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AbsWxl - Redox behavior of II,14-diethyl-3,s-dimethyl-1,3,5,6,8,10,11,14- 

octaazapentaphene-2.4,7,9 (14H,3H,SH,l 1H)tetrone (bent-BDP) was studied in 

aqueous solution, and a metal ion effect was also examined for the oxidation of an 

NADH model in acetonitrile. 

Well-invented flavin models' have made hitherto a great contribution to understanding of flavin chemistry. 

We have reported that linear conjugative benzodipteridine (BDP), possessing two isoalloxazine rings 

fused to a common benzo moiety in which all n-electrons are able to conjugate together, exhibits a 

remarkably high oxidation activity compared with the conventional flavin model (3,10- 

dimethylisoalloxazine, DMI), and BDP is quite useful for model study of flavin-mediated oxidation.' 

For design of more sophisticated model systems, functionalized oxidation-active flavin models would be 

indispensable. Meanwhile, we reported syntheses of "angular mixed flavins" which involve a flavin and 

deazaflavin moieties in the molecule, and "angular doubled flavins" (bent-BDP).' Although bent-BDP 

is a new flavin model possessing a long conjugative system and a metal binding ability, the redox 

behavior and a metal ion effect have not yet been examined. Herein we wish to report (a) its redox 

potentials, (b) the oxidation activity for the oxidation of N-benzyl-l,4-dihydronicotinamide (BNAH) and 

2-mercaptoethanol (ME) in aqueous solution, (c) binding constants for divalent metal ions (Ni'*, Zn", and 

Cd2') in MeCN, and a metal ion effect for BNAH oxidation in MeCN. The reference compounds are 

BDP and DM1 as shown below. 

bent-BDP BDP DM I 
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Figure 1. Absorption spectra of bent-BDP 
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[ b e n t - ~ ~ ~ ] = l . ~ x l ~ ~ ~ ~ ,  [ B N A H ] = ~ . ~ X I O ~ M ,  

pH 7.0(0.05M HEPES, 1=0.05 with KNO3),N,,25'C 

Redox potentials (E ' )  of bent-BDP wcre determined to 

be -0.325 and -0.540 V by cyclic voltamlnetry in 

aqueous buffer solution.' This suggests that the first 

2e-oxidation activity is in the order of BDP ( E"'; 

-0.120 V)'> bent-BDP > DM1 (E"'; -0.439 V)', and the 

second 2e-oxidation activity of bent-BDP is higher than 

that of BDP (E"'; -0.770 V).' 

Spectroscopic examination of bent-BDP for the 

oxidation of BNAH indicated that the reaction proceeds 

via a biphasic manner in aqueous solution. As shown in 

Figure 1, the absorption spectrum (a) of  bent-BDP 

changes smoothly to the spectrum (b), which changes 

slowly to (c) with the reaction of BNAH. Both the 

spectra (b) and (c) were confirmed to regenerate the 

starting spectrum (a) by 0;bubbling. Similar 

absorption changes were also observed for the oxidation of ME. These indicate that bent-BDP is able to 

accept total 4 electrons as shown below. It should be noted that such biphasic kinetics is not observed for 

BDP due to its larger negative E '  (-0.770 V). 

Pseudo-first-order rate constants were determined by following the absorption decreases of bent-BDP at 

432 nm under anaerobic conditions. Both the fast and subsequent slow reactions were confirmed to 

follow first-order kinetics. The rates were confirmed to be first-order with respect to [BNAH] and 

second-order to [ME]. Since the second reaction for ME oxidation was too slow to monitor the 

absorption decrease, the third-order rate constant was calculated by employing higher concentration of 

ME. The rate constants are summarized in Table I together with those of DM1 and BDP. As expected 

from En', the oxidation activity of bent-BDP is higher than that of  DMI, and lower than that of BDP. It 

should be noted that plots of log k vs. En' gave linear correlations (correlation coefficient: 0.937 for 

BNAH; 0.998 for ME), implying that the oxidation procecds vio the same mechanisms for bent-BDP, 

DMI, and BDP. 

Since ;I metal ion is known to be one of factors to control redox properties of flavins,"he metal ion effect 

(Ni", Zn", and Cd") was examined kinetically for the oxidation of BNAH in MeCN.' Firstly, the 

binding constants were determined by absorption spectroscopy in MeCN. The absorption spectra oT ben-  
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Table 1. Rate constants and relative rates 
BDP were found to change passing 

k (M-'sec~')(rel.rate) k (~-~sec. ' )(rel .rate)  through isosbestic points upon addition 
Flavh '' 

BNAH ME of  metal ion (Figure 2). The inserted 

DM1 1.39 x 10 (1.0) 4.9 x (1.0) 
plot of 0 . D  at 550 nm vs. [Cdz']/[bent- 

5.58 x 10' (40) 5.31 x 10' (1.1 X l o 7 )  
BDP] suggests 1 : 1 complexation. The 

BDP 
b e n t . ~ ~ p  2.61 X 10' (19) 3.98 x 10.' (8.1 x 10') 

binding constants (K,) were 

5.8gb (0.4) 1.3 x 10-~ '~ (2 .7  x 10.') determined to be - 0 M' (Ni"), 100 + 
10 M ~ '  (Zn"), and 100,000 ? 15,000 M~ 

a) [bent-BDP] =[BDP]= 1.0 x 1 6 ' ~ .  [DMI]=5.0 x IO.'M, ' (Cdi*), respectively. The larger size of 
pH70 (0.05 M HEPFS, Ik0.5 with KNO,), N1,25T. . - 
b) The late constants for2e-reduced bent-BDP to 4e-reduced one. the metal ion shows the larger binding 

Figure 2. Spectral chenges ofbent-BDP with Cdzt. Figure 3. Plots ofk,,, vs. [ M2+]. 
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[ bent-BDP ] = 2.0 x 10- 'M, [ Cd" ] = 0 - 1.5 x [bent-BDP]= 1 . 0 ~  I O ~ ' M , [ B N A H ] = ~ . ~ ~ ~ O ~ '  
10.' M, MeCN, N2, 25 'C. M, MeCN,N,, 25'C, a; ~ n " ,  0; ~ d " .  

constant. Absorption spectrum of BDP was not changed upon addition of the metal ions. Meanwhile, I : I 

metal-binding ability of phenanthroline is known to be in the order of Ni" > znl*  > Cd" in aqueous 

solution.* The binding constants of bent-BDP, despite in MeCN, is much smaller than those of 

phenanthrolinemetal complexes,*and the order of the binding constants is reverse. These suggest that 

C(3)=0 and C(7)=0 are involved in the complexation probably due to weak electron donating ability of 

N(S) and N(6) of bent-BDP. 

Pseudo-first-order rate constants were determined spectrophotometrically by following the absorption 

decrease at 432 nm. As shown in Figure 3, the rate accelerations were observed for Zn" and Cd" which 

are held by bent-BDP. The rate was little affected upon addition of Ni". It was confirmed that the rate is 

first-order with respect to [BNAH] with or without the metal ions. The rate accelerations could he 

explained by formation of bent-BDP-metal ion complex (bent-BDP-M"), since almost no ~netal ion effect 

was ohserved for BDP.' Although kinetic analysis was quite complex (especially for Zn"),"' the rate- 
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accclcration due to formation of bent-BDP-M" could be estimated to be ca. 400-fold for Zn" and 

ca. 10-fold for Cd". 

The prcsent study demonstrates that bent-BDP is able to accept total four electrons in the oxidation of 

BNAI-I and ME in aqueous solution, and the oxidation-activity is higher than that of  the conventional 

flavin (DMI) and lower than that of BDP. However, the oxidation activity of bcnt-BDP is increased in 

the presence of the metal ion, suggesting that bent-BDP could be regarded as a potential flavin model for 

study of metal ion effects on flavin-mediated oxidation. 

ACKNOWLEDGMENT 

This work was supported in part by a Grant-in-Aid for Scientific Research from the Ministry of Education, 

Science, Sports, and Culture of Japan. 

REFERENCES AND NOTES 

" Present address; Department of Applied Chemistry, Ehime University, Matsuyama, Ehirne 790-8577, 

Japan 

" Present address; Fujimoto Pharmaceutical Co. Lt., Matsubara, Osaka 580-001 1, Japan 

T. C. Bmice, Isr. J. Chenz., 1984, 24, 54; F. Yoneda and B. Kobel, 'Chemistry and Biochemistry of 

Flavoenzymes.' Vol. I ,  ed. by F. Miiller, CRC Press, Inc ,  Boca Raton, 1991, pp.122-169; T. 

Akiyama, F. Simeno, M. Murakami, and F. Yoneda, J. Am. Chem. Soc., 1992,114,6613. 

Y. Yano, M. Ikuta, T. Yokoyama, and K. Yoshida, J. Org. Chern., 1987, 52, 5606; Y. Yano, M. 

Nakazato, K. Iizuka, T. Hosbino, K. Tanaka, M. Koga, and F. Yoneda, J. Chem. Sac., Perkin Trans. 

2,1990,2179; Y. Yano, M. Ikuta, Y. Amamiya, andT. Nabeshima, Chem. Lett., 1991,461. 

F. Yoneda, M. Koga, K. Tanaka, and Y. Yano, J. Heterocycl. Chem., 1989,26, 1221. 

Glassy carbon as a working electrode with an AglAgCI, 0.1 M KC1 reference electrode [pH 7.0.0.15 

M Mcllvaine buffer, I = 0.6 (Na,SO,) 25 "C], scan rate 100 rnV s ' .  

Y. Yano, M. Nakazato. S. Sutob, R. E.  Vasquez, A. Kitani, and K. Sasaki, J. Chenl. Res. S, 1985, 

404. 

S. Shinkai, Y. Ishikawa, and 0 .  Manabe, Bull. Chern. Soc. J p . ,  1983, 56, 1694; T. Tominami, K. 

Ikeda, T. Nabeshima, and Y. Yano, Chem. Lett., 1992,2293. 

In  an aqueous solution, no metal ion effect was observed. For the metal ion effect on ME oxidation, 

the rate was not determined due to precipitation. Metal ions were used as M(NO,),-6H,O. 

H. Irving and D. H. Mellor, J. Chem. Sac., 1962, 5222,5237. 

Valuc of  for BDP was 4.1 x 10 '  s 1  without a metal ion under the same conditions of Figure 3, 

and slightly decreased to 3.6 x 10' s 1  with [ ~ n " ]  = 2.0 x 10". 

The kinetic data allow us to assume the following reaction scheme and rate equations. K,'s 

(binding constants for BNAH-MI') were determined spectrophotometrically in MeCN; 3.1 x 10' M~ 

I for Zn" and 1.5 x 10' M ' for cd2*. The ratc constant (k , )  was 0.75 M ' s  I, which was determined 

willlout a metal ion. Because of K,>>K, for Cd", [BNAH . Cd2'] term was neglected. Furthermore, 

no lnctal ion effect for BDP may allow us to assume k,,=k,. Using k,, and K, values, non-lincar 
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curve fitting gave the following computed values: For Zn", K, = 330 M ' ,  k, = 300 M ' s ' ,  k, = 45 
M ' s ' ;  for Cdl*, K, = 99,000 M-', k, = 9 M-'i'. The rate accelerations (lq/ko) are 400 for Zn'* and 12 

for Cd2*. 

zn2+ cd2+ 
KF 

bent-BDP+ zn2+ & bent-BDP . 2n2+ bent-BDP + Cd2+ U bent-BDP . Cd2+ 
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