of the bound molecule and 
the DNA. Reasonable line widths in the NMR spectra are 
obtained for samples with sonicated DNA. Higher tem- 
perature increases mobility of both DNA and compound 
bound with the DNA, which also results in sharper spec- 
tra.13c The spectra reported in this work were obtained 
with sonicated DNA a t  50 "C. Since other experiments 
were conducted at 37 "C, the NMR spectra taken at the 
two temperatures were compared. The respective chemical 
shift differences were negligible, but the 50 "C spectra were 
considerably sharper and allowed more accurate analysis 
of chemical shifts. 

Chemical shifts for the protons of pyrimidines 1-12 in 
the absence of DNA and at a 0.3 ratio of compound to 
DNA base pair are given in Table I. The assignments 
were made by using coupling patterns, chemical shifts, and 
2D COSY experiments.14 As can be seen from Table I, 
large upfield chemical shifts for all the aromatic protons 
and negligible changes for the absorption of the protons 
of the side chain are induced by the addition of DNA. 
These results are in agreement with the DNA intercalation 
model for compounds 1-12 presented in Chart 11. The 
intercalation of compounds 1-12 with DNA is also sup- 
ported by changes in DNA 31P NMR and imino proton 
NMR spectra. At a 0.3 ratio of compound to base pair, 
the downfield 31P shifts of DNA are 0.2-0.3 ppm, and the 
DNA imino proton upfield chemical shift changes are 
approximately 0.2 ppm for all the pyrimidine derivatives 
1-12. At a 0.3 ratio of compound to DNA base pair, the 
average upfield shifts for aromatic protons of biphenyls 
13-15 were only 0.2,0.4, and 0.25 ppm, respectively. A t  
the same ratio, the DNA imino proton upfield shift changes 
and DNA 31P downfield shift changes in the presence of 
14 were approximately 0.1 ppm. The ortho and para iso- 
mers 13 and 15 did not induce any significant changes in 
the DNA imino proton and 31P NMR spectra. These re- 
sults suggest that biphenyls 13 and 15 cannot be classified 
as DNA classical intercalators, while the meta isomer 14 
may intercalate weakly. 

DNA-induced upfield shifts for protons of bipyridine 16 
were only 0.02 ppm for H3 and H3', and in the range of 
-0.40 to -0.28 for the remaining aromatic protons. No 
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(11) Kowalewski, A.; Strekowski, L.; Szajda, M.; Walenciak, K.; 
Brown, D. J. Aust. J. Chem. 1981, 34, 2629. 

(12) Strekowski, L.; Tanious, F. A.; Chandrasekaran, S.; Watson, 
R. A.; Wilson, W. D. Tetrahedron Lett. 1986, 27, 6045. 

(13) (a) Jones, R. L.; Lanier, A. C.; Keel, R. A.; Wilson, W. D. 
Nucleic Acids Res. 1980, 8, 1613. (b) Wilson, W. D.; Wang, 
Y.-H.; Kusuma, S.; Chandrasekaran, S.; Yang, N. C.; Boykin, 
D. W. J. Am. Chem. SOC. 1985,107,4989. (c) Chandrasekaran, 
S.; Jones, pi. L.; Wilson, W. D. Biopolymers 1985, 24, 1963. 

(14) Sanders, J. K. M.; Mersh, J. D. B o g .  Nucl. Mugn. Reson. 
Spectrosc. 1982, 15, 353 and references therein. 

Table I. Proton Chemical Shifts of 2-4 and 6-12 (6, ppm) in the 
Absence of DNA (First Lines), at a Molar Ratio of 0.3 of 
Compound to DNA Base Pair (Second Lines), and Total 
DNA-Induced Shift (Third Lines) 

proton or substituent at positionb 
compdn 5 6 3' 4' 5' 

2 7.41 2.44 7.87 7.74 
6.78 

-0.63 
3 2.46 

2.00 
-0.46 

4 7.57 
6.78 

-0.79 
6 7.79 

7.19 
-0.60 

7 7.39 
6.73 

-0.66 
8 7.03 

6.23 

9 6.63 
5.86 

-0.77 
10 7.42 

6.60 

11 7.52 
6.89 

-0.63 
12c 7.70 

7.02 

-0.80 

-0.82 

-0.68 

1.98 
-0.46 
8.40 
7.54 

-0.86 
8.54 
7.63 

-0.91 
8.71 
8.04 

8.50 
7.71 

2.57 
2.06 

-0.67 

-0.79 

-0.51 

8.43 
7.56 

8.75 
7.92 

-0.83 
8.65 
7.79 

-0.86 

-0.87 

7.12 

7.84 
7.08 

-0.76 
7.98 
7.33 

-0.65 

-0.75 

7.82 
7.07 

7.76 
7.26 

7.01 
6.00 

-1.01 
7.83 
7.20 

7.63 
6.85 

-0.75 

-0.50 

-0.63 

-0.78 

7.27 
6.55 

7.32 
6.48 

7.29 
6.68 

-0.61 
8.08 
7.54 

-0.54 
8.06 
7.42 

-0.64 
7.24 
6.47 

-0.77 
7.23 
6.80 

-0.43 
6.32 
5.44 

-0.88 
6.74 
6.10 

-0.64 
7.63 
6.85 

-0.72 

-0.84 

-0.78 

7.08 
-0.66 
7.77 
6.93 

-0.84 
7.57 
6.78 

-0.79 
7.90 
7.43 

-0.47 
7.87 
7.11 

7.72 
6.96 

7.66 
7.22 

7.07 
6.00 

7.40 
6.69 

7.63 
6.85 

-0.76 

-0.76 

-0.44 

-1.07 

-0.71 

-0.78 
"Spectra of 1 and 5 (DNA-induced shifts in the range -0.60 to 

-0.41 ppm) have been published.lod bProtons of NMe, of the side 
chain in 2-4 and 6-12 gave the chemical shifts 6 2.91 i 0.08 (no 
DNA) and 2.89 f 0.05 (with DNA) and the total DNA-induced 
shifts -0.04 f 0.06. 'The respective shifts for H2'(6') are 6 8.09, 
7.44, and -0.65. 

changes in the DNA imino proton NMR spectrum and a 
downfield shift of only 0.1 ppm in the DNA 31P NMR 
spectrum in the presence of 16 were observed. 

Viscometric Titrations. Intercalation of an aromatic 
compound with DNA results in DNA lengthening and, 
consequently, in an increase in viscosity of the DNA so- 
l ~ t i o n . ~ ~ ~ ~ ~  The viscosity increases with increasing con- 
centrations of the intercalating compound until the DNA 
binding sites become saturated. Compounds, classified as 
the intercalators on the basis of the NMR data, gave the 
following maximum reduced specific viscosity ratios in 
PIPES 00 buffer (0.019 M [Na'], pH 7.00) (compound, 

8, 1.70; 9, 1.37; 10, 1.64; 11, 1.40; 12, 1.50. These changes 
were smaller but still significant in PIPES 10 buffer (0.12 
M [Na+], pH 7.00). In contrast, the molecules 14 and 16 
gave maximum viscosity increases of 1.10 and 1.24, re- 
spectively, that were totally eliminated in PIPES 10 buffer. 
These and the NMR data suggest that compounds 14 and 
16 may intercalate only weakly with DNA. Biphenyls 13 
and 15 did not affect the DNA viscosity even in PIPES 
00 buffer, in agreement with the classification of these 
compounds as nonintercalators in the classical model. 

Stereochemistry. Two major factors responsible for 
the equilibrium conformation of biaryls in solution are 
r-electron delocalization energy, which reaches a maximum 
for coplanar rings, and the interactions between groups 
ortho to the torsional bond. The equilibrium conformation 
can be estimated from NMR NOE spectra. Recently, we 
have shown12 that bipyridine 16 is s-trans16 in solution, and 

7/70): 1, 1.66; 2, 1.78; 3, 1.85; 4,1.38; 5, 1.40; 6,1.61; 7, 1.36; 
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Table 11. Dipole Moments, DNA Equilibrium Binding Constants, and Amplification Activities for Compounds 1-16 

amplification activitiesC 
dipole momentsn w ,  D DNA binding ks/ks(blank) at 

compd FLX PY wtatal constantsb K ,  M-' R = 0.37 R = 3.7 
1 +4.54 -4.32 6.27 18700 1.27 3.00 
2 +4.90 -3.95 6.29 24800 1.38 3.47 
3 +4.95 -4.48 6.68 48000 1.44 3.91 
4 +3.32 -3.22 4.62 3400 1.15 1.47 
5 +2.86 -1.17 3.09 4400 1.14 1.59 
6 +1.71 -3.93 4.28 9250 1.20 2.49 
7 +0.02 -0.87 0.87 3900 1.04 1.42 
8 +0.62 -1.26 1.40 13700 1.17 1.87 
9 -8.03 -1.70 8.21 6800 1.03 1.39 

10 +1.82 -4.50 4.85 10100 1.24 2.90 
11 +2.81 -1.30 3.10 3500 1.04 1.10 
12 +2.24 -3.99 4.58 8600 1.23 2.26 
13 -0.86 +2.05 2.22 3000 1.00 1.01 
14 -0.54 -1.86 1.94 3000 1.03 1.17 
15 -1.88 +0.24 1.90 3000 1.00 1.00 
16 +0.10 +1.80 1.80 3000 0.28 0.07 

"See Chart I1 for the coordinates and the Experimental Section for methods of computation. The dipole moments are for planar con- 
formations of 1-16 with the torsional bond parallel to the y axis. The ortho biphenyl 13 is apparently nonplanar; however, the dipole 
moment changes only slightly with the torsional angle between the two phenyl subunits. The component dipole moment is positive if its 
orientation + - - agrees with the direction of the axis. *Determined spectrophotometrically, *5% for 1-12 and A1000 M-I for 13-16. 
Values for 1 and 5 are taken from ref 10d. R is a molar ratio of compound to DNA base pair. See the Experimental Section for concen- 
trations and general conditions. The rate constant for the degradation of DNA in the presence of bleomycin A2 and in the absence of 
compounds 1-16 ks(blank) = 0.0207 min-'. Similar amplification activities (*2%) were obtained for the amplification of blenoxane. The 
correlation coefficients r 2 0.995 and the confidence levels CL 2 99% were obtained for all individual constants 12,. 

furylpyrimidine 11 is s-trans both free in solution and 
complexed with DNA. The 4-(24hienyl)pyrimidine system 
is 3-cis in solution, as shown for compounds 1-5, 8, and 9, 
and this stereochemistry is retained in the DNA interca- 
lation complexes. These preferential equilibrium confor- 
mations are not affected by temperature in the studied 
range of 35-65 "C. The s-cis stereochemistry of the 4-(2- 
thieny1)pyrimidine system may be a result of an S-N 
interatomic attraction or a strong S-H interatomic re- 
pulsion in the alternative s-trans conformation. We 
strongly favor the former alternative because of a short 
S(thiophene).-N(pyrimidine) contact found for the s-cis 
form of 3 in the crystal structure.16 In addition, similar 
short S.-N contacts, indicative of a nonbonded interatomic 
attraction, have been found in two bithiazole derivatives 
used as models to study interaction of bleomycin with 
DNA.17 The attractive nonbonded interactions of the 
sulfur atom with other nucleophiles in crystal structures 
have also been suggested.18 On the basis of these data, 
we assume that 4-(Bthiazolyl)pyrimidines 6 and 7 exist in 
a preferential s-cis conformation.15 The 4-(l-methyl- 
pyrrol-2-y1)pyrimidine 10 also favors the s-cis conforma- 
tion, as shown by NOE experiments. Thus, irradiation of 
NMe of the pyrrole in 10 resulted only in a strong NOE 
at  H5' of the same ring. In the same way, irradiation of 
H5 of the pyrimidine gave strong NOE's to H6 of the same 

(15) The conformation of a heterobiaryl [s-cis (cisoid) or s-trans 
(transoid)] is determined by a spatial relationship between two 
heteroatoms of each ring, nearest to the interring bond. The 
conformation of a 4-(thiazol-2'-yl)pyrimidine system is deter- 
mined by the relative orientation of N3 of the pyrimidine and 
S1' of the thiazole because S1' takes precedence over N3' (IU- 
PAC Nomenclature of Organic Chemistry: Permmon: Oxford, . I  - .  - 
1979; Section E.). 

(16) Strekowski, L.: Wilson. W. D.: Mokrosz. J. L.: Strekowska. A.: . .  
Koziol, A. E.; Palenik, G. J. Anti-Cancer'DrugDesign, in press: 

(17) (a) Houssin, R.; Helbecque, N.; Bernier, J.-L.; Henichart, J.-P.; 
J .  Biomol. Struct. Dyn. 1986,4, 219. (b) Kuroda, R.; Neidle, 
S.; Riordan, J. M.; Sakai, T. T. Nucleic Acids Res. 1982, 10, 
4753. 

(18) Rosenfield, R. E., Jr.; Parthasarathy, R.; Dunitz, J. D. J .  Am. 
Chem. SOC. 1977,99, 4860. 

ring and to H3' of the pyrrole. Similar spectra were ob- 
tained for solutions of 10 in CDC13 and DzO, a t  25 and 50 
"C. NOE experiments on the intercalation complex of 10 
at 50 "C demonstrated that compound 10 remains in the 
s-cis conformation when bound to DNA. The NOE signals 
were extensively broadened at  37 "C, but the results were 
also consistent with the preferred s-cis form of 10 com- 
plexed with DNA under these conditions. Since all aryl- 
pyrimidines 1-12 intercalate with DNA, they exist or can 
easily attain a conformation with a small torsional angle 
between the planes of their two aromatic subunits.lg 

Stereoelectronic Effects. The biaryls used in this 
work, with the exception of biphenyls 13-15 and bipyridine 
16, are combinations of two different aromatic subsystems. 
Polarization of such molecules can be estimated by proton 
NMR.20 Thus, transfer of the electron density from one 
ring to another results in downfield shifts for the protons 
of the former ring and upfield shifts for the protons of the 
aromatic subsystem with the enhanced electron popula- 
tion. The H6 atom of the pyrimidine nucleus is particu- 
larly suitable as a probe because its signal (Table I) is not 
masked by other proton signals. In addition, the H6 is not 
affected by the ring current of the aromatic substituent 
a t  position 4. The chemical shifts for H6 in the alkyl- 
thio-substituted arylpyrimidines 1, 6, and 10-12 were 
compared to the chemical shift for H4(6) a t  6 8.61 of the 
reference pyrimidine 17. The following order of the 
electron density in the pyrimidine ring was obtained, in 
which the negative differences (upfield shifts) indicate the 
enhanced electron density relative to 17: 10 (-0.18) > 1 
(-0.09) > 12 (+0.04) > 6 (+0.10) > 11 (+0.14). These data 
indicate polarization of the 4-(2-pyrrolyl)pyrimidine system 
in 10 and the 4-(2-thienyl)pyrimidine system in 1 with the 
electron-density transfer from the 7r-excessive heterocycle 
(pyrrole and thiophene) to the 7r-deficient pyrimidine. The 
phenyl substituent exhibits negligible effect while the 
thiazole of 6 and especially the furan of 11 with a highly 

(19) The suggested low torsional angle (<So) for sterically hindered 
3 (ref 12) have recently been confirmed by the X-ray diffrac- 
tion studies (ref 16). 

(20) Kauffmann, T. Angew. Chem., Irzt. Ed. Engl. 1979, 18, 1 
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electronegative oxygen in the ring are electron-withdrawing 
groups. 

The polarity of the biaryl molecules was also studied by 
computation of the dipole moments (Table 11) for the 
planar conformations shown in Chart 11. In the chosen 
coordinates, the torsional bond of the arylpyrimidines is 
parallel to the y axis. For a series of arylpyrimidines with 
the same substituents, the y component (pJ  of the total 
dipole moment indicates the extent of the polarization of 
the biaryl system. As can be seen from Table 11, the y 
components of' the dipole moments are in the order 10 > 
1 > 12 > 6 > 11, the same order that was obtained from 
the NMR studies. 

The effects of the thio, oxy, and amino linkages between 
the 4-(2-thienyl)pyrimidine system at position 2 and the 
side cationic chain on the polarity of the molecule can be 
seen from comparison of the dipole moments for com- 
pounds 1, 4, and 5 to that of the unsubstituted 4-(2-thie- 
ny1)pyrimidine (p = 4.84 D). As can be seen from Table 
11, the thio substituent increases polarity of the molecule 
(1, p = 6.27 D), the oxy linkage has a negligible effect (4, 
p = 4.62 D), while the amino substituent greatly reduces 
the polarity of the molecule (5, p = 3.09 D). The thio- 
substituted 4-( 2-thiazoly1)pyrimidine 6 is also more polar 
than its amino analogue, 7. These results demonstrate that 
the thio and amino substituents exhibit strong but opposite 
polarization effects. This is confirmed through comparison 
of the dipole moments of two isomers, 8 and 9. The 
electron-withdrawing effect of the methylthio group and 
the electron-donating effect of the amino substituent in 
8 (p = 1.40 D) decrease polarity of the 4-(2-thienyl)pyri- 
midine system, while the polarity is strongly enhanced in 
9 (p = 8.21 D). It should be noted that compound 9 has 
a negative end of the dipole vector directed away from the 
side cationic chain. This is in sharp contrast to other 
pyrimidine derivatives 1-8 and 10-12, which are polarized 
negatively in the direction of side chain. Biphenyl ethers 
13-15 are weakly polar molecules with the electron density 
transferred from the oxygen atom to the aromatic system. 
This is in agreement with a known electron-donating effect 
of the alkoxy group.21 

DNA equilibrium binding constants for compounds 
1-16 were measured spectrophotometrically in the region 
above 300 nm, where interference by DNA absorption is 
not a problem. The site exclusion model of McGhee and 
von Hippe122 was employed to calculate the binding con- 
stants from the binding isotherms as described previous- 
ly.lOd The DNA binding constants are given in Table 11. 

In the first approximation the dipole moments for 
DNA-intercalating compounds 1-8 and 10-12 can quali- 
tatively be correlated with the DNA binding constants for 
these molecules. Better correlations are found within the 
series of compounds of a similar molecular size and with 
the same linkage between the heterobiaryl system and the 
side chain. Thus, the thio-substituted derivatives can be 
divided into two series of compounds of the following 
orders of both the dipole moments and the DNA binding 
constants: 1 > 6 > 11 and 3 > 2 > 10 > 12. Similarly, the 
dipole moment and the DNA binding constant for the 
amino derivative 5 are larger than those for the analogue 
7. Isosteric compounds 8 and 9 have opposite orientations 
of the molecular dipoles and do not follow these correla- 
tions. Biphenyl derivatives 13-15 are weakly polar mol- 
ecules with the dipole moment vector pointing away from 
the side chain and have small DNA binding constants. 

(21) Carey, F. A.; Sundberg, R. J. Aduanced Organic Chemistry; 

(22) McGhee, J. D.; von Hippel, P. H. J.  Mol. Biol. 1974, 86, 469. 
Plenum: New York, 1977; Part A, pp 139-148. 
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Figure 1. Changes in the reduced specific viscosity of D N A  
induced by the ferrous chelate of bleomycin in the absence (blank) 
and presence of compounds 1,2,  and 16, at  a ratio of 3.7 mol of 
compound to mol of D N A  base pair. The changes induced by 
ferrous ion alone (Fez+) in the absence of bleomycin and hete- 
robiaromatic compounds are also given for comparison. These 
and analogous plots for other compounds were used to calculate 
amplification activities given in Table 11. See the Experimental 
Section for concentrations and general conditions. 

These data strongly suggest that polarity of the aromatic 
molecule and orientation of the dipole moment within the 
aromatic system are major factors responsible for the small 
molecule-DNA interaction. 

For strong intercalative forces it is important that both 
the heteroaromatic subsystems of the molecule have pos- 
itive ends of their dipoles positioned away from the side 
chain. This generalization is illustrated through com- 
parison of the binding characteristics of the following pairs 
of compounds: 1/6,1/11,1/12,11/12,5/7,8/9, and taking 
into account that the oxygen and sulfur atoms are nega- 
tively charged in furan and thiophene, respectively, and 
the nitrogen is a negative end of the dipole in thiazole.23 
Pyrrole is polarized in such a way that the carbon back- 
bone of the molecule constitutes a negative end of the 
dipole.23 Therefore, pyrrolylpyrimidine 10 has opposite 
orientations of the dipoles of the two heteroaromatic 
subsystems in the molecule. Compound 10 binds weaker 
with DNA than thienylpyrimidines 1-3, which have similar 
orientations of the dipoles for the thiophene and pyri- 
midine components. 

Bleomycin Amplification. Bleomycin-mediated deg- 
radation of DNA results in decreases in the viscosity of 
DNA solution. Previously, we have used the relative 
viscosity decreases in the absence and presence of am- 
plifiers as a highly sensitive but semiquantitative test for 
bleomycin amplification.6f In this work the viscometric 
method was further mastered and developed into a 
quantitative tool for studying the kinetics of the DNA 
degradation. 

In all experiments  the molecular ratios of DNA to 
bleomycin and oxygen to DNA were high. The concen- 
tration of ferrous ion remained practically constant 
throughout the reaction because a relatively high initial 
concentration of the ferrous i6n and dithiothreitol, an iron 
reducing agent, were used. Under these conditions the 

(23) Newkome, G. R.; Paudler, W. w. Contemporary Heterocyclic 
Chemistry; Wiley: New York, 1982; p 14. 
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DNA viscosity changes in time can be described by the 
following biphasic eq 1, where v0 is the initial reduced 

(1) 

specific viscosity for DNA before the addition of bleomy- 
cin, 7 is the reduced specific viscosity for DNA at  the 
reaction (degradation) time t, kf is the apparent rate 
constant for the first (fast) process, and k, is the apparent 
rate constant for the second (slow) process. In Figure 1 
the experimental changes in DNA viscosity induced by 
bleomycin A2 in the absence (blank) and presence of se- 
lected additives 1,2, and 16 are fitted by using eq 1. As 
can be seen from this figure, the initial observed bleomy- 
cin-induced decreases in DNA viscosity are fast, and these 
are followed by a much slower process. Both fast and 31ow 
processes are enhanced in the presence of compound 1, and 
even more in the presence of compound 2. In contrast, 
bipyridine 16 is an inhibitor of the bleomycin reaction. 
These effects are concentration dependent, that is, the 
viscosity is decreasing faster with increasing concentrations 
of the amplifiers 1 and 2 and are reduced greater with 
increasing concentration of the inhibitor 16. Due to the 
nature of the viscometric measurements the observed rate 
constants of the fast process bear large errors. The con- 
stants k ,  of 1.7 f 0.3, 2.6 * 0.4, and 2.9 f 0.4 min-l were 
estimated for bleomycin alone and in the presence of 1 and 
2, respectively, for the conditions of Figure 1. However, 
the observed rate constants k, of the second process could 
be measured with a high accuracy for all compounds tested 
in this work. Table I1 contains the ratios ks(amp)/ks(blank), 
the amplification activities. Activities larger than one and 
smaller than one indicate amplification and inhibition, 
respectively. 

It should be emphasized that eq 1 is a simple empirical 
fitting of the observed experimental results and more work 
is in progress to interpret the observed rates in terms of 
a model for the bleomycin-catalyzed degradation of DNA. 
An interesting finding is that the equation coefficients (0.30 
and 0.71) change little with changes in concentration of 
the amplifiers under the same concentration conditions 
of DNA and bleomycin. Similar values of the two coef- 
ficients were obtained for the reaction of bleomycin with 
DNA in the absence of an amplifier and in the presence 
of different amplifiers. However, the reaction rates kf and 
k ,  are greatly increased in the presence of the amplifier. 
The fast rate may represent single strand cleavage of DNA 
at  very specific sites.2 The slower rate may be a combi- 
nation of double-strand cleavage and single-strand cleavage 
at  less specific sites. 

The experiments with blenoxane (mixture consisting 
mainly of BLM-A2 and BLM-B2) revealed that this drug 
is amplified as well. Our sample of BLM-A2 showed a 
slightly higher (by 10%) activity in the absence of an am- 
plifier than the sample of blenoxane of the same concen- 
tration (by weight). Nevertheless, both samples were am- 
plified to the same extent after increasing the concentra- 
tion of blenoxane, so the two solutions showed the same 
activity in the absence of the s.mplifier. 

Only the intercalating molecules 1-12 and 14 show ac- 
tivity as bleomycin amplifiers. The following orders of 
activity are obtained for the structurally related com- 
pounds: 1 > 6 > 11,3 > 2 > 10 > 12,5 > 7, and 8 > 9. 
In addition, any compound with a thio linkage between 
the heterobiaryl system and the side chain is more active 
than the corresponding amino analogue. The activity 
orders are exactly the same as the previously discussed 
orders of the stereoelectronic effects and the DNA binding 

= 0.30 (f0.07)e-kft + 0.71 (f0.09)e-ket (9 
Strekowski et al. 
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Figure 2. Effects of the initial reduced specific viscosities of DNA 
in the presence of intercalating compounds 1-12 and 14 (without 
bleomycin) on the amplification activities, ks(mp)/ks(bhk), of these 
compounds. The plots are given for two molar ratios of compound 
to DNA base pair, used in the amplification experiments; (A) ratio 
0.37 and (B) ratio 3.7. Note different functions: (e), thio- and 
oxy-substituted compounds; and (O) ,  amino analogues. See the 
Experimental Section for concentrations and general conditions. 

constants within the same series of compounds. These 
data demonstrate that the activities of bleomycin ampli- 
fiers are related to the binding characteristics of the am- 
plifier molecules with DNA. In the same way these 
qualitative correlations strongly support our hypothesis 
that the amplifier-DNA complex is a better target for 
bleomycin than the unperturbed DNA alone. A simple 
approach to quantitate the amplifier-induced changes on 
the DNA helix is to measure increases in DNA viscosity 
upon intercalation of the amplifier molecules in the ab- 
sence of bleomycin. In Figure 2 the amplification activities 
are plotted as a function of the initial ratios of reduced 
specific viscosities of DNA complexed with intercalating 
compounds. The data are given for two different con- 
centrations of the amplifier used in the amplification tests. 
As can be seen from Figure 2, the amplification activities 
of all thio derivatives, 1-3, 6, and 10-12, and the oxy 
analogue 4 are proportional to the initial reduced specific 
viscosities of the DNA-amplifier complexes. A similar 
function is seen for the amino-substituted amplifiers 5,7-9. 
The latter compounds produce significant elongation of 
the DNA double helix but, in spite of this, are weak am- 
plifiers. The straight-line equations (I-IV) of Figure 2 are 

(1) ks(arnp)/ks(blank) = -0.678 + 1*594(~/70) 
n = 9, r = 0.959, CL = 99.9% 

ks(amp)/ks(blank) = -0.308 + 1*181(7/70) (11) 

n = 4, r = 0.944, CL = 90% 

ks(amp)/ks(blank) = -6.386 + 5.602(~/70) 

n = 8, r = 0.978, CL = 99.9% 

(111) 

ks(amp)/ks(blank) = -0.307 1.284(7/70) ( Iv)  
n = 4, r = 0.951, CL = 95% 

The straight-line functions do not intersect the point of 
the coordinates corresponding to the native unperturbed 
DNA double helix ( q / q 0  = 1) and lack of amplification 
(ks(mp)/ks(Phk) = 1). These data indicate a low limit in the 
amplifier-induced perturbations of the helix below which 
the functions are not valid. 

Iron Complexation. One of the possible mechanisms 
for bleomycin amplification may be the amplifier-assisted 
transfer of ferrous ion to DNA. Accordingly, we have 
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tested compounds 1-16 for iron complexation. The UV 
spectra of the active compounds 1-12 taken in the presence 
of ferrous ion and with the iron solution in a reference cell, 
were virtually identical with those taken in the absence 
of iron. In contrast, the spectra of bipyridine 16 (an 
iron-chelating agent) taken in the absence and presence 
of iron were significantly different. These results conclu- 
sively demonstrate that bleomycin amplifiers 1-12 do not 
complex ferrous ion. 
Discussion 

Most of the compounds studied in this work are het- 
eroaryl-substituted pyrimidines. These derivatives exist 
in one, s-cis or s-trans, major equilibrium conformation in 
solution with a small torsional angle between the planes 
of their two aromatic rings. The attractive S.-N interaction 
is apparently responsible for the s-cis form of the 4-(2- 
thieny1)pyrimidine system, as already discussed. The s- 
trans conformation of 4-(2-furyl)pyrimidine 11 can be 
understood in terms of favorable stereoelectronic inter- 
actions between electropositive H3' of the furan with 
electronegative N3 of the pyrimidine, and electropositive 
H5 of the pyrimidine with electronegative 01 of the furan. 
The dipoles of the pyrimidine and furan rings23 are also 
expected to interact favorably in the observed s-trans 
conformation. The suggested small torsional angle for 11 
is in agreement with other findings that the preferred 
oxygen environment is in the plane of the aromatic ring.24 
Apparently, both stereoelectronic and steric factors are 
responsible for the s-cis form of the 44 l-methylpyrrol-2- 
y1)pyrimidine system in 10. Since pyrimidine and pyrrole 
have opposite orientations of their dipole moments with 
respect to their nitrogen atoms,23 the two dipoles interact 
favorably in the s-cis conformation of 10. It can also be 
expected25 that steric interactions between groups located 
ortho to the torsional bond in 10 are less repulsive in the 
observed s-cis form than in the alternative s-trans form. 

Compounds 1-11 intercalate with DNA and their 
equilibrium conformations in solution are retained in the 
complexes with DNA. Phenylpyrimidine 12 and biphenyl 
14 are also DNA intercalators. These biaryls have a com- 
mon structural feature, namely a cationic side chain at- 
tached at the meta position with respect to the interring 
bond. The proposed general interaction model of the 
meta-substituted molecules with DNA is given in Chart 
11. In this model, an intrinsic conformational freedom of 
the unfused system may allow the molecule to be accom- 
modated with little steric hindrance between nonplanar 
DNA base pairs. It is known that the base pairs in DNA 
are twisted about their long axis (propeller twist),26 and 
it seems possible that the torsional twist in 1-12 and 14 
may allow bases to obtain a favorable propeller twist in 
an intercalation complex. Such an interaction is less likely 
for para-substituted 15, which does not intercalate with 
DNA. The torsional twist in ortho biphenyl 13 is appar- 
ently too extensive and precludes the intercalation. 
However, the criterion of the meta substitution is insuf- 
ficient in itself to ensure the strong intercalation of a 
cationic bicyclic compound because biphenyl 14 and bi- 
pyridine 16 intercalate weakly with DNA. 

For the first time we have shown that the stereoelec- 
tronic effects in heterobiaryls are of a primary importance 
for the effective binding of these molecules with DNA. 
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Good heterobicyclic DNA intercalators are polar com- 
pounds with the negative end of the dipole pointing out 
to the cationic side chain of the molecule. The cationic 
chain interacts electrostatically with the anionic DNA 
backbone while the positively polarized biaromatic system 
intercalates with DNA base pairs. 

The observed differences in the DNA intercalation for 
compounds of different polarity can be explained, assum- 
ing that (partial) charge-transfer forces are important for 
the intercalation complexes. Thus, compounds that have 
lower r-electron density a t  their intercalation sites (Chart 
11) are also expected to form strong complexes in which 
DNA bases act as electron donors. A similar intercalation 
model, in which charge-transfer forces are believed to be 
inportant, has been employed to describe binding of nu- 
cleosides to ribofla~in.~' In addition, the larger dipole 
moment of the intercalating molecular system would result 
in stronger interactions with dipoles of the DNA base pairs, 
as observed. 

There is a parallel behavior between the factors that 
affect intercalation of biaryls and the enhancement effect 
induced by these compounds in the bleomycin-mediated 
degradation of DNA. All data obtained in this work 
strongly suggest that the enhancement effect is related to 
the extent of conformational perturbations of the double 
helix induced by intercalating compounds. Other studies 
have shown that the bleomycin-mediated cleavage is 
strongly dependent on the DNA tertiary structure.28 The 
conformational factor may also be responsible for the ob- 
served parallel behavior between DNA binding constants 
and amplification activities for DNA intercalating, unfused 
compounds. It is known that within a series of structurally 
related compounds a stronger binding with DNA also 
causes more extensive changes in the helix structure.29 

There is a puzzling difference, however, between the 
effects on the bleomycin reaction caused by unfused- and 
fused-ring intercalators. Low concentrations of the 
fused-ring compounds such as ethidium or propidium in- 
itially increase the rate of the bleomycin-mediated deg- 
radation of DNA and then decrease the rate below that 
for bleomycin alone, as the DNA is more digested. High 
concentrations of the fused compounds cause only inhib- 
ition of DNA degradation; that is, both the digestion rate 
and the final level of DNA degradation are lower than in 
the presence of bleomycin alone. In contrast, both the 
digestion rate and the final level of DNA degradation are 
enhanced with all concentrations of the unfused amplifi- 

These different effects are observed for the two types 
of compounds regardless of their DNA equilibrium binding 
constants. Recently we have reported studies with a tri- 
cyclic unfused compound that intercalates strongly with 
DNA (K  = 13 X lo6 M-'), is a better amplifier than 
ethidium or propidium at  low concentrations (10-7-10-5 M) 
and shows a strong amplification activity under the con- 
ditions of complete saturation of DNA binding sites.6f To 
understand the apparent lack of competition between the 
unfused amplifier and bleomycin molecules for DNA 
binding sites, we are currently conducting stopped-flow 
experiments. Thus, the preliminary results indicate a fast 
dissociation of the unfused amplifier-DNA complexes, 
while the fused compounds show much slower dynamics. 
These findings may account for the observed differences 

(24) Gould, R. 0.; Gray, A. M.; Taylor, P.; Walkinshaw, M. D. J. 
Am. Chem. Soc. 1985,107, 5921. 

(25) Ritchie, G. L. D.; Vrbancich, J. J .  Mol. Struct. 1982, 78, 279. 
(26) Dickerson, R. E. J .  Mol. Biol. 1983, 166, 419 and references 

therein. 

(27) T'so, P. 0. P. In Basic Principles in Nucleic Acid Chemistry; 
T'so, P. 0. P., Ed.; Academic: New York, 1974; pp 526-562. 

(28) Ueda, K.; Kobayashi, S.; Komano, T. Nucleic Acids Symp. 
Ser. 1985, 16, 197. 

(29) Jones, R. L.; Lanier, A. C.; Keel, R. A.; Wilson, W. D. Nucleic 
Acids Res. 1980, 7, 1613. 
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in the effects of the two classes of compounds on the 
bleomycin reaction. 

Four compounds of the series discussed in this work, 1 
and 5-7, were tested previously as amplifiers of the 
phleomycin-mediated inhibition of bacterial growth.l@ The 
thio-substituted 1 was highly active while its amino ana- 
logue 5 showed marginal activity. The same order ot ac- 
tivity was obtained for thio and amino derivatives 6 and 
7, respectively. Several other unfused- and fused-ring 
compounds with a thio or  amino linkage to the cationic 
side chain were also tested. As a general rule, the thio- 
substituted derivatives were more active than their amino 
 analogue^.^ Exactly the same result was obtained in this 
work for a series of thio- and amino-substituted hetero- 
biaryls. As already discussed, there is a parallel behavior 
between DNA binding characteristics of these compounds 
and their amplification activities. In addition, amplifier 
1 enhanced significantly the activity of phleomycin against 
Ehrlich’s ascites tumor in vivo.loe Phleomycin is struc- 
turally related to bleomycin, and both drugs cause deg- 
radation of DNA by similar mechanisms. These data to- 
gether with our in vitro results strongly suggest that the 
in vivo activity of bleomycin may be amplified by the in 
vitro mechanism, as discussed in this paper. 
Experimental Section 

Compounds 5-7 and  17. N-[2”-(Dimethylamino)ethyl]-4- 
thien-2’-ylpyrimidin-2-amine hydrobromide (5.HBr), N,N-di- 
methyl-2-[4’-thiazol-2”-ylpyrimidin-2’-yl)thio]ethylamine (6), 
N- [2”-(dimethylamino)ethyl]-4-thiazol-2’-ylpyrimidin-2-amine 
(7),’Of and N,N-dimethyl-2-(pyrimidin-2’-ylthio)ethylamine ( 17)6f 
were prepared as reported. 

N,N-Dimethyl-2-[ (4’-methylpyrimidin-2’-yl) thiolethyl- 
amine (18). 2-Chlor0-4-rnethylpyrimidine~~ was reacted with 
sodium 2- (dimethy1amino)ethanethiolate under the conditions 
for the preparation of the analogue 17.6f Crude 18 was purified 
by chromatography on silica gel (hexanes/Et,N/EtOH, 80/19/1) 
and then by Kugelrohr distillation (130 “C (2 mmHg)) to give 
a colorless oil (70%): lH NMR (CDC13/Me4Si) 6 2.32 (s, 6 H, 
NCH,), 2.43 (s, 3 H, C4’-CH,), 2.65 (m, 2 H, NCHz), 3.25 (m, 2 

H6’). Anal. (CgHl,N3S) C, H. 
N,N-Dimethyl-2-[ (5’-methylpyrimidin-2’-yl)thio]ethyl- 

amine (19). The published procedure8f was adopted without 
modifications for the reaction of 2-chlor0-5-methylpyrirnidine~~ 
with sodium 2-(dimethy1amino)ethanethiolate. Chromatography 
and Kugelrohr distillation, as described above, afforded 19 (95%) 
as an oil: ‘H NMR (CDC13/Me,Si) 6 2.21 (s, 3 H, C5’-CH,), 2.32 
(s, 6 H, NCH,), 2.65 (m, 2 H, NCH2), 3.20 (m, 2 H, SCHz), 8.29 
(s, 2 H, H4’ and H6’). Anal. (C9H15N3S) C, H. 
N,N-Dimethyl-2-(pyrimidin-2’-yloxy)ethylamine (20). 

Sodium hydride (1.08 g, 45.0 mmol) in dry tetrahydrofuran (100 
mL) was treated dropwise with 2-(dimethylamino)ethanol(5 mL, 
50 mmol). 2-Chloropyrimidine (5.0 g, 4.37 mmol) was added to 
the resultant solution of sodium 2-(dimethylamino)ethoxide, and 
the mixture was stirred a t  room temperature for 10 h, under a 
nitrogen atmosphere. The tetrahydrofuran was evaporated on 
a rotary evaporator and the residue was extracted with hexanes 
(3 X 50 mL). Removal of the hexanes on a rotary evaporator was 
followed by Kugelrohr distillation (100 “C (2 mmHg)) of the oily 
residue to give 20 (6.5 g, 89%) as a colorless oil: ‘H NMR 
(CDC13/Me4Si) 6 2.33 (6, 6 H, NCH,), 2.72 (t, J = 6 Hz, 2 H, 

8.47 (d, J = 5 Hz, 2 H, H4’ and H6’). Anal. (C8H13N30) C, H. 
Syntheses of 1-4 and 10-12: General Procedure.  The 

reactions with organolithium reagents (described below) were 
conducted in ether freshly distilled from sodium benzophenone 
ketyl and under an atmosphere of dry, high purity nitrogen. An 
ether solution of 2-thienyllithium was generated in the reaction 

H, SCHZ), 6.76 (d, J = 5 Hz, 1 H, H5’), 8.30 (d, J = 5 Hz, 1 H,  

NCHZ), 4.43 (t, J = 6 Hz, 2 H, OCHZ), 6.92 (t, J = 5 Hz, 1 H, H5’), 

(30) Matsukawa, T.; Ohta, B. J.  Pharm. SOC. Jpn. 1949, 69, 489; 
Chem. Abstr. 1950, 44, 3455. 

(31) Brown, D. J.; Nagamatsu, T. Aust. J .  Chem. 1977, 30, 2515. 

of n-butyllithium with thiophene as described previously.’Of The 
lithiation reactions of furan (2.0 mL, 27 mmol) and l-methyl- 
pyrrole (2.0 mL, 22 mmol) with n-butyllithium (2.6 M in hexanes, 
1.0 mL, 2.6 mmol) to produce 2-furyllithium and (l-methyl- 
pyrrol-2-y1)lithium reagents, respectively, were conducted in ether 
(25 mL) a t  -10 “C for 1 h and in the presence of N,N,N‘,N’- 
tetramethylethylenediamine (0.5 mL, 3.3 mmol). Phenyllithium 
was obtained from Aldrich. 

A solution of the lithium reagent (2.6 mmol) was cooled to -40 
“C, stirred, and treated dropwise with a solution of 17, 18, 19, 
or 20 (2.5 mmol) in ether (2 mL). The mixture was stirred at -40 
“C for 15 min and then at -10 “C for 30 min, quenched with water 
(1 mL) in tetrahydrofuran (2 mL), and treated with a solution 
of 2,3-dichloro-5,6-dicyanobenzoquinone (613 mg, 2.7 mmol) in 
tetrahydrofuran (10 mL). The mixture was stirred a t  25 “C for 
1 h and then with an aqueous solution of NaOH (lo%, 25 mL) 
for an additional 15 min, and treated with ether (50 mL). The 
organic layer was separated, washed with the solution of NaOH 
(3 X 5 mL), dried (NazSO,), and concentrated. Chromatography 
on silica gel (hexanes/CHzClZ/Et3N, 7 /2 /1)  afforded an oil. 
Additional purification was achieved by treatment of the oily 
product with hydrobromic acid, as described,“Jof followed by 
crystallization of the resultant hydrobromide from ethanol or a 
mixture of ethanol and ether. Yields for the compounds prepared 
by the above procedure; melting points for their hydrobromide 
salts and UV spectra (pH 7) are given below. Proton NMR spectra 
are given in Table I. 

N ,N-Dimet  hyl-2- [ (4’-t hien-2”-ylpyrimidin-2’-yl)t hiol- 
ethylamine hydrobromide (1.HBr): 65%; mp 208-210 “C (lit.lof 
mp 207-209 “C). 

N,N-Dimet  hyl-24 (6’-rnethyl-I’-thien-2’’-ylpyrimidin-2’- 
y1)thiolethylamine hydrobromide (2-HBr): 70% ; mp 199-201 
“C; UV hmaxHzo 322 nm ( t  15 300 M-’ cm-l). Anal. (C13H17N3- 
Sz-HBr) C, H, N. 

N,N-Dimethyl-%-[ (5’-methyl-4’-t hien-2”-ylpyrimidin-2’- 
y1)thiolethylamine hydrobromide (3.HBr): 82%; mp 
174-175.5 “C; UV XmarHZo 327 nm ( t  13150 M-’ cm-’). Anal. 
(C13H1,N3Sz.HBr) C, H, N. 

N,N-Dimethyl-2-[ (4’-thien-2’’-ylpyrimidin-2’-yl)oxy]- 
ethylamine hydrobromide (4aHBr): 74%; mp 159.5-160.5 “C; 
UV XmagHZo 315 nm (t 19900 M-l cm-’). Anal. (ClZHl5N3OS.HBr) 
C, H, N. 

N,N-Dimethyl-2-[ [ 4’4 l”-methylpyrrol-2”-yl)pyrimidin- 
2’-yl]thio]ethylamine hydrobromide (10,HBr): 43%; mp 
171-173 “C; UV hmaxHzO 335 nm (E 20740 M-’ cm-l). Anal. 
(C13H18N4S.HBr) C, H, N. 

N,N-Dirnethyl-%-[ (4’-furan”’’-ylpyrimidin-2’-yl)thio]- 
ethylamine (11, a free base): 60%; UV XmaxHZ0 321 nm ( t  17960 
M-’ cm-’). Anal. (CI2Hl5N30S) C, H, N. 

N,N-Dimethyl-%-[ (4’-phenylpyrimidin-2’-yl)t hiolethyl- 
amine dihybrobromide (12.2HBr): 77%; mp 249-251 “C; UV 
hmarHzo 303 nm ( t  14000 M-’ cm-’). Anal. (C14H17N3S.2HBr) C, 
H, N. 

Aminolysis of 2,4-Bis(methylthio)-6-t hien-2’-ylpyrimidine 
(22). A mixture of 2232 (504 mg, 2.0 mmol) and N,N-dimethyl- 
ethylenediamine (10 mL, 90 mmol) was heated in a Parr bomb 
at 165 “C for 8 h. Concentration of the mixture on a rotary 
evaporator was followed by chromatography on silica gel (hex- 
anes/EtOH/Et,N, 89/8/3) to furnish, in order of elution, N- 
[2”- (dimethy1amino)ethyll-4- (methylthio)-6-thien-2’-~1- 
pyrimidin-2-amine (8) (208 mg, 36%) as an oil and crystalline 
N- [2”-(dimethylamino)ethyl]-2-(methylthio)-6-thien-2’-yl- 
pyrimidin-4-amine (9) (254 mg, 44%), mp 71-72 “C (from hex- 
anes). The hydrobromides were obtained by a published pro- 
cedure6fJ0f and crystallized from ethanol. 8.HBr: mp 172-173.5 
“C; UV XmaxHzo 340 nm (t 14690 M-’ cm-’). 9.HBr: mp 18Cb180.5 
“C; UV XmarHzo 322 nm ( 6  11 740 M-’ cm-’). Analyses for both 
isomers (C13H18N4S2.HBr) C, H, N. Proton NMR spectra for 8 
and 9 are given in Table I. 

Alkylation of Phenylphenols 23-25: General Procedure. 
A phenylphenol(23,24, or 25, 2.75 g, 16 mmol) was added slowly 
to a stirred mixture of sodium hydride (0.77 g, 32 mmol) in dry 
N,N-dimethylformamide (100 mL) at 25 “C. 2-(Dimethyl- 

(32) Strekowski, L.; Watson, R. J.  Org. Chem. 1986, 51, 3226. 



Molecular Basis for Bleomycin Amplification 

amino)ethyl chloride hydrochloride (2.45 g, 17 mmol) was added 
in the same manner, and the mixture was stirred a t  100 “C for 
30 min. Removal of the solvent on a rotary evaporator was 
followed by addition of water (10 mL) to the residue and extraction 
with ether (2 X 50 mL). The extract was dried (Na2S04), con- 
centrated to  50 mL, diluted with ethanol (50 mL), and treated 
with a mixture of hydrobromic acid (48%, 1.9 mL, 17 mmol) and 
ethanol (5 mL). The precipitate was dissolved in ethanol (50 mL) 
and crystallized by addition of ether (25 mL). The following 
compounds were obtained by the above procedure. 
N,N-Dimethyl-2-(biphenyl-%’-yloxy)ethylarnine hydro- 

bromide (13.HBr): 66%; mp 110-112 “C; ‘H NMR (DzO/TSP) 
6 2.79 (s, 6 H,  NCH,), 3.50 (m, 2 H, NCH2), 4.36 (m, 2 H, OCHz), 
7.20-7.28 and 7.41-7.60 (2 m, 9 H, aromatic). Anal. (ClcHlgN- 
0-HBr) C, H, N. 

N,N-Dimethyl-2-( biphenyl-3’-yloxy)ethylamine hydro- 
bromide (14.HBr): 51%; mp 140-142 “C; ‘H NMR (D20/TSP) 
6 3.03 (s, 6 H,  NCH3), 3.65 (m, 2 H, NCH2), 4.50 (m, 2 H, OCH,), 
7.12, 7.35, 7.42, 7.46, 7.52, and 7.58 (6 m, 9 H, aromatic). Anal. 
(C16H19NO-HBr) C, H,  N. 
N,N-Dimethyl-2-(biphenyl-4’-yloxy)ethylamine hydro- 

bromide (15-HBr): 70%; mp 188-190 “C; ‘H NMR (DzO/TSP) 
6 3.02 (s, 6 H,  NCH3), 3.62 (m, 2 H, NCH,), 4.49 (m, 2 H, OCH,), 
7.17, 7.43, 7.54, and 7.71 (4 m, 9 H, aromatic). Anal. (Cl6HlgN- 
OSHBr) C, H, N. 

N , N - D i m e t  hyl-2- [ [ (4”-met hyl-2’,2”-bipyridin-4’-yl)- 
methyl]oxy]ethylamine (16). A mixture of 4,4’-dimethyl- 
2,2’-bipyridine (26; 1.84 g, 10 mmol), N-bromosuccinimide (1.9 
g, 10.7 mmol), and benzoyl peroxide (50 mg) in carbon tetra- 
chloride (50 mL) was refluxed for 20 h. The solvent was removed, 
and the residue containing bromo derivative 27 as a major product 
was dissolved in N,N-dimethylformamide. This solution was 
added to a solution of sodium 2-(dimethy1amino)ethoxide prepared 
from sodium hydride (0.5 g, 20.8 mmol) and 2-(dimethyl- 
amino)ethanol(4 mL, 39.8 mmol) in N,N-dimethylformamide (10 
mL). The mixture was stirred a t  80 “C for 30 min, concentrated 
on a rotary evaporator to 3 mL, treated with water (20 mL), and 
extracted with toluene (3 X 25 mL). Chromatography on silica 
gel (toluene/hexanes/EhN, 7/2/ 1) and then Kugelrohr distillation 
(150 “C (0.1 mmHg)) afforded analytically pure 16 (0.75 g, 28%) 
as a colorless oil: ‘H NMR (D,O/TSP) 6 2.30 (s, 6 H, NCH,), 
2.40 (s,3 H, C4’’-CH3), 2.62 (m,2 H, NCH2), 3.65 (m, 2 H, OCH,), 

= 5 Hz, 1 H, HS’), 7.71 (9, 1 H, H3”), 7.83 (s, 1 H, H3’), 8.40 (d, 
J = 5 Hz, 1 H,  H6”), 8.51 (d, J = 5 Hz, 1 H, H6’). Anal. (Clem 
HziN3O) C, H, N. 

Dipole Moment Computations. All molecular orbital cal- 
culations were Hartree-Fock self consistent field (SCF) calcula- 
tions with an intermediate neglect of differential overlap (INDO) 
HamiltonianB Spectroscopic parameters and Mataga-Nishimoto 
two-electron integrals (INDO/S)34 were used to calculate the wave 
function as other parameterization schemes give unrealistic charge 
distributions. Dipole moments were evaluated by using the dipole 
length operator in the symmetrically orthogonalized ZDO basis. 
All dipole integrals were calculated over Slater-type orbitals (STO). 
One-center charge and polarization terms were included though 
two-center bond terms were neglected due to ZDO. Geometries 
were based on idealized bond lengths and bond angles taken from 
model compounds.lod 

Buffers. All hydrodynamic and NMR experiments were 
conducted in buffered solutions a t  pH 7.00. A standard PIPES 
00 buffer contained 0.01 M 1,4-piperazinebis(ethanesulfonic acid) 
(PIPES) and 0.001 M EDTA. The solution was adjusted to p H  
7.00 with NaOH to give total concentration of [Na’] = 0.019 M. 
The PIPES 00 buffer without EDTA (pH 7.00) was used in the 
amplification experiments because EDTA is an inhibitor of the 
bleomycin reaction. An NOO buffer was used to prepare the stock 
DNA solution for NMR studies. The N00 buffer contained 0.015 
M NaH2P04, 0.0001 M EDTA, and was adjusted to pH 7.00 with 
NaOH. The NMR spectra were taken in an N10 buffer that 
contained 0.015 M NaH2P04, 0.0001 M EDTA, and 0.10 M NaCl 

(33) Pople, J. A.; Beveridge, D. L.; Dobosch, P. A. J.  Chem. Phys. 
1967,47, 2026. 

(34) (a) Ridley, J.; Zerner, M. C. Theor. Chim. Acta 1973,32, 111. 
(b) Ridley, J.; Zerner, M. C. Theor. Chim. Acta 1976,42, 223. 

4.60 (8, 2 H, C4’-CHz), 7.28 (d, J = 5 Hz, 1 H, H5”), 7.40 (d, J 
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and was adjusted to pH 7.00 with NaOH to give total concen- 
tration of [Na’] = 0.12 M. 

Bleomycin and DNA Samples. Bleomycin A2 and blenoxane 
(a mixture consisting mainly of BLM-A2 and BLM-B2) were used 
in the amplification studies. The samples were obtained from 
the Bristol-Myers Co. through the courtesy of Dr. William T. 
Bradner. Calf thymus DNA (Worthington Biochemical) was 
purified of residual proteins, extensively dialyzed in a PIPES 00 
buffer, and characterized as previously de~cribed. ,~ DNA for 
NMR studies was sonicated to approximately 200 base pairs, 
phenol- and ether-extracted, ethanol-precipitated, dissolved, and 
extensively dialyzed in PIPES 00 buffer, followed by NO0 buffer 
as previously de~cribed. ,~ Concentrations of DNA-P were de- 
termined spectrophotometrically a t  260 nm with use of an ex- 
tinction coefficient of 6600 M-’ cm-’. 

NMR. To prepare the NMR samples of 2-4 and 6-16, the stock 
aqueous solution was added to an N10 buffer (0.8 mL). The 
mixture was repeatedly (at least twice) lyophilized and redissolved 
in 100% DzO. In a separate flask a stock solution of DNA in an 
NO0 buffer was repeatedly lyophilized and redissolved in DzO. 
The two solutions were combined, and the volume was adjusted 
with D20 to reach 0.8 mL. This solution was transferred under 
a strictly anhydrous atmosphere to a 5-mm NMR tube containing 
a crystal of TSP as an internal reference. The solutions obtained 
were 5 mM in 2-4 and 6-16 and 0-17 mM in DNA base pairs. 
The same procedure was used to prepare a sample of 10 with DNA 
(8.3 mM in DNA base pairs) for proton nuclear Overhauser ex- 
periments. All NMR experiments were conducted on a JEOL 
GX-270 spectrometer operating at  270 MHz. The conditions for 
obtaining proton NMR spectra for 2-4 and 6-16 and proton 
nuclear Overhauser difference spectra for 10, and the conditions 
for measurements of the effect of 2-4 and 6-16 on DNA imino 
protons and 31P NMR signals are given e l ~ e w h e r e . ’ ~ ~ J ~ ~  

Spectrophotometric Measurements. Scans and extinction 
coefficients, as well as DNA equilibrium binding constants for 
2-4 and 6-16, were determined as previously d e s ~ r i b e d . ’ ~ ~ J ~ ~ ~ ~ ~  

Viscometric Studies. All viscosity experiments were con- 
ducted in Cannon-Ubbelohde series 75 semimicrodilution vis- 
cometers, which were maintained a t  a constant temperature of 
37 f 0.02 “C in a Cannon Model M-1 water bath. Solutions were 
added to the viscometer with modified Hamilton syringes that 
had extensions for inserting the syringe all the way to the bottom 
sample reservoir of the viscometer. Viscometric titrations were 
performed as previously described by adding aliquots of a con- 
centrated stock solution of the desired compound to a DNA 
solution in the viscometer.6f DNA digestion experiments were 
conducted in the same viscometers. The decrease in flow time 
for a DNA solution in the presence of activated bleomycin was 
measured and compared to the flow time decrease caused by 
bleomycin in the presence of 1-16. The apparent rate constants 
hf and k ,  (eq 1) were calculated by linear regression as previously 
described.% The correlation coefficients r were evaluated by the 
Student’s t test. 

DNA-Bleomycin Reactions: Concentrations. PIPES 00 
buffer (without EDTA, pH 7.00) and high molecular weight DNA 
were used in all experiments with bleomycin. stock solutions (37 
“C) were added in the order given below to the PIPES 00 buffer 
in a viscometer to reach the final volume of 1.5 mL and the 
following final concentrations: calf thymus DNA, 2.34 X lo4 M 
(concentration of nucleotide equivalents); compounds 1-16, 4.3 
X M (ratios of 0.37 or 3.7 of molecules per 
DNA base pair, respectively); FeSO,, 7.4 X lo4 M; dithiothreitol, 
1.8 X 
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Synthesis and Testing of Quinone-Based Bis(2,2-dimethyl-l-aziridinyl)phosphinyl 
Carbamates as Radiation-Potentiating Antitumor Agents 
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Two new drug candidates, in which a quinonoid moiety is linked to the reactive bis(2,2-dimethyl-l-aziridinyl)phosphinyl 
function, have been prepared and tested in vivo for antitumor activity and in vitro as potentiators of the cytotoxic 
effect of X-irradiation. Without irradiation only moderate effectiveness against leukemia P-388 in mice was exhibited 
by one of the quinonoid compounds that had sufficient water solubility to be used in the in vivo screening. However, 
both compounds were shown to potentiate the effect of X-irradiation in vitro by a colony-forming cell culture assay 
under hypoxic conditions. 

Several quinone compounds have shown useful anti- 
cancer activity, the best known of these being the antitu- 
mor antibiotics adriamycin, daunorubicin, mitomycin C, 
and streptonigrin. Other antineoplastic quinones include 
the naphthoquinone lapacho1,l Sartorelli’s bioreductively 
activated alkylating quinones (2-(halomethyl)-3-phenyl- 
1,4-naphthoq~inones),~ Driscoll’s series of aziridinyl qui- 
n o n e ~ , ~ ~ ~  and certain aminoq~inones.~ Also the o-hydro- 
quinones levodopa and dopamine, when activated via ox- 
idation to o-quinones by tyrosinase, have been shown to 
be cytotoxic to human and murine cancer cells, in part due 
to their ability to inactivate such sulfhydryl-dependent 
enzymes as DNA polymerase a and reverse transcriptase.6 

Most of these antineoplastic drugs containing a quinoid 
moiety appear to exert their major effects via participation 
in oxidation-reduction reactions, with the active species 
believed to be the relatively stable semiquinone radical. 
This species might act directly on DNA5 or DNA polym- 
erase6 by transfer of an electron, or by binding to a sus- 
ceptible group (alkylating activity), or may act by inter- 
vening in oxygen-metabolizing processes,7 promoting the 
formation of superoxide, hydroxyl, and peroxide radicals.8 

The quinone antitumor drugs also possess some other 
characteristics that may contribute to their effectiveness 
as antineoplastic agents. Because of their planar ring 
structures, many of the known quinone drugs bind to DNA 
via interca1ation;I this binding activity may induce single 
or double strand breaks in the DNA of carcinoma cells.5 

(1) Da Consolacao, M.; Linardi, F.; de Oliveira, M. M.; Sanpaio, 
M. R. P. J .  Med. Chem. 1975, 18, 1159. 

(2) Lin, A. J.; Sartorelli, A. C. J .  Med. Chem. 1976, 29, 1336. 
(3) Khan, A. H.; Driscoll, J. S. J .  Med. Chem. 1976, 19, 313. 
(4) Chou, F.; Khan, A. H.; Driscoll, J. S. J .  Med. Chern. 1976, 19, 

1302. 
(5) Okada, S.; Mochizuki, N.; Tamemasa, 0. Chern. Pharrn. Bull. 

1978,26, 1031. 
(6) Wick, M. M.; Fitzgerald, G. Chern.-Biol. Interact. 1981,38,99. 
(7) Bachur, N. R.; Gordon, S. L.; Gee, M. V. Cancer Res. 1978,38, 

1745. 
(8) Rotillo, G.; Bozzi, A.; Mavelli, I.; Mondovi, B.; Strom, B. Deu. 

Biochem. 11B (Biol. Clin. Aspects Superoxide, Superoxide 
Dismutase), 1980, 118. 

Moreover, the affinity of these drugs for the DNA helix 
directs the reactivity of the semiquinone radical toward 
this target. Many quinones also exhibit good lipid solu- 
bility and low levels of ionization, required for penetration 
of the blood-brain barrier, making them potentially ef- 
fective agents against tumors of the central nervous sys- 

Although most of the quinonoid antineoplastic drugs 
may be transformed to their active semiquinone forms 
intracellularly via the action of such enzymes as NADPH 
cytochrome P450 r e d u ~ t a s e , ~  a second known method of 
forming the semiquinone form is by irradiation.1° Thus, 
the quinones as a group may act as radiation sensitizers, 
as has been shown in vitro for menaquinone.lOJ1 However, 
the potential radiation sensitizing activity of quinones in 
vivo has not been so far tested or reported in the literature. 

A different class of antineoplastic agents, the multi- 
functional bis(2,2-dimethyl-l-airidinyl)phosphinic esters,12 
amides,13 carbamates,14 and hydroxy~arbamatesl~ termed 
“dual antagonists” (1-3a), has previously shown the ability 

X 

1. X=U-a lky l  (X=OEt,AB-163) 
2. X=NR’R2, R1.R2=H or alkyl  
3. X=NHCOp-alkyl ( X =  NHCOzEt, AB-132) 
3a. X=ONHC02- alkyl  (X=ONHC02EtI AB-183) 
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