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1 INTRODUCTION 

1.1 GENERAL 

An important class of respiratory enzymes occurring widely in animals and 

plants i s that of the f lavoproteins. In these proteins e i ther r i b o f l a v i n , 

f lavin-mononucleotide (FMN) or f lavin-adenine-dinucleotide (FAD) functions as 

the coenzyme (Figure 1 ) . The func t iona l i ty in these coenzymes is located in the 

H 

OH OH , 0 . 0 
I II I II .N. 

n p _ 0 T P _ 0 _ C H 2 / , 
OH 

H f ^ s?^ ^ N \ / N \ 
^f 9 7r ' ° T ^ 1 2 

I OH 

r ii i V i 

r 
r i b o f l a v i n _.J 

FMN 

OH 

FAD 

Figure 1. Structural formulae of some common (5-deaza)flavins; X=N, flavin; 

X = CH, S-deazaflavin. 

isoal loxazine r ing s t ructure. Three main types of f lavoprotein a c t i v i t i e s can 

be dist inguished by both the i r chemical and enzymological character is t ics , 

namely reversible substrate dehydrogenation, electron t ransfer and act ivat ion 

of molecular oxygen [ 1 ] . 

5-Deazariboflavin (7 ,8-d imethyl -10-(D-r ib i ty l )pyr imido[4,5-b]quinol ine-2,4-

(3ff,10ff)-dione) (Figure 1) has achieved much at tent ion as a tool to elucidate 

the mechanism of f lav in-catalyzed dehydrogenation. In the dehydrogenation the 

in terest ing question whether the hydrogen derived from the substrate w i l l f i r s t 

go to posit ion N(5) or to posit ion N(l) of the f l av in could not be answered 

with natural coenzyme due to the fas t exchange of hydrogen, bonded to e i ther 

N( l ) or N(5) of the d ihydrof lav in , with water. 



Because the hydrogen atom introduced at posi t ion 5 of 5-deazaflavin is not 

exchangeable, 5-deazaFMN and 5-deazaFAD have been widely used as f l a v i n 

coenzyme analogs in reconst i tut ion experiments with a number of f lavoproteins 

[ 2 - 6 ] . These 5-deazaflavins were found to bind the labeled i t i ne ran t hydrogen 

at posi t ion 5. However, i t was strongly c r i t i c i z e d that the resul ts of these 

reconst i tut ion experiments were extrapolated to the mechanism of f l a v i n -

catalyzed dehydrogenations, since the chemistry of f l av ins and 5-deazaflavins 

has been shown to be fundamentally d i f fe rent [ 7 -10 ] . The chemical behaviour of 

5-deazaflavin resembles that of nicotinamide rather than that of f l a v i n as i s 

exemplified by the fas t reduction by borohydride and the slow reduction via 2e~ 

- t ransfer by d i t h i on i t e , as well as by the very slow reoxidation by oxygen of 

dihydro-5-deazaflavin and dihydronicotinamide. The opposite i s t rue for f l a v i n . 

Moreover, an important unique feature of f lavoproteins i s t he i r a b i l i t y to 

accept electron pairs and t ransfer them as single e lectrons, or viae versa, due 

to the s t a b i l i t y of the flavosemiquinone radical [ 11 ] . This is exemplified by 

the FMN of flavocytochrome bg from baker's yeast accepting two electrons from 

l ac ta te , which is oxidized to pyruvate, and t ransmit t ing them one a t a time to 

i t s b u i l t - i n acceptor, protoheme IX [12-14] (Scheme 1) . When th is enzyme was 

lactate —-^ ^— FMN •*--^ ^ - » - protoheme IX 
2 + 

2 Fe' 

pyruvate'«-"'^ ^ - » - FMNH2 — — protoheme IX 

2 F e 3 + 

Scheme 1 

reconsti tuted with 5-deazaFMN, which lacks radical s tab i l i za t ion j us t as 

nicotinamide, the a b i l i t y of t ransferr ing electrons to protoheme IX was l os t 

[ 15 ] . Hence, these experiments convincingly show that 5-deazaflavin cannot be 

considered as a f l av in analog, but may be referred to as a f lavin-shaped 

nicotinamide, which blocks flavin-dependent l e " - t ransfer and oxygen-activation 

and l im i t s transhydrogenation. 

In the same period, when 5-deazaflavin was used extensively in reconst i 

tu t ion experiments, 5-deazaflavin has been found in nature as part of F-420, a 

coenzyme universal ly present in methane-producing bacteria [16-23]. This 



coenzyme has been characterized as a derivative of 7,8-didemethyl-8-hydroxy-5-

deazariboflavin (8-hydroxy-10-(D-ribityl )pyrimido[4,5-b]quinoline-2,4(3ff,10ff)-

dione) [16] (Figure 2 ) . 

OH OH O COOH 

COOH 

Figure 2. Structure of F-420. 

The occurrence of 5-deazaflavin as part of naturally occurring systems is not 

restricted to methanogens, for it has also been found in cell extracts of 

Stveptomyoes griseue [24]. The F-420.H2/F-420 couple has a reduction potential 

neatly between the H2/2H+ or HC00H/C02 couple and the NADP/NADPH couple [25]. 

Hence, in methanogen redox metabolism F-420 is used to link hydrogen or formate 

oxidation to reduction of NADP (Scheme 2) and perhaps to serve as reductant in 

the last step of methane biosynthesis [21,26-29]. 

The observation that the dihydro form of F-420 is instantaneously reoxidized 

by oxygen [18] initiated the idea that the presence of the hydroxy substituent 

at position 8 would have brought the 5-deazaflavin system out of the straits of 

HCOOH 5 -deaza f lav in 

Formate 
dehydrogenase 

• reduced 5 -deazaf lav in 

NADPH + H + 

NADP + 

reductase 

NADP 

Scheme 2 

2e" chemistry back into the le"/2e" chemistry being the key biological redox 
characteristic of f lavins. Although this reasoning was doubted later [30] i t 
excited new interest in the synthesis of 5-deazaflavins in order to obtain a 
chromophor that would combine nicotinamide and f lavin act iv i ty [31]. 



1.2 SYNTHESIS OF 5-DEAZAFLAVINS 

Several synthetic routes were developed to obtain tf-lO-alkyl-5-deazaflavins. 

5-Deazariboflavin (3) has been f i r s t synthesized by O'Brien et al. [32] by the 

condensation of barb i tur ic acid (1) and the anthram'laldehyde 2 (Scheme 3 ) . In 

order to circumvent the laborious preparation of anthranilaldehyde 2 an 

H,C 
^ 

CH,0H 

(CHOH), 
I 3 

T' 
NH 

C / H 

re f lux 

H20 

Sdheme 3 

improved synthesis was published by Ashton et al. [33] using tf-D-ribityl-3,4-

xy l id ine (4) as s tar t ing mater ia l . Condensation of 4 and 6-chlorouracil (5) 

y ielded 6 - ( t f -D- r ib i t y l -3 ,4 -xy l id ino)urac i l ( 6 ) , which on cyc l izat ion with 

t r imethyl orthoformate in the presence of ca ta ly t i c p-toluenesulfonic acid led 

to the formation of 5-deazariboflavin with a f u l l y protected r i b i t y l chain. 

Hydrolysis gave the end product 3 (Scheme 4 ) . 

By appl icat ion of t h i s method 7,8-didemethyl-8-hydroxy-5-deazariboflavin, 

the main component of F-420 (Figure 2 ) , has been prepared from tf-D-ribityl-3-

hydroxyaniline and 5 [ 34 ] . A small improvement of the y i e l d of 3 has been 

achieved by cyc l izat ion of the tetraacetyl der ivat ive of 6 wi th phosphorus 

oxychloride (POCI3) in dimethyl f ormami de (DMF) followed by deacetylation [ 35 ] . 

The Yoneda group [36] has generalized the method out l ined in Scheme 4 by 

cyc l izat ion of a var iety of 6 - ( t f -a lky lan i l ino)urac i ls with the one-carbon 

reagents ethyl chloroformate, t r i e t h y l orthoformate or POCI3/DMF (chapter 2, 

Scheme 1) . 

A second method developed by Yoneda [36] involved the synthesis of 6-chloro-

5-formyluraci l 7 by treatment of 3-tf-methyl or -phenyl- barb i tur ic acid wi th 

POCI3/DMF. Reaction of 7 with tf-alkylam'line 8 gave 5-deazaflavin 9 (Scheme 5 ) . 
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When the reaction was carr ied out in ether at room temperature 6 - ( f f -a lky l -

an i l ino)-5- formylurac i l 10 was obtained. Warming of t h is product in a small 

amount of concentrated su l fu r ic acid gave 5-deazaflavin 9. 

Using these methodologies i t was observed that the synthesis of 10-tf-aryl-5-

deazaflavins s t i l l encountered d i f f i c u l t i e s . 6 - ( t f -ary lan i l ino)urac i ls appeared 

H R2 R2 H 

14 
X = Cl. Br 

R' = H, CH3 , C6H5 

R2 = a l ky l , a r y l . 

R3 = H , N02 ; R'= H 

R3 = H ; R*= CI . OH 

Scheme 6 

not to be avai lable by the condensation of 6-chlorouraci l wi th diphenyl ami nes 

and 6-chloro-5-formyluraci l s were unreactive towards diphenylamines under the 

conditions mentioned in Scheme 5. Therefore, a new method has been developed 

[ 37 ] , which i s based on the condensation of 6-(t f-substi tuted amino)uracils 12 

with o-halogenobenzaldehydes 11 (Scheme 6 ) . 

Although these methods have been applied successfully fo r synthesizing 5-



deazaflavins with a large var iety of substituents at N(10) and N(3) [36-40], 

they are less sui table for obtaining 8-substi tuted 5-deazaflavins, since 

introduct ion of a substituent at posi t ion 8 requires m-substituted ff-alkyl-

ani l ines or p-substi tuted o-halogenobenzaldehydes, the synthesis of which i s 

laborious (chapter 2 ) , and the cyc l iza t ion might be non-regioselective leading 

to a mixture of products [ 31 ] . 

Based on Yoneda's work [41-44] we elaborated a sui table method fo r the 

synthesis of 8-substi tuted 5-deazaflavins, which is described in detai l i n 

chapters 2 and 3. The generalized pathway is depicted in Scheme 7 and s tar ts 

with the condensation between a 6-methylaminouracil der ivat ive 15 and a 

H H ^ ^ 3 H 

T ifHHT T 

N^ , Et02C—N=N—C02Et (DAD) 

Scheme 7 

p-substi tuted benzaldehyde 16 y ie ld ing 5,5'-arylmethylenebis(6-methylamino-

u rac i l ) 17. Oxidative cyc l iza t ion w i th d iethyl azodicarboxylate (DAD) leads to 

the formation of 8-substi tuted 5-deazaflavin 18. 

1.3 APPLICATION OF 5-DEAZAFLAVINS AS REDUCING PHOTOCATALYSTS 

As mentioned before 5-deazaflavin cannot replace f l a v i n in b iological le~-

transfer processes due to i t s lack of radical s t ab i l i za t i on . However, i t has 



been shown that the 5-deazaflavin radical i s easi ly generated photochemically 

[45-47]. Owing to the low reduction potential and high reac t i v i t y of the 

radicals [ 9 ] , 5-deazaflavins have been shown to act as very e f f i c i e n t photo-

catalysts in the photoreduction of a wide var iety of redox car r iers in the 

presence of an electron donor. Krasna [48] used 5-deazaflavin as a photo-

catalyst for the conversion of solar energy in to hydrogen production as 

out l ined in Scheme 8, in which dFlox = 3,10-dimethyl-5-deazaflavin, HdFl = 5-

deazaflavin r ad ica l , R = electron donor, MV^+ = methyl viologen and MV + = 

reduced methyl v iologen. A large var iety of compounds including amines, 

carboxylic acids, carbohydrates and amino acids could serve as electron donor. 

The versa ta l i t y of 5-deazaflavin acting as a photocatalyst has been shown by 

Scheme 8 

the photoreduction of a large var iety of enzymes including f lavoprote ins, heme 

prote ins, i ron and i ron-su l fu r proteins by 5-deazariboflavin in the presence of 

ethylenediaminetetraacetate (EDTA) as electron donor. The photosystem appeared 

to be e f fec t ive even with enzymes, which could not be reduced by d i th ion i te 

[49,50] . The non-generality of the photosystem is exemplified by the f ac t that 

at least one i ron-su l fu r protein in the nitrogenase complex of Azotobaetev 

vinelandii i s not accessible to reduction by HdFl , but requires as an 

intermediary cata lyst f lavodoxin, which is reduced by HdFl' [ 51 ] . The greater 

e f f ic iency of 5-deazariboflavin as a photocatalyst compared to FMN, FAD, lumi-

f l av in or r i bo f lav in is exemplified by the ferredoxin-dependent enzymatic 

reduction of n i t ra te [ 52 ] . The enzyme n i t ra te reductase catalyses the reduction 

of n i t r a te t o n i t r i t e being the f i r s t step i n the assimilatory reduction of 

n i t r a te to ammonia. The n i t r a te reductase of Anaaystis nidulans exhibi ts an 

absolute dependency of ferredoxin, which is easi ly photoreduced by the 5-deaza-

flavin/EDTA photosystem (Scheme 9, dRFlox = 5-deazariboflavin, Fd=ferredoxin). 

A serious disadvantage of the 5-deazaflavin photoreducing system is the fac t 

that the l i g h t required to generate the 5-deazaflavin radical has an energy 

high enough to destroy the protein enzyme wi th t ime. For instance the electron 
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Scheme 9 

t ransfer occurring wi th in the system depicted i n Scheme 9 stops af ter 30 

minutes of i r r ad ia t i on . The present study was aimed at synthesizing modified 

5-deazaflavins, which require lower energy exc i ta t ion for generating radicals 

(chapter 2 and 3 [53,54] ) , and at studying the e f fec t of the modif ication on 

the reduction potential of the dFlox/HdFl' couple (chapter 4 [ 55 ] ) , on the 

spectroscopic and photochemical properties as well as on the a c t i v i t y as a 

photoreducing cata lyst (chapter 5, 6 and 7 [56-58]) . 
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2 SYNTHESIS OF 8-SUBSTITUTED 5-DEAZAFLAVINS 

2.1 INTRODUCTION 

In nature, f lav ins often act as coenzymes in a wide var iety of b io logical 

react ions. Flavin is characterized by three main modes of ac t ion: (de)hydro-

genation, oxygen ac t i va t ion , and electron t ransfer . Unlike f l a v i n , 5-deaza-

f l av i n (Figure 1) is rarely found in nature. An example i s F-420, the coenzyme 

Figure 1. Structural comparison of neutral (deaza)flavin and nicotinamide 

species; X = N, flavin; X = CH, 5-deazaflavin; nicotinamide (heavy 

lines, X = CH). 

of methane-producing bacteria [ 1 ] . 5-Deazaflavin resembles the structure of 

f l a v i n ; the only s t ructural di f ference i s the replacement of N-5 by CH. Based 

upon theoret ical s tudies, Sun and Song [2 ] proposed that t h is s t ructural 

di f ference would not considerably change the r eac t i v i t y of deazaflavin as 

compared to f l a v i n . Later i t was shown [ 3 ,4 ] that t h i s proposal i s i ncor rect ; 

i n fac t the chemistry of f l a v i n and 5-deazaflavin i s fundamentally d i f f e ren t . 

The chemical behaviour of 5-deazaflavin resembles that of nicotinamide 

rather than that of f l a v i n . This i s the reason why 5-deazaflavin i s often 

referred to as a f lavin-shaped nicotinamide. When in flavoenzymes f l a v i n i s 

replaced by 5-deazaflavin, two of the three main modes of act ion of f l a v i n are 

l o s t . Only (de)hydrogenation i s retained, although to a rather l im i ted extent. 

5-Deazaflavoproteins cannot be involved in one-electron processes mainly 

because of the unfavourable very low redox potent ial of 5-deazaflavin. The 

radical state i n free 5-deazaflavin can only be achieved by enforced one-

electron reduction, usually by a photochemical process. The 5-deazaflavin 

radical combines high r eac t i v i t y with a very low redox po ten t i a l . Scherings et 

al. [ 5 ] and Massey and Hemmerich [6 ] demonstrated the photoreductive power of 
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5-deazaflavin in the reduction of a wide var iety of b io logical redox systems 

using ethylenediaminetetraacetic acid as an electron donor. Krasna [ 7 ] showed 

that in addit ion many other compounds (e.g. carbohydrates, carboxylic acids, 

amino acids, and proteins) can serve as electron donors. 

The appl icat ion of 5-deazaflavin in the reduction of redox enzymes has a 

serious drawback. The generation of the reducing 5-deazaflavin radical [ 4 ] 

(Figure 2) s ta r t ing with a photoreaction between excited 5-deazaflavin and an 

electron donor and subsequent photodissociation of the photodimer, which i s 

sensit ized by 5-deazaflavin, requires continuous uv i r r ad ia t i on to dr ive the 

process. The wavelength needed to form the dimer and to photodissociate i t 

(300-400 nm) corresponds to an energy level high enough to destroy the protein 

enzyme with t ime. 

To avoid t h i s problem of photodestruction of the protein we have synthesized 

a number of red-shi f ted 5-deazaflavins to avoid short wavelength i r r ad ia t i on 

otherwise needed to generate the r ad i ca l . The aim of the study was therefore to 

synthesize the 5-deazaflavins absorbing at longer wavelengths. 

2.2 SYNTHESIS OF 8-SUBSTITUTED 5-DEAZAFLAVINS. 

2.2.1 General procedure 

The 5-deazaflavins must meet two requirements before they can be used fo r 

the photoreduction of enzymes, i ) They must absorb radiat ion at a wavelength 

high enough to prevent destruction of the enzyme, and i i ) they must be soluble 

i n aqueous media. 

To meet the f i r s t requirement, we have chosen to introduce a chromophoric 

group at the C(8) posi t ion of the 5-deazaisoalloxazine skeleton. Through 

t r i c y c l i c resonance, such a substituent at C(8) i s expected to cause a 

bathochromic s h i f t i n the absorption spectrum. 

Yoneda [8 ] has developed two methods fo r the synthesis of substi tuted 5-

deazaflavins. 

The f i r s t method (Scheme 1) s tar ts wi th a reaction between 6-chlorouraci l 

(1) and a m-substituted ff-methylaniline 2 y ie ld ing the 6-ff-methylanil inouracil 

3. Cycl izat ion of 3 wi th the one-carbon Vilsmeier reagent forms 5-deazaflavin 

4 . 

In order to circumvent the possible non-regioselective cyc l iza t ion of 3 (see 

arrows, 3 ) , leading to a mixture of 6- and 8-substi tuted 5-deazaflavins 4 and 5 

[ 9 ] , a second method (Scheme 2) has been appl ied. 
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Figure 2. 5-Deazaflavin redox system. 
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CH, CH, 

a. R'= p -N0 2 -C 6 H 4 , R2= H 

3 b. R '= R2 = CH 

DMF-POCI3 

J I J H 

ï§r - ;orçr 

Scheme 1 

The method involves condensation between a 6-methylaminouracil der ivat ive 6 

and a p-substi tuted benzaldehyde 7 and leads to the formation of 5 , 5 ' - a r y l -

methylenebis(6-methylaminouracil) 8. Addit ion of d iethyl azodicarboxylate (DAD) 

s tar ts a reaction sequence y ie ld ing the 5-deazaflavin 9, substi tuted 

spec i f i ca l l y at the C(8) pos i t ion . The course of the reaction probably involves 

the intermediates, given i n Scheme 2. 

Another advantage of the second method i s that the s ta r t ing material 7 

contains the substituent to be introduced a t the C(8) posi t ion of the 5-deaza-

isoalloxazine skeleton a t the pava posi t ion while the f i r s t method requires the 

m-substituted iv-methylaniline der ivat ive 2. The synthesis of 7 i s often far 

easier than that of 2 , as i s i l l u s t r a t e d by the synthesis of 3-methylamino-4'-

nitrobiphenyl (2a) being used in the f i r s t method. The preparation of 2a 

requires a mult istep procedure s ta r t i ng from m-ni t roani l ine. Appl icat ion of the 

Gomberg-Bachmann reaction gives 3-ni t robiphenyl . Reduction of the n i t r o group, 

followed by acety la t ion, n i t r a t i on at the C(4') pos i t ion , methylation of the 

acetylamino group and subsequent deacetylation f i n a l l y y ie lds the desired 

s ta r t ing material 2a. The analog in the second method i s 4 ,4 ' -n i t rob ipheny l -

carboxaldehyde, which i s easi ly synthesized by n i t r a t i on of 4-biphenylcarbox-
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aldehyde. 

The introduct ion of the desired polar substi tuent or group in to the N(3) 

posi t ion of the 5-deazaisoalloxazine was achieved e i ther by replacing the 

hydrogen of the NH-group i n 9 (R*=H) by t h i s group or a l te rna t i ve ly by using 6 

as s ta r t ing material i n which such a group is already present [ 10 ] . 

HN M 

Et02C-N=N-C02EHDAD) 

ÇH3 CH3 
H J\ 3 | H 

0 \ ^ N ^ C N H-N. ^ N ^ ^0 

R'N 

Ef02C-N 
I 

Et02C— NH 

DAD 

ÇH3 

0^ / N ^ ^ N H 

y • Ti 
MD ' D ' M I i iL 

yr N-C02Eh 
0 HN—C02Ef 

Soheme 2 
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2.2.2 Synthesis of 5-deazaflavins by ayalization with a one-aavbon reagent 

(method 1). 

As mentioned above, t h i s method usually provides a mixture of 6- and 8-sub-

st i tuted-5-deazaf lavins. In order to avoid t h i s we have t r i e d to introduce a p-

nitrophenyl substituent that w i l l prevent during the cyc l iza t ion the formation 

of the 6-analog due to s te r ica l in ter ference. 

For t h i s purpose 6-chlorouraci l (1) and an excess of 3-methylamino-4'-nitro-

biphenyl (2a) were ref luxed in 1-butanol, leading to the formation of 3a. This 

method has several advantages over the fusion react ion, as applied by Yoneda 

[ 1 1 ] ; excess of 2a i s regained i n better y i e l d and i n less v i t i a t e d form. 

Cycl izat ion of 3a with a tenfo ld excess of phosphorus oxychloride in 
o 

dimethyl f ormami de [12] at 90 gave decomposition to a large extent. In our 
o 

hands reaction of 3a with an equimolar amount of phosphorus oxychloride at 60 

y ie lded yellow c rys ta ls . The low-energy mass spectrum of t h i s compound showed, 

besides the parent peak m/e 348 (4a), a peak m/e 362, ind icat ing the presence 

of 8-(p-nitrophenyl)-3,10-dimethyl-5-deazaisoalloxazine (9c) (Scheme 3 ) , and a 

peak m/e 334, suggesting the formation of 8-(p-nitrophenyl)-5-deazaalloxazine 

(10). The 300 MHz nmr spectrum showed, besides the signals of 4a ( & 4.24 ( s , 

3H, N(10)CH3), 8.03 (dd, 1H, C(7)H), 8.27 ( d , 1H, C(9)H), 8.31(d, 2H, ArH), 

8.40 (d , 1H, C(6)H), 8.47 ( d , 2H, ArH), 9.12 ( s , 1H, C(5)H), 11.21 (br s, 1H, 

NH)), two small signals of the same in tens i ty a t 4.18 ppm and 3.29 ppm agreeing 

well w i th the tf-methyl signals of 9c. In addi t ion a small signal a t 3.17 ppm 

and a series of small signals i n the aromatic region confirm the presence of 

small quant i t ies of non-methylated and/or mono-methylated 5-deazaalloxazines 10 

and 11 . Demethylation has been shown to occur in the synthesis of 10-methyliso-

al loxazine [ 1 3 ] . I t has been shown that demethylation i s suppressed when a 

subst i tuent with a +1 e f fec t i s present at the C(8) pos i t ion . This i s explained 

by the fac t that the +1 e f fec t increases the electron density at the N(10) 

posi t ion and thus strengthens the nitrogen-carbon bond. The opposite i s t rue i n 

our case where the substi tuent a t the C(8) posi t ion i s e lectron withdrawing, 

i.e. p-nitrophenyl group, thus weakening the nitrogen-carbon bond. 

The use of phosphorus oxychloride as demethylating agent has also been 

demonstrated with ff-methylated purines [ 14 ] . This demethylation reaction i s 

proposed to proceed by conversion of the methyl group in to a t r ichloromethyl 

group and subsequent hydrolyt ic f i ss ion of the nitrogen-carbon bond. We have 

however observed that demethylation i s also accompanied by remethylation. Thus, 

the proposed mechanism seems less applicable to our react ions. Therefore we 

suggest a mechanism, which i s based on the s l i gh t nucleophi l ic character of the 
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phosphoryl bond [15] (Scheme 3 ) . Nucleophilic attack of phosphorus oxychloride 

on the weakly bonded ff(10)-methyl group leads to the formation of a demethyl-

ated anion, derived from 4a, and the methoxytrichlorophosphonium ion. 

Remethylation by this ion leads to the formation of dimethyl- and monomethyl-

Sdheme 3 
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deaza(i so)al1oxazi nes. 

The fac t that synthesis of 4a by cyc l iza t ion with a one-carbon reagent leads 

to the formation of an inseparable mixture of products combined with the 

poss ib i l i t y of obtaining mixtures of 6- and 8-substi tuted 5-deazaflavins made 

t h i s method less su i tab le . 

Another attempt to introduce at C(8) substituents with a bathochromic s h i f t 

e f fec t was to modify the C(8)-methyl group in 5-deazal umi f l av i n (7,8,10-tr ime-

thyl-5-deazaisoalloxazine) (4b). I t i s known that the C(8)-methyl group in the 

re lated molecule lumi f lav in i s ir-electron def ic ient [16] and undergoes a ldo l -

type condensation reactions with aromatic aldehydes [ 17 ] . Moreover, the methyl 

group is easi ly oxidized to carboxylic acid by e i ther n i t r i c acid or potassium 

permanganate [17a]. I t has been calculated that their -e lectron deficiency i s 

also present in 5-deazaflavin [ 18 ] . We have applied therefore the al dol-conden

sation reaction also to 5-deazalumi f l av i n (4b) (Scheme 4) to possibly 

synthesize C(8)-substi tuted compounds in t h i s way. Condensation wi th several p-

subst i tuted benzaldehydes was not successful. Also the oxidation reaction did 

Y . f 

CHO 
H2SOt . P205 

# • 
20-40° 

R. N(CH3)2 

NHCH3 

N02 

Saheme 4 

not occur with 5-deazal umi f l a v i n . Obviously the IT -e lectron deficiency at the 

C(8) posi t ion of 5-deazal umi f l av i n i s not su f f i c i en t fo r these reactions to 

occur. This i s consistent wi th the fact that the calculated Tr-electron 
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deficiency a t the C(8) posi t ion fo r lumi f lav in [16] i s larger than that for 5-

deazalumiflavin [ 18 ] . 

2.2.3 Synthesis of 5-deazaflavins by oxidative ayelization (method 2). 

Condensation of 6-methylamino-3-methyluracil (6 , R1=CH3) wi th several a r y l -

aldehydes (7 , R=C1, C6H5, p-N02-C6H4) in re f lux ing ethanol gave the 5 ,5 ' -

methylenebis(6-methylamino-3-methyluracils) 8a-c i n good y i e l d (Table 1 ) . 

Spectral and elemental analysis support the s t ructures. The nmr spectra showed 

the character is t ic signal of the methine proton on the carbon carrying the aryl 

group and two 6-methyl ami no-3-methyl u rac i l moieties in the 5.5 ppm region 

(Table 1 ) . F ie ld desorption mass spectra showed the parent peaks and the peaks 

corresponding to the thermolysis products 6-methylamino-3-methyluracil and 5-

benzylidene-6-methylamino-3-methyluracil. Oxidative cyc l iza t ion with excess DAD 

at 140° (8a), 170° (8c) , or 170° in sulfolane (8b) gave the 5-deazaflavins 9a-c 

in moderate y i e l d (Table 1 ) . Refluxing 9a i n 40% aqueous dimethyl amine gave 9d 

i n good y i e l d . This i s i n contrast to the report [19] that 9a would not be 

reactive enough fo r nucleophil ic subst i tu t ion under these condit ions. 

Catalyt ic reduction of 9c in 6tf hydrochloric acid y ie lded 9e. Condensation 

of the amino compound 9e wi th p-dimethylaminobenzaldehyde was unsuccessful 

because of the deactivating e f fec t of the electron donating dimethylamino group 

on the formyl funct ion. Refluxing 9e w i th a 1:1 mixture of the aldehyde and i t s 

d iethylacetal (obtained by treatment of the aldehyde with triethoxymethaan) in 

dimethyl formamide gave 9f in good y i e l d . Spectral and elemental analysis of 

9a-f were i n good agreement wi th the corresponding s t ructures. A l l showed a 

character is t ic l ow- f ie ld H(5) s ing le t . Because of the strongly electron 

donating e f fec t of the dimethylamino group, the H(5) s ing le t of 9d i s sh i f ted 

up f ie ld as compared to that of 9a-c,e,f (Table 1 ) . Low energy mass spectra 

showed only the parent peaks. The bathochromic e f fec t of the various 

substituents on the uv spectra i s shown in Table 1 . 

2.3 EXPERIMENTAL 

The *H nmr spectra were obtained with a Hitachi Perkin Elmer R-24B, a 

Van'an EM 390 or a Bruker CXP-300 spectrometer operating at 300 MHz, using 

tetramethylsi lane as an internal standard. Mass spectra were recorded on a 

Kratos MS 9 instrument. The uv-v is ib le spectra were obtained with a Aminco Dw-

2a uv-vis or a Beekman DU-7 spectrophotometer. Melting points were uncorrected. 

S i l i ca gel GF plates were used fo r analyt ical t h in layer chromatography. 
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8a 
8b 
8c 

9a 
9b 
9c 
9d 

9e 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

CH3 

85 
80 
80 

60 

50 
75 
88 
60 

288-289 
279-281 
290-292 

314-318 
>350 
>350 
>350 
>350 

dec 
dec 
dec 

dec 

5.43 
5.48 
5.50 

9.70 
9.70 
9.87 
8.97 
9.82 

412 sh (4.07) 
424 sh (4.27) 

440 Sh (3.38), DMSO 
441 (4.78) 
442 (4.23) 

Table 1 Yields and some physical properties of 5,5'-methylenebis(6-methyl-

amino-3-methyluracils) 8 (IT=CH3) and of the S-deazaflavins 9 (Fr=CH3) 

Yield mp 

Compd. R1 R % °C S * x max / n m ^log e'** 

CI 
C6H5 

p-N02-C6H4 

CI 

C6"5 
p-N02-C6H4 

N(CH3)2 

p-NH2-C6H4 

9f CH3 p-(CH3)2N-C6H4-CH=N-C6H4 83 345-348 dec 9.75 441 (4.01), DMSO 

* Chemical shifts in parts per million relative to TMS of methine protons of 8 
in DMSO and of C(5) protons of 9 in trifluoroacetic acid. 

** Absorption maximum of 9 in methanol unless otherwise stated; sh = shoulder. 

3-Methylamino-4'-nitvobiphenyl (2a). 

A solution of 20 g of 3-acetamidobiphenyl [20] in 240 ml of glacial acetic 

acid and 160 ml of concentrated sulfuric acid was stirred at 0* as a mixture of 

16 ml of fuming nitric acid and 40 ml of glacial acetic acid was added 

dropwise. The mixture was stirred for 10 hours at 0* and then poured onto ice. 

The solid was collected on a filter, washed with water, and recrystallized from 

ethanol to give 11 g (45%) of 3-acetamido-4'-nitrobiphenyl; pale-yellow 

needles, mp 191-193° (lit. [20a] 192°); nmr (60 MHz, DMS0-d6): 6 2.13 (s, 3H, 

CH3), 7.30-8.07 (m, 4H, ArH), 7.80 (d, 2H, Ar'H), 8.27 (d, 2H, Ar'H), 10.00 (br 

s, 1H, NH); ms: m/e 256 (M+). 

A solution of 11 g of 3-acetamido-4'-nitrobiphenyl in 150 ml of dimethyl-

formamide was stirred at room temperature as 14 g of potassium carbonate and 7 

g of powdered sodium hydroxide was added in small portions. A solution of 9 ml 

of dimethyl sulfate in 25 ml of dimethylformamide was then added dropwise. 

After a few minutes of stirring, the mixture was poured onto ice. The solid was 

collected on a filter, washed with water, and recrystallized from ethanol to 

give 11 g (95%) of 3-ff-methylacetamido-4'-nitrobiphenyl; yellow plates, mp 149-

150°; nmr (60 MHz, deuteriochloroform): 6 1.96 (s, 3H, CH3), 3.32 (s, 3H, 

NCH3), 7.13-7.57 (m, 4H, ArH), 7.68 (d, 2H, Ar'H), 8.24 (d, 2H, Ar'H); ms: m/e 
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270 (M+). 

Anal. Calcd. for C15H14N203; C, 66.65; H, 5.22. Found: C, 66.69; H, 5.04. 

A mixture of 11 g of 3-tf-methylacetamido-4'-nitrobiphenyl and 200 ml of 10% 

ethanollc hydrochloric acid was stirred at reflux for 18 hours. After cooling 

the solution was concentrated in Vacuo and neutralized with diluted ammonia. 

The solid was collected on a filter, washed with water, and recrystallized from 

ethanol to give 9 g (97%) of 2a; red plates, m.p. 121-122'; nmr (60 MHz, 

deuteriochloroform): 6 2.86 (s, 3H, NCH3), 3.85 (br s, 1H, NH), 6.50-7.42 (m, 

4H, ArH), 7.63 (d, 2H, Ar'H), 8.19 (d, 2H, Ar'H); ms: m/e 228 (M+). 

Anal. Calcd. for C13H12N202: C, 68.40; H, 5.30 Found: C, 68.12; H, 5.52 

6-[3-(p~N'Ltvop'henyl)-tl-methylanil'inoJu'raeil (3a). 

A mixture of 1.5 g of 6-chlorouracil [21] and 4.7 g of 3-methylamino-4'-

nitrobiphenyl (2a) in 50 ml of 1-butanol was stirred at reflux for 60 hours. 

After cooling the solid was collected on a filter, washed with chloroform and 

recrystallized from acetic acid to give 2.8 g (81%) of yellow needles, mp. 330-

331' dec; nmr (60 MHz, DMS0-d6): 6 3.36 (s, 3H, NCH3), 4.51 (s, 1H, C(5)H), 

7.30-7.87 (m, 4H, ArH), 8.05 (d, 2H, Ar'H), 8.39 (d, 2H, Ar'H), 10.51 (br s, 

1H, NH), 10.67 (br s, 1H, NH); ms: m/e 338 (M+). 

Anal. Calcd. for C17H14N404.1H20: C, 57.30; H, 4.53. Found: C, 57.45; H, 4.66. 

6-(^-methyl-3,4-xylidino)ur>aail (3b). 

A mixture of 2.2 g of 6-chlorouracil and 6 g of ff-methyl-3,4-xylidine (2b) 

[22] was stirred at 165° (oilbath) for 6 minutes with stirring. After cooling, 

the reaction mixture was crushed in ether, collected by filtration, washed with 

water and dried to give 3.3 g (90%) of yellow needles, mp 282-284' (lit. [11] 

281°); nmr (60 MHz, DMS0-d6): 5 2.23 (s, 6H, 2ArCH3), 3.20 (s, 3H, N-CH3), 4.23 

(s, 1H, C(5)H), 6.80-7.33 (m, 3H, ArH), 10.17 (br s, 1H, NH), 10.42 (br s, 1H, 

NH); ms: m/e 245 (M+). 

7J8,10-Trimethylpyrimido[4,5-b]quinoline-2,4(3R,10R)-dione (4b). 

A mixture of 2,5 g of 3b and 1.9 ml of phosphorus oxychloride in 30 ml of 

dimethylformamide was stirred at 90° for 2 hours. After cooling, it was diluted 

with water and neutralized with sodium hydrogen carbonate. The solid was. 

collected on a filter, washed with water, and dried to give 2.2 g (85%) of 

yellow needles, mp >350° (lit. [12] >360°); nmr (60 MHz, trifluoroacetic acid) 

6 2.60 (s, 3H, C(7)CH3), 2.75 (s, 3H, C(8)CH3), 4.49 (s, 3H, N(10)CH3), 8.05 

(br s, 2H, ArH), 9.51 (s, 1H, C(5)H); ms: m/e 255 (M+). 
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Anal. Calcd. for C14H13N302: C, 65.87; H, 5.13. Found: C, 65.57; H, 5.21. 

4 '-Nitvobiphenyl-4-oarboxaldéhyde (7, R^-NOg-CgH^). 

A solution of 25 g of 4-biphenylcarboxaldehyde In 550 ml of sulfuric acid 

was stirred at -5* and 14 g of potassium nitrate was added in small portions. 

The thus formed green solution was stirred for 2 hours while the temperature 

was kept below 0* and then poured onto 5 kg of crushed ice. The precipitate was 

collected on a filter, washed with water, and recrystallized from ethanol to 

give 21 g (68%) of pale yellow needles, mp 130°; nmr (60 MHz, deuterio-

chloroform, acetone-d6): 6 7.73 (d, 2H, ArH), 7.77 (d, 2H, Ar'H), 7.93 (d, 2H, 

ArH), 8.21 (d, 2H, Ar'H), 9.95 (s, 1H, CHO); ms: m/e 227 (M+). 

Anal. Calcd. for C13H9N03: C, 68.72; H, 3.99. Found: C, 68.81; H, 4.23. 

5,5 ' -Avylmethylenebis(6-methylamino-3-methyluvaail8) 8a-c. 

General procedure. 

A mixture of 0.013 mole of 6-methylamino-3-methyluracil (6) [23], 0.013 mole 

of arylaldehyde and 40 ml of ethanol was stirred at reflux for 48 hours. After 

cooling, the precipitate was collected on a filter, washed with ethanol, and 

purified by stirring in ethanol at reflux, followed by hot filtration. 

5,5 ' '-p-Chlor>ophenylmethylenebis(6-methylamino-3-methyluracil) (8a) . 

Yield 2.40 g (85%) of white needles, mp 288-289° dec. (lit. [8b] 289°); nmr 

(60 MHz, DMS0-d6): « 2.80 (br d, 6H, C(6)NCH3, C(6*)NCH3), 3.10 (s, 6H, 

N(3)CH3, N(3')CH3), 5.43 (s, 1H, C(5,5')H), 7.04 (d, 2H, ArH), 7.24 (d, 2H, 

ArH), 7.95 (br s, 2H, C(6)NH, C(6')NH), 10.63 (br s, 2H, N(1)H, N(l')H); field 

desorption ms: m/e 432/434 (M+), 277 (cluster), 155. 

Anal. Calcd. for Cj^^jClNgO^: C, 52.72; H, 4.89. Found: C, 52.07; H, 5.09. 

5,5 ' -[1,1 '-Biphenyl]-4-ylmethylenebis(6-methylamino-3-methyluraei l) (8b). 

Yield 2.45 g (80%) of white plates, mp 279-281° dec; nmr (90 MHz, DMS0-d6): 

6 2.82 (d, 6H, C(6)NCH3, C(6')NCH3), 3.10 (s, 6H, N(3)CH3, N(3')CH3), 5.48 (s, 

1H, C(5,5')H), 7.11 (d, 2H, ArH), 7.27-7.71 (m, 5H, Ar'H), 7.49 (d, 2H, ArH), 

8.00 (br s, 2H, C(6)NH, C(6')NH), 10.59 (br s, 2H, N(1)H, N(l')H); field 

desorption ms: m/e 474 (M+), 319 (cluster), 155. 

Anal. Calcd. for C25H26N604: C, 63.28; H, 5.52. Found: C, 63.11; H, 5.21. 
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5,5 ' - [4 ' -Ni tro-1,1 ' -biphenylJ-4-ylmethylenebis(6-methylamino-3-methyluraoi l ) 

(8a). 

Yield 2.70 g (80%) of pale yellow plates, mp 290-292" dec; nmr (90 MHz, 

DMS0-d6): 6 2.82 (d, 6H, C(6)NCH3, C(6*)NCH3), 3.10 (s, 6H, N(3)CH3, N(3*)CH3), 

5.50 (s, 1H, C(5,5')H), 7.19 (d, 2H, ArH), 7.63 (d, 2H, ArH), 7.92 (d, 2H, 

Ar'H), 8.00 (br q, 2H, C(6)NH, C(6')NH), 8.28 (d, 2H, Ar'H), 10.72 (s, 2H, 

N(1)H, N(1»)H); field desorption ms: m/e 519 (M+), 364 (cluster), 155. 

Anal. Calcd. for C25H25N706: C, 57.80; H, 4.85. Found: C, 57.55; H, 4.49. 

8-CKlovo-Z, 10-d.-imethylpyvimid.oE4, S-h]quinol-ine-2, 4 (SR, 10R)-d-ione (9a) . 

A mixture of 2 g of 8a and 3.7 ml of diethyl azodicarboxylate (DAD) was 

stirred at 140° (oilbath) for 3 hours. After cooling, the mixture was diluted 

with ethanol, and allowed to stand overnight at room temperature. The solid was 

collected on a filter, washed with ethanol, and recrystallized from dimethyl-

formamide to give 0.76 g (60%) of yellow needles, mp 314-318° dec. (lit. [8b] 

328°); nmr (90 MHz, trifluoroacetic acid): S 3.59 (s, 3H, N(3)CH3), 4.45 (s, 

3H, N(10)CH3), 7.93 (dd, 1H, C(7)H), 8.27 (d, 1H, C(9)H), 8.30 (d, 1H, C(6)H), 

9.70 (s, 1H, C(5)H); ms: m/e 275/277 (M+). 

Anal. Calcd. for C13H10C1N302: C, 56.63; H, 3.66. Found: C, 56.33; H, 3.44. 

8-Phenyl-3,10-dirmthylpyvirm.da[4,5-\>]quinoline-2>4(3S.,l(M)~dione (9b). 

A mixture of 0.80 g of 8b, 2.1 ml of DAD, and 0.1 ml of sulfolane was 

stirred at 170° (oilbath) for 2 hours. After cooling, the mixture was diluted 

with ethanol, and allowed to stand overnight at room temperature. The solid was 

collected on a filter, washed with ethanol and ether, and dried to give 0.27 g 

(50%) of yellow needles, mp >350°; nmr (90 MHz, trifluoroacetic acid): ô 3.60 

(s, 3H, N(3)CH3), 4.53 (s, 3H, N(10)CH3), 7.40-7.87 (m, 5H, ArH), 8.24 (d, 1H, 

C(7)H), 8.37 (s, 1H, C(9)H), 8.41 (d, 1H, C(6)H), 9.70 (s, 1H, C(5)H); ms: m/e 

317 (M+). 

Anal. Calcd. for C19H15N302: C, 71.91; H, 4.76. Found: C, 72.01; H, 4.76. 

8-p-Nitvophenyl-3,10-dimethylpyri,mido[4,5-bJquinol-i.ne-2,4(3RJl(M)-dione (9a). 

A mixture of 2.5 g of 8c and 3.8 ml of DAD was stirred at 170° (oilbath) for 

7 hours. After cooling, the mixture was diluted with ethanol and allowed to 

stand overnight at room temperature. The solid was collected on a filter, 

washed with ethanol and ether, and dried to give 1.3 g (75%) of yellow plates, 

mp >350°; nmr (90 MHz, trifluoroacetic acid): ô 3.67 (s, 3H, N(3)CH3), 4.63 (s, 

3H, N(10)CH3), 8.05 (d, 2H, ArH), 8.29 (d, 1H, C(7)H), 8.40-8.69 (m, 4H, ArH, 
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C(6)H, C(9)H), 9.87 (s, 1H, C(5)H); nmr (90 MHz, DMSO-d6): & 3.30 (s, N(3)CH3), 

4.08 (s, N(10)CH3), 9.10 (s, C(5)H); ms: m/e 362 (M+). 

Anal. Calcd. for CigH14N404: C, 62.98; H, 3.89. Found: C, 62.99; H, 3.76. 

8-Dimethylamino-3,10-dimethylpyvimido[4, S-bJquinoline-2,4(311,10R)-dione (9d) . 

A mixture of 0.32 g of 9a and 20 ml of 40% aqueous dimethylamine was stirred 

at reflux for 8 hours. After cooling, the solid was collected on a filter, 

washed with water, and recrystallized from dimethylformamide-1-butanol 3:2 to 

give 0.29 g (88%) of yellow plates, mp >350° (lit. [8b] >360"); nmr (90 MHz, 

trifluoracetic acid): 6 3.39 (s, 6H, N(CH3)2), 3.55 (s, 3H, N(3)CH3), 4.16 (s, 

3H, N(10)CH3), 6.77 (br s, 1H, C(9)H), 7.35 (br d, 1H, C(7)H), 7.94 (d, 1H, 

C(6)H), 8.97 (s, 1H, C(5)H); ms: m/e 284 (M+). 

Anal. Calcd. for C15H16N402: C, 63.36; H, 5.67. Found: C, 62.92; H, 5.33. 

8--p-Aminophenyl-3,10-dimethylpyrimido[4, 5-bJquinoline-2,4(311,10H)-dione (9e) . 

Compound 9c (1.3 g) suspended in 200 ml of 6N hydrochloric acid, was hydro-

genated in the presence of 0.65 g of Pd/C (10%) as a catalyst during 1 hour. 

The solution was filtered, and neutralized with sodium hydrogen carbonate. The 

precipitate was collected on a filter, washed with water, and recrystallized 

from dimethylformamide to give 0.72 g (60%) of red-orange plates, mp >350'; nmr 

(90 MHz, trifluoroacetic acid): <5 3.66 (s, 3H, N(3)CH3), 4.60 (s, 3H, 

N(10)CH3), 7.77 (d, 2H, ArH), 8.01 (d, 2H, ArH), 8.25 (d, 1H, C(7)H), 8.49 (s, 

1H, C(9)H), 8.54 (d, 1H, C(6)H), 9.82 (s, 1H, C(5)H); ms: m/e 332 (M+). 

Anal. Calcd. for C19H16N402: C, 68.66; H, 4.85. Found: C, 68.73; H, 4.84. 

Diethylacetal of p-dimethylaminobenzaldehyde. 

A mixture of 7.5 g of p-dimethylaminobenzaldehyde, 10 ml of triethoxy-

methane, 0.4 g of ammonium nitrate, and 4 ml of absolute ethanol was stirred at 

reflux for 1 hour. After cooling, the solution was filtered, taken up in 20 ml 

of ether, washed several times with diluted ammonia and water, and concentrated 

by evaporation. To remove traces of triethoxymethane, the residual oil was 

stirred in water and allowed to stand for a week at room temperature. The solid 

was collected on a filter and dried to give 1.6 g of gray-yellow plates, m.p. 

54-64*; nmr (60 MHz, deuteriochloroform): 6 3.01 (s, 6H, N(CH3)2), 6.67 (d, 2H, 

ArH), 7.70 (d, 2H, ArH), 9.72 (s, 1H, CHO) for p-dimethylaminobenzaldehyde; 6 

1.19 (t, 6H, 2 CH3), 2.90 (s, 6H, N(CH3)2), 3.55 (q, 4H, 2 CH2), 5.41 (s, 1H, 

CH), 6.67 (d, 2H, ArH), 7.31 (d, 2H, ArH) for the diethylacetal of p-dimethyl

aminobenzaldehyde; integral ratio CHO-CH is 1:1. 
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S-fp-(p-Dimethylaminophenylmethylene)aminoph.enylJ-3,10-dimethylpyrimido[4,5-

b]quinoline-2,4(3ü,lOH)-dione (9f). 

A mixture of 0.2 g of 9e, 1.3 g of a 1:1 mixture of p-dimethylaminobenz-

aldehyde and its diethylacetal (see preparation above), and 10 ml of dimethyl-

formamide was stirred at reflux for 3 hours. After cooling, the solid was 

collected on a filter, washed with ether and dried to give 0.23 g (83%) of 

orange needles, mp 345-348° dec; nmr (90 MHz, trifluoroacetic acid): S 3.46 

(s, 6H, N(CH3)2), 3.61 (s, 3H, N(3)CH3), 4.56 (s, 3H, N(10)CH3), 7.66-8.55 (m, 

11H, ArH), 9.75 (s, 1H, C(5)H), 10.00 (s, 1H, CHN); ms: m/e 463 (M+). 

Anal. Calcd. for C28H25N502: C, 72.54; H, 5.44. Found: C, 72.23; H, 5.32. 
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3 SYNTHESIS OF WATER SOLUBLE 8-SUBSTITUTED-5-DEAZAFLAVINS 

3.1 INTRODUCTION 

5-Deazaflavin has been applied as a photocatalyst in the reduction of a wide 

var iety of b io logical redox systems [ 1 , 2 ] . The use of 5-deazaflavin as a 

photocatalyst has serious drawbacks in that continuous uv i r rad ia t ion i s 

required to dr ive the process and that the needed wavelength (300-400 nm) 

corresponds to an energy level high enough to destroy the protein enzyme in 

t ime. To avoid photodestruction of the protein we have synthesized a number of 

5-deazaflavins, which have a chromophoric group at the C(8) posi t ion of the 5-

-deazaisoalloxazine skeleton, causing the absorption maximum to undergo a red 

s h i f t . 

In a recent publ icat ion [3 ] we have described the synthesis of 8-substi tuted 

5-deazaflavins by the fo l lowing three pathways: i ) cyc l iza t ion of tf-methyl-

an i l inourac i l der ivat ives with a one-carbon reagent, i i ) al dol-type condensa

t i on of the C(8) methyl group i n 5-deazal umi f l av i n with aromatic aldehydes, and 

i i i ) oxidative cyc l iza t ion of arylmethylenebis(6-methylaminouracil) der iva

t i ves . Only the l a t t e r method appeared to be suitable fo r our goal and has been 

applied in the synthesis of 5-deazaflavins described in t h i s report . 

The present report i s also concerned with the synthesis of 8-substi tuted 5-

deazaflavins containing a carboxymethyl group at the N(3) pos i t ion . This polar 

group increases the so l ub i l i t y of 5-deazaflavins in aqueous media, in which 

photoreduction of redox enzymes are to be carr ied out. 

3.2 RESULTS AND DISCUSSION 

Two methods of preparing 5-deazaflavins were explored. 

In the f i r s t method (Scheme 1) 6-methylaminouracil (1) was condensed with 

the arylaldehydes 2b-f g iv ing the 5,5'-methylenebis(6-methylaminouracils) 3b-f 

(Table 1 ) . The oxidative cyc l izat ion of 3b-f wi th d iethyl azodicarboxylate 

(DAD) was not successful. Variat ion in reaction temperature, use of larger 

excess of DAD, longer reaction t ime, and applying solvents e.g. su l fo lane, 

dimethyl f ormami de and hexamethylphosphoramide, led to incomplete conversion 

and/or formation of a very impure product. The very low so l ub i l i t y and the 
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CH 3 H 

•çt-
l , R ' = H 

4, R' = CH2CONHCH3 

Q b c 

CHO 

2Q-f 

TI, 

3 b . f , R ' = H 

5 Q . d , R ' = CH2CONHCH3 

f 

R F Cl N02 p -N0 2 -C 6H 4 p -Cl-C6H4 C6H5 

Scheme 1 

thermol ab i l i ty of 3b-f might explain the insufficient course of the reaction; 

with 3c even complete decomposition occurred. 

Based on our previous experience [3] that oxidative cyclization of 5 , 5 ' -

methylenebis(6-methylaminouracils) with DAD occur successfully when a sub

s t i tuen t is present a t N(3), we decided to use as s tar t ing material 6-methyl-

aminouracil, containing at position 3 a iV-methyl carbamoyl methyl group, i.e. 

compound 4. In l a t e r stages of the reaction th i s tf-methylcarbamoylmethyl group 

can then be hydrolysed into a carboxymethyl group by acid treatment. 

6-Methylamino-3-(ff-methylcarbamoylmethyl)uracil (4) was prepared as 

indicated in Scheme 2. tf-Ethoxycarbonyl methyl ureum was condensed with malonic 

acid in acetic anhydride, yielding tf-ethoxycarbonylmethyl barbituric acid (6) . 

Subsequent treatment with phenyl phosphorus oxychloride yielded 6-chloro-3-eth-

oxycarbonylmethyl uracil (7) , which on refluxing in 40% aqueous methylamine gave 

6-methylamino-3-(ff-methylcarbamoylmethyl)uracil (4) in an overall yield of 21%. 

Reaction of 4 with the arylaldehydes 2a-d in refluxing ethanol (Scheme 1) 

gave compounds 5a-d in excellent yields (Table 1) . Oxidative cyclization of 5a-

d with DAD in sulfolane led to the formation of 5-deazaflavins 8a-d (Scheme 3) . 

Spectral and analytical data are in agreement with the corresponding structures 

(Table 2) [ 4 ] . 

Hydrolysis of 8b-d in concentrated hydrochloric acid yielded 5-deazaflavins 

9b-d. Refluxing 8a in 40% aqueous dimethyl ami ne led to the formation of 8g, 
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COOH 

H 2 ^ 

COOH 

H,N> 
r ^ 

N 
f T ^CH 2 C00Et 

rj C6H5P0C12 

CH,C00Ef 

H 

CH3NH2aq. 
HN M^ , 0 

-CH2COOEt \CH 2 C0NHCH 3 

Scheme 2 

Table 1 Yields and some physical properties of 5,5'-methylenebis(6-methyl-

aminouraails) 3 and 5 

Compd. 

3b 

3c 
3d 
3e 

3f 
5a 

5b 

5c 
5d 

R 

CI 

N02 

p-N02-C6H4 

p-Cl-C6H4 

C6H5 
F 

Cl 

N02 

p-N02-C6H4 

Yield 

(%) 

92 
88 

90 

70 

84 
86 

99 

88 
94 

mp 

°C 

300-302 dec 

302-305 dec 

303 dec 

307-309 dec 

286-288 dec 

237-240 

> 245 dec 

243-245 dec 

295-298 dec 

279-280 dec 

5* 

5.30 

5.43 

5.39 

5.62 

(trifluoroacetic 

acid) 

5.40 

5.40 

5.45 

5.48 

5.46 

* Chemical shifts (in parts per million relative to TMS) of methine protons of 

3 and 5 in DMS0, unless otherwise stated. 
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which was converted into compound 9g by hydrolysis. Compounds 9h,i were 

obtained by means of reductive hydrolysis of 8c,d, using tin powder in concen

trated hydrochloric acid. By diazotization of 9h with sodium nitrite in con

centrated hydrochloric acid, followed by coupling with w,jv-di methyl am'line, the 

highly-coloured compound 10 was obtained. Spectral and analytical data are in 

agreement with the corrsponding structures (Table 2 ) . 

sa-d 

DAD 

8 Q-d 

(CH3)2N 

12 N HCl 

[8 b-d] 

CH2C0NHCH3 \ (CH3)2NHaq. 12N HCl 
v 8 g • 9 g 

9 b-d 

[8 c,d] 

N ^ N 

9 h, i —i 

[9 h] 

1. NQN02 ,12N HCl 

2. (CH3)2NCSH5, 

NaOAc 

a b c 

F Cl N02 p-N02-C6H4 (CH3)2N NH2 p-NH2-C6H4 

Scheme 3 

3.3 EXPERIMENTAL 

The -̂H-nmr spectra were obtained with a Hitachi Perkin Elmer R-24B, a Varian 

EM 390 or a Bruker CXP-300 spectrometer operating at 300 MHz, using tetra-

methylsilane as an internal standard. Mass spectra were recorded on a Kratos MS 

9 instrument. The uv-visible spectra were obtained with a Beekman DU-7 spectro

photometer. Melting points were uncorrected. Silica gel GF plates were used for 
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analytical thin layer chromatography. 

4 '-Chlorobiphenyl-4-aarboxaldehyde (2e). 

Under stirring 1.3 ml of titanium chloride was added dropwise to a solution 

of 1 g of 4-chlorobiphenyl in 6 ml of dichloromethane at a temperature of 2'. 

Over a period of 30 minutes 0.6 ml of dichloromethyl methyl ether was added at 

the same temperature. The mixture was stirred overnight at room temperature and 

then poured onto crushed ice. Chromatography on silica gel 60 using toluene as 

eluent gave a product that by recrystallizatlon from a mixture of ethanol-water 

(4:1) yielded 0.65 g (57%) of colorless needles, mp >110' dec; nmr (60 MHz, 

deuteriochloroform): 7.33 (d, 2H, Ar'H), 7.51 (d, 2H, Ar'H), 7.60 (d, 2H, 

ArH), 7.87 (d, 2H, ArH), 9.94 (s, 1H, CH0); ms: m/e 216/218 (M+). 

Anal. Calcd. for C13H9C10: C, 72.06; H, 4.19. Found: C, 71.71; H, 3.95. 

Table 2 Yields and some physical properties of 5-deazaflavins 8, 9 and 10 

Compd. 

8a 
8b 

8c 
8d 

8g 

9b 

9c 
9d 

9g 
9h 
9i 
10 

R 

F 

Cl 

N02 

p-N02-C6H4 

(CH3)2N 

CI 

N02 

p-N02-C6H4 

(CH3)2N 

NH2 

p-NH2-C6H4 

p-(CH3)2N-C6H4-N=N 

Yield 

[%) 

43 
42 
70 
62 

85 
70 

75 
76 

92 
73 
61 
64 

mp 

°C 

335-340 dec 

345-350 dec 

>350 

>350 

347-349 dec 

330-330.5 dec 

320-324 dec 

348-350 dec 

305-308 dec 

>325 dec 

313-315 dec 

>350 

S* 

9.71 

9.75 

9.87 

9.82 

9.04 

9.09 

9.16 

9.12 

8.77 

8.53 

8.93 

9.07 

*m a x/nm (log e ) * * 

420 (4.04) 

453 sh (3.85) 

435 sh (4.18) 

443 (4.74) 

430 (4.74) 

455 (4.52) 

530 (4.64) 

* Chemical shifts (in parts per million relative to TMS) of C-5 protons of 8 

in trifluoroacetic acid and of 9 and 10 in DMS0. 

** Absorption maximum of 9 and 10 in DMS0; sh=shoulder. 
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5,5'-Avylmethylenebis(6-methylaminouvaeile) 3b-f. 

General procedure. A mixture of 0.01 mole of 6-methylaminouracil (1) [5], 

0.015 mole of arylaldehyde, and 100 ml of acetic acid was stirred at 90° for 5 

hours. After cooling, the mixture was concentrated, the solid product obtained 

was washed with ether or ethanol, and recrystallized from DMS0. 

5,5 '-^-Chlorophenylmetkylenebisi 6-methylaminouvaail) (3b). 

Yield 1.86 g (92%) of white plates, mp 300-302* dec; nmr (60 MHz, DMS0-

-d 6 ): 62.78 (br d, 6H, C(6)NCH3, C(6')NCH3), 5.30 (s, 1H, C(5,5*)H), 6.97 (d, 

2H, ArH), 7.19 (d, 2H, ArH), 7.97 (br s, 2H, C(6)NH, C(6')NH), 10.39 and 10.47 

(br s, 4H, 4xNH); field desorption ms: m/e 404/406 (M+), 263 (cluster), 141. 

Anal. Calcd. for C17H17C1N604: C, 50.44; H, 4.23. Found: C, 50.16; H, 4.52. 

5,5 ''-p-Nitvophenylmethylenebis('6-methylaminouvaoil) (3a). 

Yield 1.91 g (88%) of pale-yellow plates, mp 302-305* dec; nmr (60 MHz, 

DMS0-d6): 6 2.82 (br d, 6H, C(6)NCH3, C(6')NCH3), 5.43 (s, 1H, C(5,5')H), 7.35 

(d, 2H, ArH), 8.09 (d, 2H, ArH), 8.1 (br s, 2H, C(6)NH, C(6')NH), 10.69 and 

10.78 (br s, 4H, 4xNH); field desorption ms: m/e 415 (M+), 274 (cluster), 141. 

Anal. Calcd. for C17H17N706.1H20: C, 47.11; H, 4.42. Found: C, 47.18; H, 4.26. 

5,5 '-[4 '-Nitro-1,1 '-biphenylJ-4-ylmethylenebis(6-methylarrri.nouraeil) (3d). 

Yield 2.21 g (90%) of pale-yellow needles, mp 303* dec; nmr (90 MHz, DMS0-

-d 6 ): 6 2.81 (br s, 6H, C(6)NCH3, C(6')NCH3), 5.39 (s, 1H, C(5,5')H), 7.20 (d, 

2H, ArH), 7.64 (d, 2H, ArH), 7.93 (d, 2H, Ar'H), 8.1 (br s, 2H, C(6)NH, 

C(6')NH), 8.29 (d, 2H, Ar'H), 10.53 (br s, 4H, 4xNH); field desorption ms: m/e 

491 (M+), 350 (cluster), 141. 

Anal. Calcd. for C23H2]N706: C, 56.21; H, 4.31. Found: C, 56.35; H, 4.62. 

5,5 ' ' -[4' ' -Chlovo-1,1'-biphenylJ-4-ylmethylenebis(6-methylaminouraail) (3B). 

Yield 1.68 g (70%) of white plates, mp 307-309* dec; nmr (90 MHz, tri-

fluoroacetic acid): 6 3.16 (s, 6H, C(6)NCH3, C(6')NCH3), 5.62 (br s, 1H, 

C(5,5')H), 7.44 (d, 2H, ArH), 7.5 (br s, 2H, C(6)NH, C(6')NH), 7.61 (d, 2H, 

ArH), 7.81 (d, 2H, Ar'H), 8.09 (d, 2H, Ar'H); field desorption ms: m/e 480/482 

(M+), 339 (cluster), 141. 

Anal. Calcd. for C23H21C1N604: C, 57.44; H, 4.40. Found: C, 57.39; H, 4.24. 

5,5'-[l,l '-Biphenyl]-4-ylmethylenebis(6~methylaminouvacil) (3f). 

Yield 1.87 g (84%) of white plates, mp 286-288* dec; nmr (90 MHz, DMS0-
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- d 6 ) : 6 2.82 (br d, 6H, C(6)NCH3, C(6')NCH3), 5.40 (s, 1H, C(5,5')H), 7.15 (d, 

2H, ArH), 7.41 (d, 2H, ArH), 7.47-7.77 (m, 5H, Ar'H), 7.8 (br s, 2H, C(6)NH, 

C(6')NH), 10.53 and 10.59 (br s, 4H, 4xNH); field desorption ms: m/e 446 (M+), 

305 (cluster), 141. 

Anal. Calcd. for C23H22N604: C, 61.87; H, 4.97. Found: C, 61.97; H, 5.07. 

~H-Eth.oxyaar>bonylmethylbarbituria aeid (6). 

209 g of ff-ethoxycarbonylmethylureum [6] and 167 g of malonic acid were 

dissolved in 300 ml of glacial acetic acid at 60°. With stirring 294 ml of 

acetic anhydride was added in 2 hours at 70". After addition the temperature 

was raised to 90" in 3 hours and stirring was continued for another 3 hours. 

The acetic acid and the acetic anhydride were removed in vacuo. The solid was 

recrystallized twice from ethanol to give 152 g (50%) of pale-yellow plates , 

mp 134.5-135"; nmr (60 MHz, DMS0-d6): <5 1.21 (t, 3H, ethyl CH3), 3.82 (br s, 

2H, 2C(5)H), 4.14 (q, 2H, ethyl CH2), 4.44 (s, 2H, NCH2), 11.72 (br s, 1H, 

N(l)H); ms: m/e 214 (M+). 

Anal. Calcd. for C8H10N205: C, 44.86; H, 4.71. Found: C, 44.92; H, 4.46. 

6-Chloro-3-ethoxyaavbonylmethyluvaail (7). 

152 g of 6 were dissolved in 130 ml of phenylphosphorus oxychloride at 150* 

(oil bath) and the solution was stirred for 20 minutes at the same temperature. 

After cooling the mixture was poured onto 1 kg of crushed ice and neutralized 

with 10% ammonia. The precipitate was filtered off and the filtrate was 

extracted with chloroform. From the chloroform layer an additional amount of 7 

was obtained. Both portions were combined and recrystallized from 

dichloromethane-petroleum ether (60/80) to give 115 g (70%) of pale-yellow 

plates, mp 152-154'; nmr (60 MHz, deuteriochloroform): 5 1.28 (t, 3H, ethyl 

CH3), 4.22 (q, 2H, ethyl CH2), 4.63 (s, 2H, N(3)CH2), 5.91 (s, 1H, C(5)H), 

10.20 (br s, 1H, N(l)H); ms: m/e 232/234 (M+). 

Anal. Calcd. for CgH9ClN204: C, 41.30; H, 3.90. Found: C, 41.32; H, 3.60. 

6-Methylamino-3-(ti-methylaarbamoylmethyl)uvaail (4). 

A mixture of 113 g of 7 and 1 1 of 40% aqueous methylamine was stirred at 

reflux for 48 hours. After cooling, the mixture was concentrated in vacuo to a 

small volume and neutralized with 3N hydrochloric acid. The solid was collected 

on a filter, washed with water and recrystallized twice from methanol to give 

63 g (61%) of pale plates, mp 290-293" dec; nmr (90 MHz, DMS0-d6): 5 2.57 (d, 

3H, CONCH3), 2.67 (d, 3H, C(6)NCH3), 4.24 (s, 2H, N(3)CH2), 4.52 (s, 1H, 
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C(5)H), 6.14 (br q, 1H, C(6)NH), 7.82 (br q, 1H, CONH), 10.12 (br s, 1H, 

N(l)H); ms: m/e 212 (M+). 

Anal. Calcd. for CgH12N403: C, 45.28; H, 5.70. Found: C, 45.16; H, 5.59. 

5,5 '-Arylmethylenebis[6-methylamino-3-(ïi-methylear>bamoylrnethyl)uT>aail8] Sa-d. 

General procedure. A mixture of 0.05 mole of 4, 0.075 mole of arylaldehyde, 

and 250 ml of ethanol was stirred at reflux for 72 hours. A precipitate was 

obtained, which was collected on a filter, washed with ethanol, and purified by 

stirring in ethanol at reflux, followed by hot filtration. 

5, 5 ''-•p-Fluorophenylmethylenebis['6-methylamlno-Z- (N-methylear>bamoylmethyl)-

uvaoil] (Sa). 

Yield 12.2 g (86%) of white plates, mp 237-240°, >245° dec; nmr (90 MHz, 

DMS0-d6): 6 2.63 (br s, 6H, 2X CONCH3), 2.80 (br s, 6H, C(6)NCH3, C(6*)NCH3), 

4.35 (s, 4H, N(3)CH2, N(3')CH2), 5.40 (s, 1H, C(5,5')H), 6.70-7.27 (m, 4H, 

ArH), 7.81 (br s, 4H, 4xNH), 10.76 (br s, 2H, N(1)H, N(l')H); field desorption 

ms: m/e 530 (M+), 318 (cluster), 212. 

Anal. Calcd. for C23H27FN806.2H20: C, 48.76; H, 5.52. Found: C, 48.94; H, 5.57. 

5, 5 '-p-ChlorophenylmethylenebisE6-methylamino-3- (^-methylaarbamoylmethyl)-

uvaaiXl (Sb). 

Yield 13.5 g (99%) of white needles, mp 243-245° dec; nmr (60 MHz, DMSO-

-d 6 ): 6 2.62 (d, 6H, 2xCONCH3), 2.83 (br d, 6H, C(6)NCH3, C(6')NCH3), 4.37 (s, 

4H, N(3)CH2, N(3')CH2), 5.45 (s, 1H, C(5,5')H), 7.25 (s, 4H, ArH), 7.8 (br s, 

2H, C(6)NH, C(6*)NH), 7.90 (br q, 2H, 2xC0NH), 10.93 (br s, 2H, N(1)H, N(l')H); 

field desorption ms: m/e 546/548 (M+), 334 (cluster), 212. 

Anal. Calcd. for C23H27ClNg06: C, 50.50; H, 4.98. Found: C, 50.74; H, 5.05. 

5,5 '—p-ïHtvophenylmethylenebis[6-methylamino-3-(N-methylcarbamoylmethyl)-

uraeil] (Se). 

Yield 13.9 g (88%) of pale-yellow needles, mp 295-298° dec; nmr (90 MHz, 

DMS0-d6): 62.60 (d, 6H, 2xC0NCH3), 2.80 (br d, 6H, C(6)NCH3, C(6*)NCH3), 4.35 

(s, 4H, N(3)CH2, N(3')CH2), 5.48 (s, 1H, C(5,5*)H), 7.38 (d, 2H, ArH), 7.8 (br 

s, 2H, C(6)NH, C(6')NH), 7.84 (br q, 2H, 2xC0NH), 8.04 (d, 2H, ArH), 10.84 (br 

s, 2H, N(1)H, N(l')H); field desorption ms: m/e 557 (M+), 345 (cluster), 212. 

Anal. Calcd. for C23H27N90g.4H20: C, 43.87; H, 5.60. Found: C, 43.81; H, 5.38. 
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5,5 '-14 '-ïlitvo-1,1 '-biphenyl]-4-ylmethylenebis[6-methylamino-3-(N-methyl-

eavbamoylmethyl)uracil] (5d). 

Yield 14.9 g (94%) of pale-yellow plates, mp 279-280° dec; nmr (90 MHz, 

DMS0-d6): 6 2.59 (d, 6H, 2xCONCH3), 2.82 (br s, 6H, C(6)NCH3, C(6')NCH3), 4.33 

(s, 4H, N(3)CH2, N(3')CH2), 5.46 (s, 1H, C(5,5*)H), 7.24 (d, 2H, ArH), 7.63 (d, 

2H, ArH), 7.79 (br s, 4H, 4xNH), 7.91 (d, 2H, Ar'H), 8.28 (d, 2H, Ar'H), 10.79 

(br s, 2H, N(1)H, N(l')H); field desorption ms: m/e 633 (M+), 421 (cluster), 

212. 

Anal. Calcd. for C29H31N908: C, 54.97; H, 4.93. Found: C, 54.56; H, 5.22. 

8-Fluoro-l 0-methyl-3- (N-methylearbamoylmethyl ) pyrn-mido[4,5-b]quinoline-

2,4(3üJ10ü)-dione (8a). 

A mixture of 1 g of 5a, 1.1 ml of DAD, and 0.8 ml of sulfolane was stirred 

at 110° (oilbath) under nitrogen for 20 hours. After cooling, the mixture was 

diluted with ethanol, and allowed to stand overnight at room temperature. The 

solid was collected on a filter, washed with ethanol and ether, and recrystal-

lized from DMSO to give 0.24 g (43%) of pale-yellow needles, mp 335-340* dec; 

nmr (90 MHz, trifluoroacetic acid): <5 2.96 (br s, 3H, C0NCH3), 4.48 (s, 3H, 

N(10)CH3), 5.03 (s, 2H, N(3)CH2), 7.34-8.13 (m, 3H, CONH, C(7)H, C(9)H), 8.30-

8.66 (m, 1H, C(6)H), 9.71 (s, 1H, C(5)H); ms: m/e 316 (M+). 

Anal. Calcd. for C15H13FN403: C, 56.96; H, 4.14. Found: C, 56.96; H, 4.43. 

8-Chloro-10-methyl-3-(N-methylcavbamoylmethyl)pyrimido[4,5-b]quinoline-

2,4(3K,10U)-dione (8b). 

A mixture of 1.5 g of 5b, 1.5 ml of DAD, and 1.5 ml of sulfolane was stirred 

at 120* (oilbath) under nitrogen. After 2 hours 1 ml of DAD and after 5 hours 1 

ml of sulfolane was added. Stirring was continued for 10 hours. The work-up was 

similar to that of 8a, yielding 0.40 g (42%) of pale-yellow needles, mp 345-

350° dec; nmr (90 MHz, trifluoroacetic acid): & 3.05 (d, 3H, C0NCH3), 4.54 (s, 

3H, N(10)CH3), 5.07 (s, 2H, N(3)CH2), 7.60 (br s, 1H, CONH), 8.03 (dd, 1H, 

C(7)H), 8.37 (d, 1H, C(9)H), 8.42 (d, 1H, C(6)H), 9.75 (s, 1H, C(5)H); ms: m/e 

332/334 (M+). 

Anal. Calcd. for C15H13C1N403.1H20: C, 51.36; H, 4.31. Found: C, 51.70; H, 

4.31. 

8-Nitvo-10-methyl-3-('S-methylaarbamoylmethyl)pyrimido[415-b]quinoline-

2,4(3R,10B.)-dione (8c). 

A mixture of 2 g of 5c, 4 ml of DAD, and 1 ml of sulfolane was stirred at 
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150° (oilbath) under nitrogen for 16 hours. The work-up was similar to that of 

8a, yielding 0.76 g (70%) pure 8c, yellow needles, mp >350*; nmr (90 MHz, tri-

fluoroacetic acid): S 3.03 (d, 3H, CONCH3), 4.67 (s, 3H, N(10)CH3), 5.07 (s, 

2H, N(3)CH2), 7.62 (br s, 1H, C0NH), 8.73 (s, 2H, C(6)H, C(7)H), 9.26 (s, 1H, 

C(9)H), 9.87 (s, 1H, C(5)H); ms: m/e 343 (M+). 

Anal. Calcd. for (^5^3^05: C, 52.48; H, 3.82. Found: C, 52.36; H, 4.07. 

8-p-Nitvophenyl-10-methyl-3-(N-methyleavbamoylmethyl)pyri.mido[4,5-b]quinoline-

2,4(3YL,10M)-dione (8d). 

A mixture of 1 g of 5d, 1.5 ml of DAD, and 0.5 ml of sulfolane was stirred 

at 150° (oilbath) under nitrogen for 4 hours. The work-up was similar to that 

of 8c, yielding 0.41 g (62%) of yellow needles, mp >350°; nmr (90 MHz, tri-

fluoroacetic acid): 6 3.05 (d, 3H, CONCH3), 4.66 (s, 3H, N(10)CH3), 5.09 (s, 

2H, N(3)CH2), 7.63 (br s, 1H, C0NH), 8.06 (d, 2H, ArH), 8.32 (d, 1H, C(7)H), 

8.42-8.70 (m, 4H, ArH, C(6)H, C(9)H), 9.82 (s, 1H, C(5)H); field desorption ms: 

m/e 419 (M+). 

Anal. Calcd. for C21H17N505: C, 60.14; H, 4.09. Found: C, 59.90; H, 3.91. 

8-Dimethylamino-10-methyl-3-(N-methyloarbamoylmethyl)pyrimido[4,5-b]quinoline-

2,4(3n,10n)-dione (8g). 

A mixture of 0.50 g of 8a and 6 ml of 40% aqueous dimethylamine was stirred 

at reflux for 2 hours. After cooling, the solid was collected on a filter, 

washed with water, and recrystallized from DMSO to give 0.46 g (85%) of yellow 

plates, mp 347-349' dec; nmr (90 MHz, trifluoroacetic acid): « 3.03 (br s, 3H, 

CONCH3), 3.46 (s, 6H, N(CH3)2), 4.23 (s, 3H, N(10)CH3), 5.04 (s, 2H, N(3)CH2), 

6.86 (br s, 1H, C(9)H), 7.42 (br d, 1H, C(7)H), 7.57 (br s, 1H, CONH), 8.02 (d, 

1H, C(6)H), 9.04 (s, 1H, C(5)H); field desorption ms: m/e 341 (M+). 

Anal. Calcd. for C17H19N503: C, 59.81; H, 5.61. Found: C, 59.51; H, 5.85. 

Refluxing a mixture of 8b and 40% aqueous dimethylamine for 10 hours gave 

the same product, although in lower yield (65%). 

8-Chloro-10-methyl-3-oar>boxymethylpyrirrtido[4,5-b]quiiwline-2,4(3ü,10R)-dione 

(9b). 

A solution of 0.40 g of 8b in 15 ml of concentrated hydrochloric acid was 

stirred at reflux for 12 hours. After cooling, the mixture was neutralized with 

6N sodium hydroxide. The solid was collected on a filter, washed with water, 

and recrystallized from DMSO to give 0.27 g (70%) of yellow plates, mp 330-

330.5" dec; nmr (90 MHz, DMS0-d6): 6 4.04 (s, 3H, N(10)CH3), 4.55 (s, 2H, 
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N(3)CH2), 7.61 (dd, 1H, C(7)H), 8.08 (d, 1H, C(9)H), 8.25 (d, 1H, C(6)H), 9.09 

(s, 1H, C(5)H); field desorption ms: m/e 319/321 (M+). 

Anal. Calcd. for C14H10C1N304.1H20: C, 49.79; H, 3.58. Found: C, 49.58; H, 

3.32. 

8-Nitvo-l 0-methyl-3-eavboxymethylpyvimido[4, 5-b]quinoline-2, 4(3R,10K) -dione 

(9e). 

A solution of 0.25 g of 8c in 8 ml of concentrated hydrochloric acid was 

stirred at reflux for 12 hours. After cooling, the solution was filtrated and 

poured on crushed ice. The solid was collected on a filter, washed with water 

and recrystallized from DMSO to give 0.18 g (75%) of yellow needles, mp 320-

-324' dec; nmr (90 MHz, DMS0-d6): 6 4.15 (s, 3H, N(10)CH3), 4.56 (s, 2H, 

N(3)CH2), 8.26 (br d, 1H, C(7)H), 8.47 (d, 1H, C(6)H), 8.63 (br s, 1H, C(9)H), 

9.16 (s, 1H, C(5)H); field desorption ms: m/e 330 (M+). 

Anal. Calcd. for C14H1QN406: C, 50.91; H, 3.05. Found: C, 50.67; H, 2.79. 

S-p-Nitrophenyl-l 0-methyl-3-oavboxymethylpyvimido[4, 5-b]quinoline-2, 4(311,10S.)-

dione (9d). 

A mixture of 0.35 g of 8d and 10 ml of concentrated hydrochloric acid was 

stirred at 100° (oilbath) for 24 hours. After cooling, the solid was collected 

on a filter, washed with water, and recrystallized from DMSO to give 0.28 g 

(76%) of yellow needles, mp 348-350" dec; nmr (90 MHz, DMS0-d6): « 4.17 (s, 

3H, N(10)CH3), 4.54 (s, 2H, N(3)CH2), 7.96 (d, 1H, C(7)H), 8.13-8.47 (m, 6H, 

ArH, C(6)H, C(9)H), 9.12 (s, 1H, C(5)H); field desorption ms: m/e 406 (M+). 

Anal. Calcd. for C20H14N406.2H20: C, 54.30; H, 4.10. Found: C, 54.11; H, 4.29. 

8-Dimethylamino-l 0-methyl-3-aarboxymeth.ylpyvirrn.doC4, 5-b 1' quinoline-2, 4(311, lOtt)-

dione (9g). 

0.42 g of 8g was hydrolysed as described for 8b. Recrystallization of the 

product from DMSO yielded 0.39 g (92%) of yellow prisms, mp 305-308° dec; nmr 

(300 MHz, DMS0-d6): 6 3.27 (s, 6H, N(CH3)2), 4.04 (s, 3H, N(10)CH3), 4.47 (s, 

2H, N(3)CH2), 6.66 (d, 1H, C(9)H), 7.13 (dd, 1H, C(7)H), 7.99 (d, 1H, C(6)H), 

8.77 (s, 1H, C(5)H); field desorption ms: m/e 328 (M+). 

Anal. Calcd. for C16H16NA04.1H20: C, 55.48; H, 5.24. Found: C, 55.66; H, 5.10. 

8-Amino-l 0-methyX-Z-aavboxymethylpyvimido[4, 5-b] quinoline-2, 4(311, KM.) -dione 

(Sh). 

A solution of 1.5 g of 8c in 10 ml of concentrated hydrochloric acid was 
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stirred at room temperature and 1.0 g of tin powder was added in small por

tions. The mixture was stirred at reflux for 48 hours. After cooling, the solid 

was collected on a filter, washed with IN hydrochloric acid and water, and 

recrystallized from DMSO to give 0.96 g (73%) of yellow needles, mp >325* dec; 

nmr (90 MHz, DMS0-d6): & 3.84 (s, 3H, N(10)CH3), 4.52 (s, 2H, N(3)CH2), 6.68 

(br s, 1H, C(9)H), 6.82 (br d, 1H, C(7)H), 7.13 (br s, 2H, NH2), 7.75 (d, 1H, 

C(6)H), 8.53 (s, 1H, C(5)H); field desorption ms: m/e 300 (M+). 

Anal. Calcd. for CuH1 2N404: C, 56.00; H, 4.03. Found: C, 55.70; H, 4.28. 

8-p-Aminophenyl-10-methyl-3-aarboxymethylpyrimido[4,5-b]quinoline-2,4(3ä,10S.)-

dione (9i). 

A solution of 63 mg of 8d in 2 ml of concentrated hydrochloric acid was 

stirred at room temperature and 38 mg of tin powder was added. The mixture was 

stirred at reflux for 20 hours and worked up as described for 9h yielding 36 mg 

(61%) of red needles, mp 313-315° dec; nmr (90 MHz, DMS0-d6): 6 4.11 (s, 3H, 

N(10)CH3), 4.52 (s, 2H, N(3)CH2), 6.71 (d, 2H, ArH), 7.53-7.98 (m, 4H, ArH, 

C(7)H, C(9)H), 8.11 (d, 1H, C(6)H), 8.93 (s, 1H, C(5)H); field desorption ms: 

m/e 376 (M+). 

Anal. Calcd. for C20H16N404.1H20: C, 60.91; H, 4.60. Found: C, 60.66; H, 4.83. 

8- (' p-Dimethylaminophenyl)aso-10-metkyl-3-aavboxymethylpyvimido[4,5-hJquinoline-

2,4(3R,10H)-dione (10). 

A mixture of 1.0 g of 9h and 20 ml of concentrated hydrochloric acid was 

stirred at -5" and a solution of 1.5 g of sodium nitrite in 10 ml of water was 

added dropwise. Stirring was continued for 45 minutes after which excess nitric 

acid was destroyed with urea. While the temperature was kept between -5° and 

0°, a solution of 0.5 ml of N, ff-dimethylaniline in 5 ml of concentrated 

hydrochloric acid was added dropwise, after which stirring was continued for 3 

hours. Next the pH was adjusted to 6 with sodium acetate and the mixture was 

allowed to stand overnight at 5°. The solid was collected on a filter, washed 

with water and ethanol, and recrystallized from DMSO to give 1.0 g (64%) of 

green-purple needles, mp >350°; nmr (300 MHz, DMS0-d6): 6 3.12 (s, 6H, 

N(CH3)2), 4.15 (s, 3H, N(10)CH3), 4.49 (s, 2H, N(3)CH2), 6.89 (d, 2H, ArH), 

7.89 (m, 3H, ArH,(7)H), 8.17 (s, 1H, C(9)H), 8.31 (d, 1H, C(6)H), 9.07 (s, 1H, 

C(5)H); field desorption ms: m/e 432 (M+). 

Anal. Calcd. for C22H20N604.2H20: C, 56.40; H, 5.16. Found: C, 56.72; H, 5.41. 
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(br d, 3H, C(6)NCH3), 3.73-4.37 (m, 10H, N(3)CH2, 4x ethyl CH2); ms: only 
signals from thermolysis products were observed. Anal. Calcd. for 
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Figure 1. 

These findings suggest a cyclization mechanism, in which two molecules of 
DAD are involved instead of one, as postulated earlier. 
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THE HALF-WAVE POTENTIALS OF 8-SUBSTITUTED 5-DEAZAFLAVINS. POLAROGRAPHIC 

DETERMINATION OF THE DISSOCIATION CONSTANTS OF SOME 8-SUBSTITUTED 5-DEAZA-

FLAVOSEMIQUINONES 

4.1 INTRODUCTION 

5-Deazaflavin has been applied as a photocatalyst in the reduction of a wide 

var iety of b io logical redox systems [ 1 , 2 ] . I t s app l ica t ion, however, has 

serious drawbacks since continuous UV i r rad ia t ion i s required to dr ive the 

process and the energy of the required wavelength (300-400 nm) destroys the 

protein with t ime. To avoid photodestruction of the protein we have synthesized 

a number of 5-deazaflavins l a -g, which feature a chromophoric group at the C(8) 

ĈH,COOH 

CI 

NO 2 

p-N02-

(CH3)2N 
NH2 

p-NH2-

1-lCHj 

•C6Ht 

-C6H4 

2 N-C 6 H t --N= =N 

la-g 

posit ion of the 5-deazaisoalloxazine skeleton, causing the absorption maximum 

to undergo a red s h i f t , and a carboxymethyl group at the N(3) posit ion 

increasing the so l ub i l i t y of 5-deazaflavins i n aqueous media, in which 

photoreduction of redox enzymes is carr ied out [ 3 , 4 ] . 

Because 8-hydroxy-5-deazaflavin has been found in nature as part of F-420, 

I.e. the coenzyme of methane producing bacteria [ 5 , 6 ] , several 8-substi tuted 5-

deazaflavins have been synthesized as model compounds. Their UV spectroscopic 
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data and redox properties have been examined and found to be very sensit ive to 

the e lectronic influence of the substituents [ 7 , 8 ] . 

The present report i s concerned with the redox properties of a new set of 8-

subst i tuted 5-deazaflavins, i.e. 8 - ch lo ro - ( la ) , 8 - n i t r o - ( l b ) , 8-p-ni trophenyl-

( l c ) , 8-dimethylamino-(ld), 8-amino-( le), 8-p-aminophenyl-(lf) and 8-(p-

dimethyl aminophenyl)azo-5-deazaflavin ( l g ) . The mechanism proposed [2,9,10] fo r 

the photoreduction of enzymes with 5-deazaflavin act ing as a photocatalyst, 

implies the formation of the 5-deazaflavosemiquinone r ad i ca l . Because of the 

high r eac t i v i t y and very low redox potent ial of the r ad i ca l , i t i s possible to 

reduce a wide var iety of enzymes wi th ca ta l y t i c quant i t ies of 5-deazaflavin. To 

invest igate the e f fect of the substi tuent at the C(8) posi t ion on the reducing 

power of the r ad ica l , we wanted to determine the hal f-wave potent ia ls (E^) of 

our 5-deazaflavins by d i f f e ren t i a l pulse polarography. 

In add i t ion , the substi tuent e f fects on the d issociat ion contants of the 5-

deazaflavosemiqui nones have been determined from these Polarographie data. 

4.2 RESULTS AND DISCUSSION 

Determination of E\- f o r the radical formation step of 5-deazaflavins 

containing a reducible group at C(8) as in l b , c ,g i s not possible because 

reduction of the group a t C(8) takes place at a less negative potent ial than 

reduction of the 5-deazaisoalloxazine skeleton. This i s exemplified by 

comparison of the electrochemical reduction of l b and l e at d i f fe ren t pH values 

(Table I ) . 

Table I Comparison of half-wave potentials of 5-deazaflavins lb and le at 

different pH values (in mV vs ME) 

pH 1.90 7.00 9.00 

Comp. 

l b 

le - 715 - 1000 - 1060 

160 
435 
710 

- 165 

- 835 

- 1005 

- 260 

- 840 

- 1070 
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As can be seen from Table I, the polarogram of lb shows two peaks at less 

negative potential corresponding to the reduction of the nitro group in two 

steps, followed by a peak at the same potential as obtained for le. The same 

reduction sequence is observed with lc and lg, respectively, i.e. primarily 

reduction of the nitro and azo function, respectively, followed by reduction of 

the 5-deazaisoalloxazine skeleton with the yet reduced substituent at C(8). 

E% values for compounds la,d,e,f are obtained directly (Table II). The 

results show the large effect of the substituent at C(8) on the S L value of the 

5-deazaf1avi n/5-deazaf1avosemi qui none couple. 

Table II Half-wave potentials (EiJ at different pH values, 

potentials (£Q) and pKi and pK« values of 5-deasaflavine 
standard 

Compd. pH Ei*, mV vs.NHE EQ*, mV vs.NHE p ^ px2 

la 

Id 

le 

If 

* + 

1.90 

7.00 

9.00 

1.90 

7.00 

9.00 

1.90 

7.00 

9.00 

1.34 

6.22 

7.00 

8.14 

9.65 

10 mV 

-510 

-740 

-745 

-775 

-1030 

-1135 

-715 

-1000 

-1060 

-635 

-880 

-915 

-950 

-960 

-395 1.0+0.2 5.9+0.2 

-615 2.7+0.3 9.3+0.8 

-581 2.2+0.2 8.2+0.3 

-513 2.0+0.2 7.5+0.2 

The E^ values shift to more negative values with increasing electron 

donating character of the substituents. A similar effect has been found in 

studies on the rate of reduction and reoxidation of 8-substituted 5-deaza-

flavins [7c]. It was also found that the E^ values are pH dependent (Table II). 

This can be explained [11] by the electrode reaction represented by eq 1, in 
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which "dFlox" stands fo r oxidized 5-deazaflavin and "HdFl " for 5-deazaflavo-

semiqui none, protonated a t N ( l ) . 

dFlox + H+ + l e " > HdFl' (1) 

The Nernst re lat ionship of t h is redox couple i s expressed in eq 2. 

RT [dFlox] [H+ ] 

E = E 0 + — In . (2) 
F [HdFl ] 

Both the oxidized and semiquinone species have a dissociation equilibrium 

K\ . K9 
HdF1ox+

; — > H + + dFlox HdFl. — > H + + dFl 

The mass action expressions are given in eq 3, with 

[H+] [dFlox] [H+] [dFl'"] 

Xx = K2 = ( 3 ) 
[HdFlox+] [HdFl ' ] 

K^ and ^2 being dissociat ion constants. Ac t i v i t y e f fects are neglected. 

According to the d issociat ion equ i l i b r i a in eq 3 both the oxidized and semi-

quinoide substance can be present in the protonated and deprotonated form. This 

leads to the expressions in eq 4 for the to ta l concentrations of the oxidized 

and one-electron reduced species, 

[ dF lox ] t = [dFlox] + [HdFlox+] [ H d F l ' ] t = [ H d F l ' ] + [ d F l ' " ] (4) 

Values of the concentrations [dFlox] and [HdFl"] i n eq 2 are obtained from eq 3 

and eq 4 , 

X i [ dF lox ] t [ HdF l ' ] t [H
+ ] 

[dFlox] = _ 1 [HdFl ] = , (5) 
Kx + [H+] K2 + [H+] 

Substitution of eq 5 into eq 2 leads to eq 6 and eq 7, 
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RT [ d F l ox ] t RT ^([H"1"] + K2) 
E = EQ + — In + — In ( 6 ) 

F [HdFl ] t F KX + [H+] 

RT [ dF1ox] t RT X1([H+] + K2) 
— 1 n wi th £ L = E0 + — In 
F [HdFl']t F XX + [H+] 

where E0 in eq 6 is the pH independent Standard reduction potential of the 
redox couple dFlox/HdFl and E% in eq 7 is the hal f-wave potential measured for 
a given 5-deazaflavin and is pH dependent. As can be seen from eq 7, E% is not 
only defined by E0 and [H+], but also by the dissociation constants Kj and K2-
This leads to the conclusion that measurement of a as function of the hydrogen 
ion concentration provides a method for calculating the dissociation constant 
K2. This is exemplified by calculation of K2 of 5-deazaflavin If. It is easy to 
understand that eq 7 reduces to eq 8a-c for restricted hydrogen ion concentrat
ions as indicated and with the reasonable assumption that Xj is much larger 
than K2. 

RT Xi[H+] 
Eh = E0 + — In [H+] s K, or [H+] > X, (8a) 

F K1 + [H+] 

E^ = EQ + — In [H+] Kx » [H+] » K2 (8b) 
F 

E, = E0 + — In ([H+] + Kz) [H+] =K2 or [H+] < Kz (8c) 
F 

From measurements of E% a t a pH value below p/q (the values of pKj have been 

determined spectrophotometrically) and use of eq 8a, a value for EQ of -512 mV 

has been calculated for 5-deazaflavin I f . To calculate Kz, E% i s measured at 

such a pH value that eq 8c can be used. However, as Kz i s unknown, i t i s 

d i f f i c u l t to choose the appropriate pH beforehand. By t r i a l and error we have 

found that in case of I f the E^ value obtained at pH 9.65 d i f f e r s d i s t i n c t l y 

from the value calculated according to eq 8b. This i s cer ta in ly caused by the 

par t i c ipa t ion of the dissociat ion of the 5-deazaflavosemiqui none in the overal l 

electrode react ion, eq 8c being va l id as a r esu l t . Applying now 8c we have 

calculated a <pK2 value of 7.6 for I f . 

Using the measured and calculated values for p ^ , EQ and pK2 we have p lo t ted 

calculated E% values against pH according to eq 7 (Figure 1) . 
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> 
e 

pH 

Figure 1. The pH dependenee of the half-wave reduction potential (EjJ of 5-

deasaflavin If; (0) aalaulated E^ values; (i) experimentally 

determined E^ values. 

As can be seen from Figure 1 , the experimentally determined E\ values are 

well i n l i ne with the calculated E% vs pH p lo t showing the v a l i d i t y of our 

theoret ical approach. A more accurate ca lculat ion of pK2, taking a l l exper i 

mentally determined fit values i n to account, f i n a l l y leads to a value of 7.5. 

The same procedure has been applied for the 5-deazaflavins l a ,d ,e . The resul ts 

are shown i n Table I I . 

Since the pX2 value of the unsubstituted 5-deazaflavin i s reported to be 

very divergent (px2 = 5 [ 9 ] and pK2 = 8 [ 12 ] ) , we wanted to establ ish more 

accurately i t s value from a possible corre lat ion between the px2 values of 

compounds l a ,d ,e , f and t he i r respective a values. However, the a value of the 

p-aminophenyl substituent i s unknown. As i t has been demonstrated [13] that 

there ex is ts a re lat ionship between reduction potent ia ls and sigma values i n 

organic systems, we determined the o value of that substituent by the 

re lat ionship found between the EQ values of compounds la ,d,e and t he i r 

respective CL values [14] (Figure 2 ) . 

From t h i s re lat ionship we calculated a o (p-aminophenyl) value of -0 .34. 

The cor re la t ion of the o values of the four substituents with px2 i s shown in 

Figure 2 , from which we could derive a p#2 value fo r the unsubstituted 5-deaza

f l av i n of 6.5 + 0.2. 

As mentioned in the l i t e r a t u r e [ 1 2 ] , k ine t i c E% values rather than thermody

namic potent ia ls have been obtained due to dimerization of the respective 

rad ica ls . Values fo r thermodynamic E% potent ia ls are e i ther equal to or more 

negative than the respective values fo r k ine t ic fit po ten t ia ls , depending on the 

rates of radical d imerizat ion. 
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Eo (mV) 

-500 

pK2 

9.0 

8.0 

7.0 

6.0 

5.0 

-1.0 -0.5 0 0.5 

Figure 2. E values of compounds la,d,e vs. o ($); pKg values of compounds 

la,i,e,f vs. o (X). 

Despite the fact that we have carried out our measurements at rather 

arbitrary concentrations of la-g we still found a good relationship between ff^ 

and pH values which points to an apparent lack of a concentration dependence of 

Sjj, i.e. the dimerization rate is low compared to the overall electrode 

reaction rate. 

Comparison of the data in Table II with respect to the substituent at C(8) 

leads to the conclusion that E^ potentials shift to more negative values and 

that pKi and px2 values increase with increasing electron donating character of 

the substituent. The fact that the E0 and px2 values meet the Hammett relation 

points at the importance of through resonance in the reduction and dissociation 

process. 

4.3 EXPERIMENTAL 

Hal f-wave potentials for le" reduction of 5-deazaflavins were determined by 

differential pulse polarography with a Quickstep instrument [15]. A saturated 

Ag/AgCl electrode was used as reference against the static mercury drop 

electrode (repeating mode). The following buffers were used: 0.1 M KCl/HCl 

buffer, pH 1.34 and 1.90; 0.1 M phosphate buffer, pH 6.22 and 7.00; 0.1 M Tris 

buffer, pH 8.14, 9.00 and 9.65. Concentrations of 5-deazaflavin solutions were 

varied between 30 yM and 100 uM. The temperature was 20 + 2° C. 
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5 ON THE PHOTOREDUCTION OF 5-DEAZAFLAVINS 

It has been shown [1] that prolonged illumination of 3-methyl- (la) and 

3,7,8 -trimethyl-5-deazaflavin (lb) in the presence of oxalate or ethylene-

diaminetetraacetate (EDTA) as electron donors leads to the formation of dimeric 

compounds (2a, 2b) as final products of the photoreduction (Scheme 1). 

a. R'= CHJ ; R2=R3 = H 

b ; R'= R 2 = R 3 = C H 

C ; R' = CH2C00H ; R2 = NH2 ; R3= H 

d ; R ^ CH2C00H ; R2 = N(CH 3 ' 2 

Saheme 1 

Recently we reported [ 2 ] the synthesis of novel water soluble 5-deazaflavins 

containing at posi t ion 8 a strong electron donating group, i.e. 8-amino- ( l c ) 

or 8-dimethylamino-3-carboxymethyl-5-deazaflavin ( I d ) . We were interested i n 

the photoreduction of these compounds, since the presence of electron donating 

groups at posi t ion 8 might possibly change the path of the photoreduction. As 

source of reducing equivalents we used oxalate, EDTA, or t r i ethanol ami ne (TEA). 

A deoxygenated solut ion of ( l c ) in water (pH 8 .0 ) , containing a 200-fold 

excess of TEA, was exposed to a 20 W blue f luorescent lamp (Sylvania F20T12-B) 
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0.000 

Figure 1. Photoveduotion of (le) (2.0xl0~5 mol dm'3) by TEA (4xl0~3 mol dm'3). 

Spectra recorded a f te r spectrum 5 have been omitted because the 
isosbestic points were l os t i n these spectra apparently due to some 
photodecomposition appearing a f te r prolonged i l l um ina t ion . The end-
spectrum, however, has i t s f i r s t absorption maximum at 426 nm. 
A l l spectra show at 248 nm a constant increment above the theoret ical 
absorbance. This i s caused by a concentration enhancement of TEA 
re la t i ve to the reference due to the deaeration procedure. 

f o r several hours. UV/VIS spectroscopic monitoring (Figure 1) showed a decrease 

i n the absorption maxima at 417 and 249 nm and the formation of a species wi th 

absorption maxima a t 426 and 247 nm. Isosbestic points were found a t 426, 340, 

278, 231, and 216 nm. When the i l luminat ion was f in ished and a i r was admitted 

the spectrum remained unchanged. Since the photodimer, formed i n the l i g h t -

mediated conversion of 5-deazaflavin ( la ) wi th oxalate, has i t s f i r s t UV 

maximum a t 312 nm and i s slowly reoxidized by a i r i n the dark [ l a , b ] , i t i s 

evident that the photoproduct o r ig inat ing from ( l c ) cannot be assigned a 

dimeric s t ructure. To obtain more speci f ic analy t ica l data of the photoproduct 

the photoreduction was performed on a preparative scale by i l luminat ing a 

solut ion of 30 mg of ( l c ) and 0.3 g of TEA i n 75 ml of d i s t i l l e d water, which 

was continuously f lushed with argon, for 4 days. Iso lat ion and characterizat ion 

of the photoproduct by *H- and 13C-nmr spectroscopy, mass spectrometry and 

UV/VIS data showed that i t was the dihydro der ivat ive (3c) . ^ -nmr (300 MHz) i n 

D20 & 2.51 (m, 2H, 6-CH2), 2.75 (m, 2H, 7-CH2), 3.56 ( s , 3H, IO-NCH3), 4.41 ( s , 

2H, 3-NCH2), 5.53 ( s , 1H, H-9), 7.59 ( s , 1H, H-5); 13C-nmr (300 MHz) i n D20 « 

26.1 (C-6), 27.3 (C-7), 33.4 (IO-NCH3), 45.4 (3-NCH2), 88.6 (C-9), 101.9 (C-

5a), 119.1 (C-4a), 132.2 (C-5), 155.1 (C-8), 157.3 (C-9a), 158.9 (C-lOa), 

164.8, 170.3, 176.2 (3 x CO); f i e l d desorption ms: m/e 302 (M+); UV/VIS Xmax 
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(borate buffer, pH 8.0), 426 (log e 4.50), 409 (shoulder), 294 (3.95), 247 

(4.18), 229 (4.14). 

Although the formation of dihydro compounds has been observed in the 

photoreduction of a large variety of aromatic compounds [3], hydrogénation 

across the C6-C7 bond in 5-deazaflavin photochemistry is unprecedented. 

This unexpected formation of a 6,7-dihydro compound was also observed when 

(Id) was exposed to light in the presence of TEA under identical conditions; 

the compound being formed was assigned the structure (3d). ̂ H-nrnr (300 MHz) in 

D20 6 2.57 (m, 2H, 6-CH2), 2.68 (m, 2H, 7-CH2), 3.14 and 3.20 (6H, 8-N(CH3)2), 

3.48 (s, 3H, IO-NCH3), 4.35 (s, 2H, 3-NCH2), 5.09 (s, 1H, H-9), 7.44 (s, 1H, H-

5); field desorption ms: m/e 330 (M + ); UV/VIS Amax (borate buffer, pH 8.0), 438 

(log e 4.67), 419 (shoulder), 303 (3.83), 251 (4.26), 231 (4.16). Elemental 

analysis of both (3c) and (3d) could not be achieved due to the instability of 

these compounds during the purification procedures. 

From these results it is evident that the presence of the amino- or dime-

thylamino group at position 8 drastically influences the course of the photore

duction. No dimer formation occurs, but rather exclusive hydrogénation across 

the C6-C7 bond. It has been shown [4,5] that in roseoflavin (1, R1 =H, 

R =N(CH3)2, R -CH3; C(5) replaced by N(5)) an intramolecular charge transfer 

from the 8-di methyl ami no group to the pteridine moiety occurs, which is even 

more significant in the triplet state. It is expected that in the triplet state 

of (lc, Id) a similar effect would be operative, which enhances the 

eletrophilicity of the benzene ring and hence favours its reduction. 

The use of other photoreducing agents such as oxalate and EDTA was also 

investigated*. Irradiation of a deoxygenated solution of (lc) with blue light 

using either oxalate or EDTA as electron donors and monitoring the absorption 

spectrum (Figure 2, for EDTA) showed an absorption maximum at 426 nm, typical 

for the formation of (3c). However, the low intensity of this first absorption 

band, the hypsochromic shift of the absorption maximum at 249 nm and the 

bathochromic shift of the absorption maximum at 295 nm, together with the 

observation of isosbestic points (452, 347, 300, and 236 nm) all show that this 

spectrum is completely different from that observed during the photoreduction 

of (lc) with TEA, and strongly indicates the formation of a second compound, 

which does not absorb above 380 nm. This compound is sensitive to air, since 

reoxidation to (lc) slowly occurred in the dark, when air was admitted to the 

* Irradiation experiments carried out in the absence of added reducing agents 
showed that self-reduction is negligible. 
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solution. These spectroscopic and chemical properties point to the formation of 

dimer (2c). Similar observations were made with compound (Id)**. In Table 1 the 

ratios between the formation of dimers (2c, 2d) and 6,7-dihydro compounds (3c, 

3d), obtained in the photoreduction of (lc, Id) with various electron donors, 

are summarized. 

Figure 2. Photoreduction of (Ie) (2.0xl0~° mol dm~ó) by EDTA (4xl0~ó mol dm~ô) 1-5 „-3. 

Table 1 The dependence of the composition of the end-product on the electron 

donor used in the photoreduction of (Ie, ld) 

Compound 

(le) 

(le) 

(le) 

(ld) 

(ld) 

(ld) 

Electron donor 

EDTA 

oxalic acid 

TEA 

EDTA 

oxalic acid 

TEA 

»(2) 

67 
22 

0 
13 
0 

0 

ï{3) 

33 
78 

100 

87 
100 

100 

Table 1 shows that with the strongly electron donating dimethyl ami no group 

the reduction of the benzene ring is very strongly favoured. Since the amino 

group is a weaker electron donating group, the orientation to the benzene ring 

is less important and, as a result, dimer formation even predominates in the 

photoreduction of (lc) with EDTA. 

** No attempts were made to isolate (2c, 2d) from the reaction mixtures in 
order to achieve a more proper charaterization of these compounds, because 
reoxidation of (2c, 2d) during the isolation procedure would be inevitable. 
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6 SPECTROSCOPY AND PHOTOCHEMISTRY OF 8-SUBSTITUTED 5-DEAZAFLAVINS 

6.1 INTRODUCTION 

5-Deazaflavins (dFlox's) have received much a t tent ion since the discovery 

that 8-hydroxy-5-deazaflavin i s present i n nature as part of F-420, i.e. the 

coenzyme of methane producing bacteria [ 1 , 2 ] . 

The b io logical relevance of dFlox as subst i tute f o r f l a v i n in f lavoproteins 

i s l im i ted since among the three pr incipal types of f lavoprotein a c t i v i t i e s , 

i.e. (de)hydrogénation, oxygen act ivat ion and electron t ransfer , only the f i r s t 

i s retained i n deazaflavoproteins, and even t h i s to a rather l im i ted extent 

[ 3 ] . 

Of great importance fo r understanding the chemistry of dFlox i s the fac t 

that from dFlox the highly reactive 5-deazaflavin radical (HdFl*) can be 

photochemically generated. The radical state combines high r eac t i v i t y with a 

very low reduction potent ial making i t possible to apply i t as a photocatalyst 

in the reduction of a wide var iety of b io logical redox systems [ 4 , 5 ] . However, 

i t s appl icat ion as a photocatalyst has serious drawbacks in that i t requires 

continuous UV i r rad ia t i on to dr ive the process and, moreover, that the energy 

*k 

1a. 

1b. 

1c. 
1d. 
1e. 

1f. 

1g. 
1h. 

CH3 

R1 

CH2C00H 

CH2C00H 

CH2C00H 

CH2C00H 

CH2C00H 

CH2C00H 

CH2C00H 

CH, 

0 

R2 

CI 

N02 

p-N02 -C6H4 

N(CH3)2 

NH2 

P-NH2-C6H4 

p-(CH 3 ) 2 N-C 6 H t -N=N 

H 

Figure 1. Structure of 5-deazaflavins. 
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of the UV light (300-400 nm) is high enough to destroy the protein with time. 

To avoid photodestruction of the protein we have synthesized a number of water 

soluble dFlox's (Figure 1, la-g) with a chromophoric group at position 8 of the 

5-deazaisoalloxazine skeleton causing a red shift of its first absorption 

maximum [6,7]. Therefore these compounds need less energy to be excited. The 

effect of the substituent at position 8 on the reducing power of HdFl• was 

determined by measuring the hal f-wave potentials of the dFlox's la-g by 

differential pulse polarography. It was found that they become more negative 

with increasing electron donating character of the substituent [8]. 

The present report deals with the effect of the substituent at C(8) on the 

spectroscopic properties of the dFlox's la-g and is concerned with the effect 

of the substituent on the course of the photoreduction of dFlox in the presence 

of several electron donors. A short communication of a part of this 

investigation has been published elsewhere [9] (chapter 5 ) . 

6.2 MATERIALS AND METHODS 

Speatvosaopia apparatus 

The H- and C-nmr spectra were obtained with a Bruker CXP-300 spectrometer 

operating at 300 MHz. Mass spectra were recorded on a Kratos MS 9 instrument. 

The UV-visible spectra were measured with a Beekman DU-7 or a Varian DMS 90 UV-

visible spectrophotometer. Fluorescence emission and excitation spectra were 
TM 

obtained with an Aminco SPF-500 ratio spectrofluorometer equiped with a 

Hewlett Packard 9815 A calculator. Phosphorescence emission spectra were 

recorded on a Perkin Elmer LS-5 luminiscence spectrometer equiped with spectral 

correction. 

Preparative photochemistry 

Compounds (la-g) were prepared as described previously [7]. Preparative 

photoreductions were carried out in a glass tube (1, 55 cm; i.d. 2 cm) equiped 

with a gas inlet tube. All reaction mixtures were flushed with argon, which was 

freed from oxygen by passage through a Chrompack gas-clean oxygen no. 7990 

filter for several hours prior to irradiation and during irradiation. The light 

source for the photoreactions was a 20 W blue fluorescent lamp (Sylvania 

F20T12-B, for the spectral output see Krasna [21]). Due to the instability of 

the photoreduction products during purification procedures we were not able to 

achieve accurate yields, melting points and elemental analysis. 
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Photoveduation of la by tviethanolamine (TEA) 

A solution of 18 mg of la and 0.15 g of TEA in 50 ml of distilled water was 

irradiated overnight. The solution was freeze-dried, washed with aceton and 

dried in vacuo over CaCl2 yielding as established by nmr spectroscopy a mixture 

of the 6,7-dihydro compound 3a and reoxidized dimer i.e. la; H-nmr (300 MHz, 

D20): 6 2.12 (m, 2H, 6-CH2), 2.28 (m, 2H, 7-CH2), 3.87 (s, 3H, IO-NCH3), 4.42 

(s, 2H, 3-NCH2), 5.17 (s, 1H, H-9), 7.61 (s, 1H, H-5) for 3a; « 3.95 (s, 3H, 

IO-NCH3), 442 (s, 2H, 3-NCH2), 7.30 (d, 1H, H-7), 7.70 (d, 1H, H-6), 7.76 (s, 

1H, H-9), 8.68 (s, 1H, H-5) for la; field desorption ms: m/e 319/321 (M+ for 

la) and 321/323 (M+ for 3a). 

Photoveduation of la by oxalate 

A solution of 16 mg of la and 0.1 g of oxalic acid in 75 ml of distilled 

water adjusted with 0.1 M NaOH to pH 8 was irradiated for 6 hours. The product 

was freeze-dried and analyzed without further purification; H-nmr (300 MHz, 

D20) showed two sets of signals consistent with a 40:60 mixture of two stereo-

isomeric dimers 2a (I and II): & 2.57 (s, 3H, IO-NCH3), 4.00 (s, 1H, H-5), 4.48 

(s, 2H, 3-NCH2), 6.30-7.20 (m, 3H, ArH) for I; & 2.85 (s, 3H, IO-NCH3), 3.90 

(s, 1H, H-5), 4.36 (s, 2H, 3-NCH2), 6.30-7.20 (m, 3H, ArH) for II. The mixture 

was contaminated by traces of la. 

Photoveduation of là by TEA 

A solution of 30 mg of Id and 0.3 g of TEA in 75 ml of distilled water was 

irradiated for 10 days. The work-up as described above yielded 3d; H-nmr (300 

MHz, D20): S 2.57 (m, 2H, 6-CH2), 2.68 (m, 2H, 7-CH2), 3.14 and 3.20 (6H, 8-

N(CH3)2), 3.48 (s, 3H, IO-NCH3), 4.35 (s, 2H, 3-NCH2), 5.09 (s, 1H, H-9), 7.44 

(s, 1H, H-5); field desorption ms: m/e 330 (M+); UV/VIS * (borate buffer, pH 

8.0), 438 ( log e 4.67), 419 (shoulder), 303 (3.83), 251 (4.26), 231 (4.16). 

Photoveduation of le by TEA 

Photoreduction of le as described for Id with an irradiation time of 4 days 

yielded 3e; ̂ -nrnr (300 MHz, D20):6 2.51 (m, 2H, 6-CH2), 2.75 (m, 2H, 7-CH2), 

3.56 (s, 3H, IO-NCH3), 4.41 (s, 2H, 3-NCH2), 5.53 (s, 1H, H-9), 7.59 (s, 1H, H-

5); 13C-nmr (300 MHz, D20) : <5 26.1 (C-6), 27.3 (C-7), 33.4 (IO-NCH3), 45.4 

(3-NCH2), 88.6 (C-9), 101.9 (C-5a), 119.1 (C-4a), 132.2 (C-5), 155.1 (C-8), 

157.3 (C-9a), 158.9 (C-lOa), 164.8, 170.3, 176.2 (3 x CO); field desorption ms: 

m/e 302 (M+) ; UV/VIS Am a x (borate buffer, pH 8.0), 426 ( log e 4.50), 409 

(shoulder), 294 (3.95), 247 (4.18), 229 (4.14). 
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Analytical photochemistry 

Analytical photochemical experiments were carried out in a Hellma 193 

Suprasil I cuvette. Solutions contained in this cuvette were made anaerobic by 

flushing with oxygen-free argon for at least 30 minutes followed by repeated 

cycles of evacuation and flushing with oxygen-free argon. The light source was 

a 20 W blue fluorescent lamp (Sylvania F20T12-B) or a 250 W slide projector 

lamp at the low intensity setting. 

6.3 RESULTS AND DISCUSSION 

6.3.2 VV-visible light absorption, fluorescence and phosphorescence data 

When compared with the dFlox lh containing no substituent at C(8) the 

presence of a substituent at position 8 of the 5-deazaisoalloxazine skeleton 

causes a shift of the first absorption maximum in the UV spectrum, the 

magnitude of the shift strongly depending on the substituent (Table 1). 

Table 1 VV-visible light absorption data of dFlox's in borate buffer pH 8.0 

Compound xmax/nm ^ ° 9 e^; sh = shoulder 

~~ïa 4Ö3Tshl 39Ï~(4TÎ8T 327~47Ö8T 26174762") 

lb 417 (3.99) 334 (sh) 325 (4.16) 281 (sh) 261 (4.56) 

lc 418 (sh) 404 (4.35) 347 (4.41) 275 (sh) 259 (4.56) 

Id 442 (4.65) 310 (4.06) 265 (sh) 253 (4.69) 

le 417 (4.65) 295 (3.93) 264 (sh) 249 (4.69) 

If 428 (4.49) 314 (sh) 262 (4.62) 

lg 537 (4.59) 418 (4.04) 280 (sh) 251 (4.41) 

lh* 390 (4.04) 326 (4.01) 258 (4.60) 

* Reference [10] 

Selected spectra are shown in Figure 2. With electron donating substituents at 

position 8 a moderate to large bathochromic shift of the first band is 

observed. This is caused by the enlargement of the tricyclic resonance (Figure 

3a; [11,12]. Although electron withdrawing substituents oppose this tricyclic 

resonance a bathochromic shift is still observed, which in case of the nitro 

group even resembles that of the electron donating amino substituent! However, 

in case of an electron withdrawing substituent the first band is thought to be 

originated from a transition related to a different electron migration (Figure 
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3b; [13]. Based on this assumption it is understandable that an electron 

withdrawing substituent also causes a bathochromic shift. 

u^; 

Figure 2. The absorption ( ," borate buffer, pH 8.0; 298 K), fluorescence 
emission ( ; borate buffer, pH 8.0; 298 K) and phosphorescence 
emission ( ; borate buffer, pH 8.0 - sucrose glass; 77 K) spectra 
of (a) la and (b) Id. 

( Q ) ( b ) 

Figure 3. The electron migration for the first transition of dFlox's with (a) 
an electron donating and (b) an electron withdrawing group at C (8). 
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As reported earlier [14] the absorption spectrum of the parent compound 

dFlox has undergone a blue shift in comparision with flavin, but the pattern of 

absorption bands is very similar. This resemblance extends also to 8-sub-

stituted dFlox's and flavins as exemplified by the spectra of 5-deazaroseo-

flavin Id and roseoflavin [15]. Both show a strong band in the 250-260 nm 

region, a small shoulder in the 300-310 region and the red-shifted main 

absorption at 442 nm and 500 nm, respectively. 

Spectroscopic data of fluorescence and phosphorescence emission, 

fluorescence excitation as well as fluorescence and phosphorescence quantum 

yields of compounds la-h are summarized in Table 2. 

Table 2 Fluovesaenae and phosphovesaenae data of dFlox'e 

Compound 

la 

lb 

lc 

Id 

le 

If 

ig 
lh 

*max/nm 

453 

-

• 

474 

459 

-

-

445d 

Fluorescence3 

(em.) W n m <exc-> 
403 (sh), 392. 

325. 259 

-

-

430. 303, 

261(sh), 253 

418, 296, 

265 (sh), 250 

-

-

•fC 

0.068 

0 

0 

0.020 

0.45 

0 

0 
0.37e 

Phosphorescence0 

Amax//nm (em.) 

512, 482 

540 (sh), 516. 

490 (sh) 

590 (sh). 548 

513 

561 

517 

573 (sh). 535, 

501 

510, 490 

480d 

V 
0.88 

0.034 

0.21 

0.011 

0.031 

0.058 

0.011 

0.24d 

a Borate buffer, pH 8.0; 298 K; quantum yields are given relative to that of 

2-aminoanthracene in benzene [16,17]. 

° Borate buffer, pH 8.0 - sucrose glass; 77 K; quantum yields are given relative 

to that of lh in ethanol [14]. 
c Experimental error 10% 
d Reference [10]. 
e Reference [14]. 
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Some representative fluorescence and phosphorescence emission spectra are shown 

in Figure 2. Table 2 clearly shows the effect of the substituent on fluorescence 

and phosphorescence characteristics. A few key results are summarized: i) the 

maximum fluorescence red shift of 29 nm is obtained for the 8-dimethylamino 

compound Id, relative to dFlox lh; ii) the fluorescence quantum yield varies 

between 0 and 0.45; iii) the relatively low fluorescence quantum yield and the 

blue shifted excitation maximum of 5-deazaroseoflavin Id are also found for 

roseoflavin [15] hence showing again the spectroscopic similarity between flavins 

and 5-deazaflavins; iv) the phosphorescence maximum attains the maximum red shift 

of 81 nm for Id relative to lh; v) the phosphorescence quantum yield as compared 

to the phosphorescence quantum yield of lh varies between a value about 20 times 

smaller (for Id) and about 4 times larger (for la); vi) the phosphorescence 

emission of lg seems to be originated from the isolated 5-deazaisoalloxazine ring 

system with a decreased phosphorescence measurement due to autoabsorption as a 

result. 

6.3.2 Photoveduation of 5-deazaflavins 

I t has been reported [5,10,18,19] that prolonged i l luminat ion of 3-methyl-5--

deazaflavin l h and 3,7,8-tr imethyl-5-deazaf lavin l j i n the presence of the e l 

ectron donor oxalate or ethylenediaminetetraacetate (EDTA) leads to the formation 

of dimeric compounds 2h, 2 j as f i na l products of the photoreduction (Scheme 1) . 

CH3 

o2 

1 dFlox 

1 a-g R' = CH2C0OH , R3 = H 

1 h , R' = CH3 , R2 = R3 = H 

1 j R' = R2=R3=CHj 

Scheme 1 
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In our work we found that the photoreduction of dFlox's is strongly influenced by 

the substituent at position 8 and the electron donor used [9]. Prolonged 

illumination of Id, le with blue light using TEA as electron source leads to the 

formation of the 6,7-dihydrocompounds 3d, 3e and not to the dimeric species 2d, 

2e. Using EDTA instead of TEA as electron donor a mixture of 2d, 2e and 3d, 3e 

has been obtained. 

In order to broaden the scope of our study on the dimer/dihydro formation we 

studied the photoreduction of a number of 8-substituted 5-deazaflavins la-g in 

the presence of several electron donors. 

Illumination of la with blue light in the presence of oxalate, and following 

the reaction by UV-visible spectrometry (Figure 4a), led to a 90% decrease of the 

absorption at 391 nm and the formation of a set of isosbestic points at 220, 283 

and 311 nm. The spectral changes are consistent with predominant formation of 

dimer 2a and are not compatible with the formation of the 6,7-dihydro compound 3a 

to a large extent, since 3a would exhibit a pronounced absorption around 390 nm. 

The formation of 2a is confirmed by the nmr structure assignment of the isolated 

photoproduct. In contrast with the 6,7-dihydro compounds dimers are reactive 

towards oxygen [9]. It was found that 89% of la was regained on admitting air to 

the reaction mixture. This result unequivocally justified the conclusion that the 

end-product of the illumination of la consisted of a mixture of 2a (89%) and 3a 

(11%). Nearly identical results were obtained when la was illuminated in the 

presence of EDTA instead of oxalate: isosbestic points were formed at 223, 284, 

and 309 nm and the end-product consisted of a mixture of 2a(91%) and 3a (9%). 

Figure 4. Photoreduotion of la (2.0 x 10~ mol dm"3) by (a) oxalate (4 x 10~ 

mol dm~3) and (b) TEA (4 x 10~3 mol dm~3) in borate buffer, pH 8.0. 
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However, a very different result was obtained when la was illuminated in the 

presence of TEA. Monitoring (Figure 4b) the absorption spectrum of la and TEA 

during irradiation with blue light revealed a bathochromic shift of the first 

absorption band up to 5 nm together with a 48% decrease of the absorption at 391 

nm. A set of isosbestic poionts was formed very divergent from that with oxalate 

or EDTA i.e. 219, 233, 242, 277, 314, and 429 nm. On admitting air to the 

reaction mixture reoxidation into la (19%) was found. All these experimental 

results together with the nmr data of the photoproduct led to the conclusion that 

photoreduction of la by TEA yields a mixture of 2a (19%) and 3a (81%). Products 

arising from a photonucleophilic substitution of the 8-chloro group by the amine 

[20] were not detected. 

When the photoreduction of If by EDTA was followed by UV-visible spectrometry 

(Figure 5) we observed a 94% decrease of the absorption maximum at 428 nm, the 

formation of isosbestic points at 236, 276, and 343 nm and a reoxidation to an 

extent of 90%, which is fully consistent with the formation of dimer 2f (90%) and 

6,7-dihydro compound 3f (10%) as end-products of the photoreduction. 

0.001 

Figure 5. Photoreduction of If (2.0 x 10~5 mol dm"3) by EDTA (4 x 10~3 mot dm~3) 

in borate buffer, pH 8.0. 

The ratios between 2 and 3 found in the photoreduction of la, Id, le, If in 

the presence of various electron donors are summarized in Table 3. This table 

shows the large effect of the electron donor on the course of the photo

reduction: reduction across the C6-C7 bond is highly favoured with TEA as 

electron donor, and dimer formation becomes more important with oxalate 
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Table 3 The composition of the photochemical reaction mixture of 1 as dependent 

on the electron donor used 

Compound 

la 
Id 
le 

If 

% 2 

91 
13 
67 

90 

EDTA 

% 3 

9 
87 
33 
10 

oxa 
% 2 

89 
0 

22 

late 

% 3 

11 
100 
78 

TEA 

% 2 % 3 

19 81 

0 100 

0 100 

and predominates with EDTA, except in the photoreduction of Id with all three 

electron donors in which formation of 6,7-dihydro-5-deazaflavin is favoured. 

Concerning the effect of the substituent on the course of the photoreduction it 

is clear that formation of the 6,7-dihydro compound 3 is promoted by strong 

electron donating substituents. 

Prolonged illumination of dFlox's with a reducible substituent at position 8 

(lb, lc, lg) by EDTA showed that all three compounds undergo reduction of the C-8 

substituent prior to the reduction of the 5-deazaisoalloxazine skeleton. 

Figure 6 shows the photoreduction of the 8-nitro compound lb with EDTA. 

Determination of the absorption spectrum in time revealed that the absorption at 

417 nm increased and a set of isobestic points was formed at 231, 255 and 355 nm 

(curves 0-5, Fig. 6a). On prolonged illumination the absorption at 417 nm kept 

increasing and a new set of isobestic points at 233, 255, 362 and 435 nm was 

obtained (curves 5-8, Fig. 6b). The final spectrum was identical to that obtained 

on irradiation of le with EDTA. These results are fully consistent with an 

initial two-step photoreduction of lb into le, followed by the photoreduction of 

le. A similar photoreduction pattern was observed on irradiation of lc in the 

presence of EDTA i.e. reduction of the p-nitrophenyl group in two distinct steps 

yielding the p-aminophenyl compound If, followed by the photoreduction of If. 

To examine the photoreduction of lg by EDTA the blue fluorescent light source 

with its maximum output at 440 nm was replaced by a 250 W slide projector lamp in 

order to obtain a sufficient output of light in the absorption range of lg. 

Monitoring the absorption spectra of a mixture of lg and EDTA during irradiation 

(Figure 7) a concomitant decrease of the absorption at 537 nm and an increase of 

the absorption at 417 nm and the formation of a set of isosbestic points at 273, 

372 and 439 nm were observed. Prolonged illumination caused spectroscopic changes 

(not shown), which were fully identical to those observed in the photoreduction 

of le by EDTA. These results prove that the photoreduction of lg first leads to 
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the formation of le as the sole product, followed by the formation of a mixture 

of 2e and 3e being the photoreduction products of le. 

Figure 6. Two-steps (a, b) photoreduation of lb (2.2 x 10~5 mot dm~3) by EDTA 

(4 x 10~Z mol dm~s) in borate buffer, pH 8.0. 

Figure 7. Photoreduction of lg (1.8 x 10~5 mol dm~3) by EDTA (4 x 10~S mol dm~s) 

in borate buffer, pH 8.0. 
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THE PHOTOREDUCTIOM OF 8-SUBSTITUTED 5-DEAZAFLAVINS AND THE 5-DEAZAFLAVIN 

CATALYZED PHOTOREDUCTION OF METHYL VIOLOGEN 

7.1 INTRODUCTION 

In context of the search for a 5-deazaflavin (dFlox), which combines a low 

exc i ta t ion energy with a high rate of cata lys is of the photoreduction of f l avo -

enzymes, we synthesized a number of water soluble 8-substi tuted 5-deazaflavins 

(Figure 1 , la-g) [ 1 ] . The e f fec t of the substituent at posi t ion 8 on the 
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Figure 1. Stvuatuves of 5-deazaflavins. 

reducing power of the 5-deazaflavosemiqui none radical (HdFl ) , which is 

proposed to be the actual reducing species in the photoreduction system [2], 

was determined by measuring the half-wave potentials of la-g by differential 

pulse polarography. It was found that the hal f-wave potentials become more 

negative with increasing electron donating character of the substituent [3]. 

Absorption, fluorescence and phosphorescence spectra as well as fluorescence 

and phosphorescence quantum yields of la-g appeared to be highly influenced by 

the substituent at position 8 of the 5-deazaisoalloxazine skeleton [4]. The 

course of the photoreduction of la-g in the presence of electron donors was 

67 



studied. It was establised that the photoreduction in case of la,Id,le,If leads 

to the formation of the 5,5'-dimer ((HdFl)2, 2) and/or the 6,7-dihydro-5-

deazaflavin (6,7-H2dFlred, 3) (Scheme 1). Reduction of the C(6)-C(7) bond 

HOOCH2C\N 

CH,COOH 

N : H 2 C O O H 

3 6,7-H,dFlred 

Scheme 1 

appeared to be promoted by strong electron donating substituents and electron 

donors with bulky substituents. The ratio's between 2 and 3, determined 

previously [4,5], are summarized in Table 1. 

Table 1 The aomposition of the photoehemieal veaation mixture of 1 as 

dependent on the electron donor used 

Compound 

la 

Id 
le 
If 

%2 

91 

13 
67 
90 

EDTA 

%3 

9 

87 
33 
10 

%2 

89 

0 
22 

oxalate 

%3 

11 
100 
78 

%1 

19 

0 
0 

TEA 

%3 

81 

100 
100 

5-Deazaflavins containing a reducible substituent at position 8, i.e. 
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lb,le,lg, exhibited reduction of the substituent prior to reduction of the 5-

deazaisoalloxazine skeleton. 

The present report is concerned with a study of the rate of the photoreduc-

tion of la,Id,le,If by various electron donors and a study of the substituent 

effect on the photocatalyzing ability of the dFlox's in the photoreduction of 

methyl viol ogen (MV2 +). 

7.2 RESULTS AND DISCUSSION 

7.2.1 Meohanistia aonsiderations 

To measure the rate of the photoreduction we determined the change of the 

absorbance of the first absorption maximum (unless otherwise stated) in the 

presence of several electron donors as a function of time. From the logarithmic 

relation observed a pseudo first-order decay of dFlox was established (Table 

2). This relation was found to be rather accurate for more than 95% conversion 

of dFlox except for the photoreduction of Id by both oxalate and ethylenedia-

Table 2 Pseudo first-order rate constants (s"1) of the photoreduction of 5-

deazaflavins with various electron donors0. 

Compound EDTA oxalate TEA 

la (2.1+0.D10"2 (1.6+0.D10-2 (2.7+O.D10-3 

Id lxlO"6 (2.6+0.1)10"7C 

le (9.1+0.2U0"4 (3.2+0.2H0-6 ( 1.4+0.1)10"4 

If (1.2+0.D10"5 

a [dFlox] 2.0xl0"5 mol dm-3, [electron donor] 4xl0-3 mol dm"3, borate buffer 

pH 8.0. 

This value is mere indicative for the order of magnitude of the photo

reduction rate. 
c Pseudo second-order rate constant (7.5+0.5)10~2 dm3 mol" s . 

minetetraacetate (EDTA) for reasons outlined below. With triethanolamine (TEA) 

as electron donor the photoreduction of le only obeyed pseudo first-order 

kinetics up to 65% conversion and the photoreduction of Id went off too fit

fully for a reproducible kinetic analysis, despite the distinct course of the 

reaction. This was probably due to the occurrence of a shift of the protonation 
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equilibrium of TEA (pxa 7.8, [6]) towards the non-oxidizable protonated species 

during the long irradiation period. 

It has been observed [7] that the rate of disappearance of dFlox only obeyes 

pseudo first-order kinetics up to 70% conversion during irradiation in the 

presence of oxalate and then decreases. Our observation that in general the 

photoreduction is not delayed opposes to this report and seems to indicate that 

the authors [7] have overlooked the formation of some ó^-^dFlred, which 

exhibits a distinct absorbance at the monitored wavelength. 

We found that pseudo first-order kinetics are not applicable to the photo-

reductions of Id by both oxalate and EDTA (Figure 2). The photoreduction of Id 

Figure 2. (a) Photoreduction of Id (2.0 x 10~5 mol dm"3) by oxalate (4 x 10~3 

mol dm"3) in borate buffer, pH 8.0. Curves 0-4 correspond to 

irradiation times of 0, 89, 184, 278 and 444 hours respectively, 

(b) Photoreduction of Id (2.0 x 10~5 mol dm'3) by EDTA (4 x 10~S mol 

dm" ) in borate buffer, pH 8.0. Curves 0-3 correspond to 

irradiation times of 0, 30, 53 and 77 hours respectively. 

by oxalate exhibited, when spectra were recorded at various irradiation times, 

the same spectral changes as were observed in the photoreduction of Id with 

TEA. Since the latter reaction leads to the formation of 3d only [5], it is 

justified to conclude that the oxalate-mediated photoreduction of Id also 

yields only 3d. Supporting evidence was obtained from the fact that on 

admitting air to the reaction mixture reoxidation into Id, which points to the 

presence of dimer 2d [5], was not observed. This result can be expressed in 
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quantitave terms in Eq. 1 and 2, being valid at each moment during the photore-

duction of Id by oxalate. 

[dFlox] = [dFlox]0 - [6,7-H2dFlred] 

A252 = £252 td p lox] + E252 [6,7-H2dFlred] 

(1) 

(2) 

A252 1 s ^e absorbance at 252 nm and e252 anc l ^52 a r e t n e m0^ar extinction 
coefficients of Id and 3d respectively. Combination of Eq. 1 and 2 leads to Eq. 
3, in which A252 is the absorbance at 252 nm at in f in i te time. When A252 was 
plotted against time a f l a t S-shaped curve was obtained (Figure 3); this S-

red\ A 2 5 2 = ( e 2 5 2 - £252> ^Flox] + A 2 5 2 
(3) 

shaped form is typical for the involvement of autocatalysis in the dihydro 

formation [ 8 ] . In our case the pseudo f irst-order decay of Id yielding 3d 

A 252 

200 400 

t (hours) 

Figure 3. The partly autoaatalytia decay of Id in the photoreduation by 

oxalate as found expression in the A252~dependence on time; (0) 
r? „-1 values calculated according to Eq. 3 and 8 with k̂  = 2.6 x 10~ s 

and k2 = 7.5 x 10~* dm3 mol'1 s-,- (ê) experimentally determined 

values. 

according to Eq. 4 is thought to be accompanied by a competing reaction, 

involving 3d acting as a photocatalyst as expressed in Eq. 5. 

hu 
dFlox + C204

2" + 2H+ — r — > 6,7-H2dFlred + 2C02 (4) 
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dFlox + 6,7-H2dFlred + C204
2" + 2H+—^—>2 6,7-H2dFlred + 2C02 (5) 

The rate expression fo r the decay of l d i s given by Eq. 6, the concentration of 

oxalate being in excess. 

d [ d F 1 o x ] = - ( k j [dFlox] + k2 [dFlox] [6,7-H2dFlred]) (6) 
dt 

Subst i tut ion of Eq. 1 in Eq. 6 leads to Eq. 7, which on integrat ion gives Eq. 

8. 

d [ d F 1 o x ] = - { {k ! + k2 [dFlox]0 ) [dFlox] - k2 [ dF lox ] 2 } (7) 
dt 

(k, + k , [dFlox] ) [dFlox] e" ( k l + k 2 C d F l o x ] o ) t 

[dFlox] = -A—-I - 2 2 (8) 
y. ^ i. r J n i - < k i + k „ [dFlox] ) t k j + k„ [dFlox] e 1 2 o 

By t r i a l and error using Eq. 3 and 8 we were able to estimate values for k^ and 

k2 well i n l i ne with the calculated and experimentally determined absorbances 

at 252 nm (Figure 3, Table 2 ) . 

Also in the photoreduction of Id with EDTA an autocatalyt ic e f fec t was 

found: when the time-dependent concentrations of I d , calculated from the 

recorded spectra (Figure 2b), were p lot ted against time a f l a t S-shaped curve 

was obtained again. The decrease of the absorbance at 442 nm, the loss of the 

isosbestic point in t h is region and the observed small formation of Id a f ter 

reoxidation with a i r are consistent with the formation of 2d next to 3d. The 

formation of t h is mixture complicates the derivat ion of the rate law, since i t 

i s impossible to express the concentrations of 2d and 3d in to [dF lox ] , required 

to derive a rate expression for the decay of I d l i k e Eq. 7. Therefore, from our 

observations (Figure 2b) i t is only j u s t i f i e d to conclude that the photo-

reduction of Id by EDTA is several times faster compared to the photoreduction 

of Id by oxalate. 

The data about product composition (Table 1) and photoreduction rates (Table 

2) both in re la t ion to the substi tuent present at posi t ion 8 and to the nature 

of the electron donor used in the photoreduction of dFlox o f fe r new elements 

fo r e lucidat ing the mechanism of 5-deazaflavin photochemistry. Par t icu lar ly the 

element of s ter ic interference appears to be important as w i l l be shown below. 
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In dye photochemistry the common mechanism is the l e " - t rans fe r to y i e l d the 

dye semiquinone anion and the substrate radical cation [ 9 ] . When the same 

electron donor i s used, rate-dif ferences in the l e " - t rans fe r to various dyes 

depend on the differences in the reduction po ten t i a l , i.e. the electron 

a f f i n i t y in the ground s ta te, and the exc i ta t ion energy, i.e. the energy by 

which the electron a f f i n i t y i s increased when the acceptor dye molecule i s 

excited [ 9 ,10 ] . In order to invest igate the app l i cab i l i t y of t h i s l e " - t ransfer 

mechanism in our photosystems we determined the reduction potent ia ls at pH 8.0 

[ 3 ] and exc i ta t ion energies of the various dFlox's (Table 3 ) . The exc i ta t ion 

energies were calculated from the phosphorescence spectra [ 4 ] , since i t has 

been established that the t r i p l e t state of dFlox i s the reactive form i n the 

photoreduction of dFlox [11,12] . Because the rate of photoreduction i s 

influenced by the quantum y i e l d of t r i p l e t formation, which may be approximated 

by the term ( l - $ f ) [ 4 ,7 ,13 ] , values fo r ( l - * f ) are included in Table 3. 

Table 3 Reduction potentials CEg^gJ, triplet energies (EQ 0) and. approximate 

quantum yields of triplet formation (l-$f) of 5-deasaflavins 

Compound 

la 

Id 
le 
If 

H.o in v 

-0.74 

-1.09 
-1.04 
-0.95 

Eo , * i n 

2.57 

2.21 
2.40 

2.48 

eV l -$ f 

0.93 

0.98 
0.55 
1.00 

From th i s Table i t i s clear that the mechanism of l e " - t rans fe r out l ined above 

does not o f fer a completely sa t is fy ing explanation fo r the differences i n 

photoreduction rates of dFlox's. This i s exemplified by the photoreduction of 

I f by EDTA being about a hundred times slower than the photoreduction of l e by 

EDTA, despite the fac t that I f exhib i ts more favourable values fo r E'Q.Q, ^0,0 

and ( l - $ f ) and a larger absorption of incident l i g h t wi th respect to the 

spectral output of the blue f luorescent lamp [ 14 ] . 

Based on the quantum ef f ic iency of disappearance of dFlox ($_dFlox^ l n t n e 

photoreduction of l h by oxalate being 1.5, another mechanism has been proposed 

[ 7 ] . This mechanism (Eq. 9-14) includes the formation of a t r i p l e t excimer TE. 

Since fo r the maximum quantum y i e l d of t r i p l e t formation {i.e. l - * f ) 

dFlox + Uv > JdFlox (9) 
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k ° 
3dFlox I > dFlox (10) 

3dFlox + dFlox E > TE (11) 

kTE 
TE ' > 2 dFlox (12) 

TE + C 2 0 4
2 " + 2H+ * > X + 2 C02 (13) 

X > (HdF l ) 2 (14) 

a va lue o f 0.80 has been determined and $ _ d n o x 1S a b o u t twice as large, i t i s 

j u s t i f i e d to conclude that internal conversion from the f i r s t excited s inglet 

state (S^wwwv—>Sg) i s negl ig ib le and the e f f ic iency of excimer formation i s 

close to uni ty i.e. kE [dFlox] >> k j ° . This mechanism of fers no insights in to 

the structure of X. The a l ternat ive formulation in which X incorporates the 

elements of oxalate so that carbon dioxide i s released only when the dimer is 

formed cannot be dismissed. The rate of disappearance of dFlox derived from 

th is mechanism fol lows pseudo f i r s t - o rde r k inet ics as shown in Eq. 15 [ 7 ] . 

I .ky [C904
2~] 

d[dFlox] = . x 2 4 (15) 

d t kTE + kx [C 20 4
2 " ] 

I t seems that the resul ts summarized in Table 1 and 2 can n icely be explained 

by th is mechanism, assuming that the excimer TE adopts a sandwich s t ructure, 

l i k e excimers derived from aromatic hydrocarbons [ 15 ] . I t is obvious that 

substituents l i ke the p-aminophenyl and dimethyl ami no group w i l l exert a large 

s te r i c e f fec t wi th a pronounced enhancement of kjE i n Eq. 15 and, as a r esu l t , 

a decrease of the photoreduction rate of I d and I f . An analogous explanation 

may be va l id for the r e la t i ve l y low r eac t i v i t y of l e towards oxalate when the 

s ter ic hindrance i s caused by hydrogen bridged complex formation between the 

amino group and oxalate. 

The composition of the reaction product of the various photoreductions 

(Table 1) points to the involvement of a s ter ic as well as an e lectronic 

contr ibut ion in the reaction mechanism as out l ined in Scheme 2. The present 

data are i nsu f f i c i en t to specify the i n i t i a l in teract ion between TE and the 

electron donor. The le " - t rans fer from the electron donor to TE, which in case 

of oxalate is accompanied by decarboxylation, y ie lds the 5-deazaflavosemiqui-

none (HdFl ), which i s s tab i l ized by electron d e r e a l i z a t i o n . Subsequent 
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radical combination of HdFl and the radical of the electron donor may occur 

following two different pathways. Route A yields a C(5)-adduct, which is well 

' / 2 TE 
1 /2

 3 idF lox . dF lox) 

k 

kTE 
dFlox 

elect ron donor 

( 1 e e + H®) 

® 

^CHjCOOH 

HdFl* 

r a d i c a l combinat ion 

w i th subs t ra te rad ica l ® 

HR 1 0 H R 

R' = C 0 0 e , 

HOCH2C(H)NICH2CH2OH)2 » 

p r o t o l y s i s + 

1 ,7 -p ro to t rop ic s h i f t 

(HdF l ) , 

Scheme 2 

established i n 5-deazaflavin photochemistry and i s thought to be the precursor 

i n dimer formation [12,16] . Route B leads to the formation of the C(6)-adduct, 

which on proto lys is and a 1,7-prototropic s h i f t y ie lds the 6,7-dihydro-5-deaza-

f l av i n (6,7-H2dFlred). Comparison of the mechanisms out l ined i n Eq. 9-14 and 

Scheme. 2 leads to the conclusion that X represents a number of intermediates 

including the 5-deazaflavosemi qui none radical and the a-bonded adduct. 

According to Table 1 formation of 6,7-H2dFlred i s favoured with increasing 

electron donating character of the substituent and when TEA is used as electron 

donor. This observation may be explained by the mechanism out l ined i n Scheme 2. 

Radical combination of HdFl and TEA-radical y ie ld ing the C(5)-adduct i s more 
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s te r i ca l l y hindered as compared to C(6)-adduct formation and hence route B pre

dominates in the photoreduction of dFlox by TEA. With oxalate, encountering 

l i t t l e s te r ic hindrance, dimer formation i s more favoured. Photoreduction of 

dFlox by the electron donor EDTA (RCOO") leads to the formation of HdFl ' and 

the EDTA radical (RCOO ). Af ter decarboxylation R i s obtained, which i s also 

able to act as a s ingle electron donor as out l ined i n Eq. 16-19 i n a s impl i f ied 

manner [ 17 ] . 

dFlox + RCOO" + H+ te > HdFl' + RCOO* (16) 

RCOO' > R* + C02 (17) 

dFlox + R" + H+ te > HdFl' + R+ (18) 

2HdFl' > dFlox + H2dFlred (19) 

The 5-deazaflavosemiquinone radical presumably decays by dismutation (Eq. 19) 

y ie ld ing dFlox and H^dFlred, which in case of the 1,5-dihydro compound f i n a l l y 

leads to the formation of the dimer 2 [ 12 ] . Hence, with EDTA as electron donor 

the photoreduction does not involve adduct formation and s ter ic interference i s 

minimized, which i s consistent wi th the observation of dimer formation to a 

higher extent than obtained in the photoreduction with oxalate or TEA as 

electron donor. 

The preference of photoreduction of the C6-C7 bond of dFlox's with a strong 

electron donating substituent at posi t ion 8 is explained by the fo l lowing 

reasoning. I t has been shown [18,19] that in roseoflavin (compound I d , in which 

C(5)H is replaced by N(5)) an intramolecular charge t ransfer from the 8 -d i -

methylamino group to the pter id ine moiety occurs, which i s even more outspoken 

i n the t r i p l e t s ta te. I t can be expected that i n the t r i p l e t state of l d . l e a 

s imi lar e f fec t is operative, which enhances the e l ec t r oph i l i c i t y of the benzene 

r ing and hence favours i t s reduction fo l lowing route B. The present data are 

not su f f i c i en t to give any ins ight in to the transformation of the 2e"-reduced 

species in to the dimer. 

7.2.2 Photochemical reduction of methyl viologen 

Common substrates for the dFlox catalyzed photoreductions are EDTA [ 2 ] and 

methyl viologen (MV2+) in combination with a large var iety of electron donors 

[14,20] . In order to investigate the e f f ic iency of the various dFlox's as 
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photocatalyst we illuminated a mixture of dFlox la,ld-lf and EDTA in the 

presence of a 20 fold excess (relative to [dFlox]) of MV2 + and determined the 

rate of reduced methyl viologen (MV + ) formation by measuring the increase of 

the absorption at 600 nm (EMV'+ = 8600 mol"* dm3 cm-1, [14]) as a function of 

time. As a representative of the dFlox's with a reducible substituent at 

position 8 we also included lg in the experiments requiring the 250 W slide 

projector lamp as light source. The rate of MV + formation appeared to be 

pseudo first-order in MV2+. Rate constants of MV2 + reduction and those of dFlox 

reduction in the absence of MV2 + using EDTA are summarized in Table 4. With all 

dFlox's a quantitative formation of MV was observed (2000% yield based on 

dFlox), which is consistent with the mechanism depicted in Scheme 3. 

Table 4 Pseudo first-order rate constants (é~*) of the photoreduction of dFlox 

by EDTA and of the photoveduotion of Mlr+ by EDTA, catalyzed by dFlox, 

using a 250 W slide projector lamp as ligth source 

Compound dFlox, EDTAa MV2+, dFlox, EDTAb 

la (6.5+0.D10-2 (7.1+0.2U0-3 

Id 3xl0-6° (3.0+0.2)10~5 

le (2.3+0.D10-3 (3.8+0.2)10-4 

If (1.7+0.D10"5 (2.5+0.4)10"6 

lg (3.8+0.2U0"4 

a [dFlox] 2.0xl0"5 mol dm"3; [EDTA] 4xl0-3 mol dm-3; borate buffer, pH 8.0; 
b [MV2+] l.OOxlO-4 mol dm-3; [dFlox] 5.0xl0-6 mol dm-3; [EDTA] lxlO-3 mol 

dm"3; borate buffer, pH 8.0; 

This value is mere indicative for the order of magnitude of the photo-

reduction rate. 

dFlox « ^ j * . M V * + 

c 

EDTA/h\? 

HdFl' -^ ^- M V 2 + 

Scheme 3 

When lg was used as a photocatalyst we observed first a small decrease of 
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the absorption at 600 nm accompanied by the disappearance of the purple colour 

of l g . A f ter the purple colour had vanished completely, the absorption at 600 

nm started to increase reaching a value of 0.86, which agrees with 100% 

formation of MV + . Since the rate constant of MV^+ photoreduction by lg i s the 

same as that found for l e , these results seem to indicate that p r ior to the 

reduction of MV^+ a quantative reduction of the azo function of lg occurs 

y ie ld ing the photocatalyst l e . 

The most s t r i k i ng resu l t mentioned in Table 4 i s the fac t that the photo-

reduction of I f by EDTA is faster than the photoreduction of Id by EDTA, while 

the reversed reac t i v i t y i s observed in the 5-deazaflavin mediated photoreduct

ion of MV^+. I t can be suggested that the dismutation process of HdFl in the 

MV- photoreduction does not occur. I t accounts for the higher rate of photo

reduction of MV by I d re la t i ve to I f , assuming that the dismutation process 

in case of I d , which leads to the formation of 6,7-H2dFlred, i s slow compared 

to the formation of l ,5-H2dFlred in case of I f . A l te rna t i ve ly , the electron 

density in the 8-dimethyl amino-5-deazaflavosemiqui none radical may be more 

centered in the benzene r ing (especial ly at C(6)) , making a less s t e r i ca l l y 

hindered encounter between MV'+ and HdFl possible resu l t ing in a decreased 

act ivat ion energy of the le " - t ransfer process. S t i l l 20 hours of i r rad ia t ion 

were required to reduce 90% of M\r+. 

The a b i l i t y of dFlox to act as a photoreducing cata lyst in the presence of 

EDTA may o f fer an explanation fo r the results obtained in the photoreduction of 

dFlox's wi th a reducible substituent at posi t ion 8 ( l b , lc , lg ) in the presence 

of EDTA, i . e . reduction of the n i t ro group in two d i s t i n c t steps or the azo 

function pr ior to the reduction of the 5-deazaisoalloxazine skeleton. This 

explanation i s based on the observation t ha t , when during the photoreduction of 

lg by EDTA the absorbance at 537 nm i s monitored and p lo t ted against t ime, a 

f l a t S-shaped curve i s obtained. This feature suggests, as we have seen before, 

an autocatalyt ic contr ibut ion to the rate of disappearance of l g , which may be 

explained by the formation of the i n i t i a l photoproduct l e , act ing as a photo-

reducing catalyst on i r rad ia t i on in the presence of EDTA; N,N-dimethyl- l ,4-

phenylenediamine, which i s probably formed during the photoreduction, may also 

contr ibute to the autocatalysis due to i t s electron donating a b i l i t y [ 21 ] . The 

photoreduction of the n i t r o group in lb , lc involves two steps, i . e . the 

formation of the hydroxylamino compounds in the f i r s t step, which in turn are 

reduced to the corresponding amino der ivat ives. In both steps an acceleration 

in re la t ion to the expected pseudo f i r s t -o rde r decay i s observed. Apparently, 

both products, i . e . the hydroxylamino and amino compounds, are able to act as 
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photocatalyst in the corresponding reduction step. This may explain the 

complete built-up of these products prior to further reduction suggesting that 

the rate of autocatalysis is higher than the succeeding reduction. 

7.3 EXPERIMENTAL 

Analytical photochemical experiments were carried out as described 

previously [4] (chapter 6). 
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GENERAL DISCUSSION 

Interest in the chemistry of 5-deazaflavin l i e s mainly in the high r e a c t i 

v i t y and low reduction potential of i t s 5-deazaflavosemiqui none radical 

( H d F l ) . This rad ica l , which can be generated photochemically in the presence 

of an electron donor, is capable to donate an electron to a redox system 

thereby returning to the oxidized s ta te. Hence, 5-deazaflavin in combination 

with a suitable electron donor of fers a photosystem, in which 5-deazaflavin 

acts as a photoreducing cata lyst as has been shown by the photoreduction of a 

large var iety of enzymes [ 1 ] . However, the l i g h t required fo r the generation of 

the reducing radical corresponds to such an high energy that i t destroys the 

protein enzyme in a certain period of t ime. The aim of the present study i s the 

search fo r a 5-deazaflavin der iva t ive , which on the one hand exhibi ts a lower 

exc i ta t ion energy than the parent system making i t possible to avoid damage to 

the protein enzyme and on the other hand remains e f fec t ive as a photoreducing 

catalyst in the presence of a suitable electron donor. 

To meet the f i r s t requirement we synthesized 5-deazaflavins containing a 

chromophobe group at posi t ion 8 of the 5-deazaisoalloxazine skeleton (chapters 

2 and 3 ) . I t can be expected that substituents at t h is posi t ion cause a batho-

chromic s h i f t i n the absorption spectrum. Three methods of preparing 8-subst i -

tuted 5-deazaflavins were explored. 

The f i r s t method, based upon the cyc l izat ion of ff-methylanilinouracil 

der ivat ives, appears to be less usefu l , because of the formation of inseparable 

mixtures due to the de- and remethylation at posi t ion 3 and 10, and, more 

important, the cyc l izat ion i s non-regioselective leading to a mixture of 

isomeric 5-deazaflavins. 

The second method to introduce a substituent at C(8) i s based upon the 

a ldol-type condensation of the C(8) methyl group in 5-deazal umi f l av in with 

aromatic aldehydes. However, t h is method also f a i l s due to an i nsu f f i c ien t T -

electron deficiency of the C(8) methyl group. 

The t h i r d method, which was investigated and l a te r on succesfully appl ied, 

involves the oxidative cyc l iza t ion of 5,5'-arylmethylenebis(6-methylaminoura-

c i l ) der ivat ives (8 , Scheme 2, chapter 2) with d iethyl azodicarboxylate (DAD). 

The u t i l i t y of t h is method appears to depend on the s o l u b i l i t y of 8 in DAD 

and/or sul fo lane, and on i t s thermolab i l i t y . The very low so l ub i l i t y of 8 

(R =H) requires a long reaction time at a high temperature to achieve cyc l iza

t i on with par t ly or complete decomposition of 8 as a r esu l t . By introducing the 

ff-methylcarbamoyl methyl group at N(3) t h i s s o l u b i l i t y problem is circumvented. 
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Moreover, the introduction of this group has the additional advantage that 

after hydrolysis of the amide group to a carboxymethyl group a water soluble 

compound is formed. In this way a series of water soluble 8-R-5-deazaflavins 

(8-RdFlox, R=C1, N02, p-N02-C6H4, NH2, p-NH2-C6H4, N(CH3)2, p-N(CH3)2-C6H4-N=N) 

were synthesized. They all exhibit a bathochromic shift of the first absorption 

maximum, varying between 1 nm and 147 nm compared to the parent system 5-deaza-

flavin (see Table 1). 

Table 1 Absorption maxima, and veduotion potentials (Eg Q) of 8-substituted 5-

deazaflavins (8-RdFlox) and -pseudo first -order rate aonetants of the 

photoreduation of methyl viologen by EDTA, catalysed by 8-RdFlox 

R 

CI 
N(CH3)2 

NH2 

p-NH2-C6H4 

p-N(CH3)2-C6H4-N=N 

H 

X max ( n m ) 

391 
442 

417 
428 

537 
390a 

H.O M 

-0.74 

-1.09 

-1.04 

-0.95 

-

-0.83b 

Ms"1) 

7.1 x 10 - 3 

3.0 x 10 - 5 

3.8 x 10"4 

2.5 x 10"6 

-

-

a Reference 4 
b Calculated from eq 8c, chapter 4 

To measure the e f fec t of the modif icat ion a t C(8) on the reducing power of 

the 5-deazaflavin r ad ica l , which i s the actual reducing species w i th in the 

photosystem, the half-wave reduction potent ia ls (s^) of various 8-R-5-deaza-

f lav ins (R=C1, N(CH3)2, NH2, p-NH2-C6H4) were determined (chapter 4) (see 

Table 1 ) . I t appears impossible to obtain E% values fo r those 8-R-5-deaza-

f l a v i n s , which contain a reducible substi tuent R at posi t ion 8 (R=N02, p-N02-
C6H4' P-N(CH3)2-C6H4-N=N) since the substituent i s reduced p r io r to the 5-

deazaisoalloxazine skeleton. The observed pH dependency of E^ i s explained i n 

terms of involvement of the d issociat ion equi l ibr ium of 5-deazaflavin and i t s 

radical in the e lectron-t ransfer process and enables the ca lculat ion of the 

d issociat ion constants of the respective 5-deazaflavin rad ica ls . The fac t that 

the standard reduction potent ia ls (#0) meet the Hammett re la t ion points to a 

pure e lectronic e f fec t of the substituents on the EQ values and indicate that 

the formation of radicals fol lows the same e lectron-t ransfer mechanism. 
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The reducing power of the 8-R-HdFl radicals when generated photochemically 

from 8-RdFlox have also been investigated by studying the rate of reduction of 

methyl viologen (MV2+) in the presence of ethylenediaminetetraacetate (EDTA). 

The results are also summarized in Table 1. 

In Table 1 are summarized the main properties, which determine the applica

bility of a particular 5-deazaflavin to act as a catalyst in the photoreduction 

of enzymes: i) the first absorption maximum, which is related to the light 

energy required by the photosystem, ii) the reduction potential of the 

dFlox/HdFl' couple at pH 8.0, which is calculated from the relation, found 

between the reduction potential and pH, and represents the reducing power of 

the photosystem, and iii) the pseudo first-order rate constant of the 5-deaza

flavin mediated photoreduction of methyl viologen in the presence of EDTA as a 

measure for the rate with which catalytic photoreductions of enzymes will take 

place. 

From this Table it is obvious that the most favourable excitation energy is 

found with the p-( dimethyl ami nophenyl )azo chromophore at position 8 of the 5-

deazaisoalloxazine skeleton. However, irradiation in the presence of an 

electron donor causes the reduction of this chromophore leaving at position 8 

an amino group. This compound requires, however, a higher excitation energy in 

order to act as a photocatalyst. This feature is observed with all 5-deazafla-

vins with a reducible substituent (NO2, p-NOg-Cgfy) at position 8. 

The introduction of an electron donating substituent R at position 8 is 

attended with a small (R=NH2) to moderate (R=N(CH3)2) decrease of the 

excitation energy, together with an increase of the reducing power. However, 

despite these favourable effects the photoreduction rate is lower than that of 

8-CldFlox. 

As conclusion a 8-substituted 5-deazaflavin, which unites the three main 

properties, required to act as an efficient catalyst in the photoreduction of 

enzymes, has not been found so far. 

The effect of the substituent at position 8 of the 5-deazaisoalloxazine 

skeleton and of the nature of the electron donor on the course and rate of the 

photoreduction of 5-deazaflavins has been determined by illuminating 5-deaza-

flavins in the presence of various electron donors. It has been assumed [3,4] 

that long-term illumination of 5-deazaflavin yields exclusively the radical 

dimer independent of the electron donor [5]. The present data (chapters 5, 6 

and 7) are fully in disagreement with this assumption, since it is established 

that the photoreduction not only leads to the formation of the radical dimer, 

but in addition to the 6,7-dihydro derivative. 
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From Table 1 in chapter 7 i t i s c lear that the formation of the 6,7-dihydro 

compound i s favoured i f the electron donating character of the substituent a t 

pos i t ion 8 increases, and i s promoted by the electron donor in the order 

t r i ethanol ami ne (TEA) > oxalate > EDTA. The explanation for these resul ts 

(Scheme 2, chapter 7) i s based on an i n i t i a l l e " - t rans fe r from the electron 

donor to excited dFlox y ie ld ing the 5-deazaflavosemiqui none radical (HdFl ) , 

followed by a recombination of rad ica ls , when TEA and oxalate are used as the 

electron donor. 

Contrary to the assumption of C(5) being the only s i t e of adduct formation 

[3-5] the results summarized in Table 1 indicate that C(6) competes with C{5) 

i n t h i s respect. The preference fo r the formation of the 6,7-dihydro compound 

in the presence of TEA as the electron donor i s then explained by the smaller 

s te r ic e f fec t , experienced by the bulky TEA r ad i ca l , fo r adduct-formation at 

the C(6) posi t ion instead of the C(5) pos i t ion . With EDTA no adduct-formation 

takes place a f ter the i n i t i a l l e " - t rans fe r process, but instead dismutation of 

HdFl y ie ld ing dFlox and dihydro-5-deazaflavin occurs. As a resu l t the s ter ic 

e f fec t i s minimized and the formation of l ,5-dihydro-5-deazaf lavin, which 

f i n a l l y y ie lds the dimer [ 3 ] , predominates. 

The promotion of the reduction of the C6-C7 bond by electron donating 

substituents a t posi t ion 8 i s caused by the intramolecular charge t ransfer from 

the substi tuent to the pyr ido[2,3-d]pyrimidine moiety [ 6 , 7 ] , which increases 

the e l ec t r oph i l i c i t y of the benzene r ing and hence the suscep t ib i l i t y to i t s 

reduct ion. 

The observed rates of photoreduction (Table 2, chapter 7) are not consistent 

wi th a mere electronic e f fec t of the substituent at posi t ion 8 as i s exempli

f i e d by the extremely low rates of photoreduction of 8-RdFlox (R=N(CH3)2, 

p-NH2-C6H4) by EDTA and of 8-RdFlox (R=N(CH3)2, NH2) by oxalate. However, i t 

has been proposed [4 ] that a preformed t r i p l e t excimer ^(dFlox.dFlox)* i s the 

precursor i n 5-deazaflavin photochemistry. With the assumption that t h i s 

excimer adopts a sandwich structure [ 8 ] , i t i s understandable that bulky 

substituents l i ke the dimethyl ami no and p-aminophenyl group and, in case of the 

photoreduction of 8-NH2dFlox by oxalate, the hydrogen bridged complex between 

the amino group and oxalate exert a large s te r ic e f fec t , which results in a 

f as t decay of the excimer in to ground state dFlox and hence in a decrease of 

the rate of photoreduction. 
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SUMMARY 

5-Deazaflavin has been applied as a photocatalyst in the reduction of a wide 

var iety of b io logical redox systems. The use of 5-deazaflavin as a photocata

l y s t has serious drawbacks in that continuous UV i r r ad ia t i on i s required to 

dr ive the process and that the needed wavelength (300-400 nm) corresponds to an 

energy level high enough to destroy the protein enzyme in t ime. 

To avoid photodestruction of the protein a number of 5-deazaflavins, which 

have a chromophoric group at posi t ion 8 of the 5-deazaisoalloxazine skeleton, 

causing the absorption maximum to undergo a red s h i f t , were synthesized 

(chapter 2 ) . This was accomplished i ) by the oxidative cyc l izat ion of 5 ,5 ' -

arylmethylenebis(6-methylaminouracil ) derivat ives and i i ) by the cyc l izat ion of 

ff-methylanilinouracil der ivat ives with a one-carbon reagent. The l a t t e r method 

led to the formation of impure products. Condensation and oxidation reactions 

wi th the -n-electron def ic ient C(8) methyl group in 5-deazal umi f l av i n did not 

occur. By the former method a number of 8-substi tuted 5-deazaflavins with a 

carboxymethyl group at the N(3) posi t ion were synthesized (chapter 3 ) . This 

polar group was introduced p r io r to the oxidat ive cyc l iza t ion and increased the 

s o l u b i l i t y of 5-deazaflavins in aqueous media, in which photoreduction of redox 

enzymes are to be carr ied out. Introduction of substituents at posi t ion 8 

caused a bathochromic s h i f t that varied between 1 and 147 nm (chapter 6 ) . 

Since the 5-deazaflavin radical i s the actual reducing species w i th in the 

photosystem, the e f fec t of the subst i tuents, introduced at posi t ion 8, on the 

reducing power of the radical was determined by measuring the hal f-wave poten

t i a l s of the 5-deazaflavins (chapter 4 ) . The d issociat ion constants of 5-deaza-

flavosemiqui nones were successfully determined on the basis of the Polaro

graphie properties of 5-deazaflavins. Both half-wave potent ia ls and dissocia

t ion constants appeared to be very sensit ive to the substi tuent at posi t ion 8 

and to meet the Hammett r e l a t i on . 

The e f fec t of the substituent on the spectroscopic (chapter 6) and 

photochemical (chapters 5, 6 and 7) properties was invest igated. In contrast 

wi th the f indings of others that i r rad ia t i on of 5-deazaflavins in the presence 

of oxalate or ethylenediaminetetraacetate (EDTA) as electron donor exclusively 

leads to the formation of dimeric compounds as end-products of the 

photoreduction, i l luminat ion of 8-R-5-deazaflavins (R=C1, NfCHß^. NH2, p-NH2-

C6H4) i n the presence of various electron donors (EDTA, oxalate and 

triethanolamine) y ie lded the dimeric species 5 ,5 ' -b is( l ,5-d ihydro-8-R-5-

deazaflavin) and/or 6,7-dihydro-8-R-5-deazaflavin. I t was found that reduction 
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of the C(6)-C(7) bond is highly promoted by strong electron donating 

substituents at posi t ion 8 and bulky electron donors. 5-Deazaflavins with a 

reducible substituent at posi t ion 8 (R=N02, p-N02-C6H4, p-N(CH3)2-C6H4-N=N) 

exhibited the reduction of the substituent p r io r to the reduction of the 5-

deazaisoalloxazine skeleton. 

The course (chapter 6) and rate (chapter 7) of the photoreduction of 8-R-5-

deazaflavins were established and explained i n terms of e lectronic and s te r ic 

e f fec ts , exerted by the substituent at posi t ion 8 and the electron donor. In 

some cases the rate of photoreduction appeared to contain an autocatalyt ic 

element. 

The ca ta ly t i c e f fec t of 8-R-5-deazaflavins in the photoreduction of methyl 

viologen by EDTA was investigated (chapter 7 ) . The substituent e f fect on the 

rate of the 8-R-5-deazaflavin mediated photoreduction of methyl viologen by 

EDTA was found to be comparable with that on the photoreduction rate of 8-R-5-

deazaflavin in the presence of EDTA wi th the exception of 8-R-5-deazaflavin 

(R=N(CH3)2), which showed a remarkable re la t i ve enhancement of the r eac t i v i t y 

towards methyl viologen photoreduction. 
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SAMENVATTING 

5-Deazaflavine i s toegepast als fotokatalysator i n de reductie van een grote 

verscheidenheid aan biologische redox systemen. Een belangri jk nadeel van het 

gebruik van 5-deazaflavine als fotokatalysator i s gelegen in het f e i t , dat de 

energie van het benodigde l i c h t (X: 300-400 nm) hoog genoeg is om het enzym te 

verniet igen. 

Om vern iet ig ing van het enzym te voorkomen werden een aantal 5-deazafl a v i 

nés, die een chromophore groep op plaats 8 van het 5-deazaisoalloxazine r i n g -

systeem bez i t ten, waardoor het absorptie maximum een roodverschuiving onder

gaat, gesynthetiseerd (hoofdstuk 2 ) . D i t werd bereikt i ) door de oxidatieve 

r i ngs lu i t i ng van 5,5'-arylmethyleenbis(6-methylaminouracil) derivaten en i i ) 

door de r i ngs lu i t i ng van tf-methylanilinouracil derivaten. De laatstgenoemde 

methode leidde t o t de vorming van onzuivere producten. Condensatie en ox idat ie

reacties met de C(8) methyl groep i n 5-deazalumiflavine t raden, ondanks het 

enigszins zure karater van deze groep, n ie t op. Met behulp van de eerstgenoemde 

methode werden een aantal 8-gesubstitueerde 5-deazaflavinés met een carboxy-

methyl groep aan N(3) gesynthetiseerd (hoofdstuk 3 ) . Deze polaire groep werd 

ingevoerd voor de oxidatieve r i ngs lu i t i ng en verhoogde de oplosbaarheid van de 

5-deazaflavinés in waterig m i l i eu , waarin fotoreductie van redox enzymen u i t 

gevoerd dient te worden. De invoering van substituenten op plaats 8 bracht een 

bathochrome verschuiving teweeg variërend van 1 t o t 147 nm (hoofdstuk 6 ) . 

Omdat binnen het fotosysteem het 5-deazaflavi ne radicaal het e igen l i j ke 

reducerende agens i s , werd het e f fec t van de subst i tuent, ingevoerd op plaats 

8, op het reducerend vermogen van het radicaal bepaald door meting van de 

reductiepotentialen van de 5-deazaflavinés (hoofdstuk 4 ) . De d issoc ia t ie

constanten van de 5-deazaflavosemichinonen werden met succes vastgesteld op 

basis van de pol arografische eigenschappen van de 5-deazaflavinés. Zowel de 

reductiepotentialen als de dissociatieconstanten bleken zeer gevoelig voor de 

subst i tuent op plaats 8 en te voldoen aan de Hammett r e l a t i e . 

Het e f fec t van de substituent op de spectroscopische (hoofdstuk 6) en f o to -

chemische (hoofdstuk 5, 6 en 7) eigenschappen werd onderzocht. In tegenstel l ing 

t o t de constatering van anderen, dat bestral ing van 5-deazafl avinés i n 

aanwezigheid van oxalaat of ethyleendiaminetetraacetaat (EDTA) als electronen 

donor u i t s lu i tend l e i d t t o t de vorming van het 5,5'-dimer, werden b i j be l ich

t i ng van 8-R-5-deazaflavinés (R=C1, N(CH3)2), NH2, p-NH2-C6H4) in aanwezigheid 

van verschillende electronen donoren (EDTA, oxalaat en t r i ethanol ami ne) het 

dimer 5,5 '-bis( l ,5-dihydro-8-R-5-deazaf lavine) en/of 6,7-dihydro-8-R-5-deaza-
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f lav ine gevormd als eindproducten van de fo toreduct ie. Vastgesteld werd, dat de 

vorming van de 6,7-dihydro verbinding sterk bevorderd wordt door sterk 

electronenstuwende groepen op plaats 8 en grote electronen donoren. Reductie 

van de substituent voorafgaand aan de reductie van het 5-deazaisoalloxazine 

ringsysteem t rad op b i j 5-deazaflavinés met een reduceerbare substi tuent 

(R=N02, p-N02-C6H4, p-N(CH3)2-C6H4-N=N) op plaats 8. 

De productvorming b i j en de reactiesnelheid van de fotoreduct ie van 8-R-5-

deazaflavine werden vastgesteld en verklaard op basis van electronische en 

sten'sehe e f fecten, uitgeoefend door de substituent op plaats 8 en de elec

tronen donor. In enkele gevallen bleek de fotoreductiesnelheid een autocata-

l y t i sch element te bevatten. 

Het catalyt ische e f fec t van 8-R-5-deazaflavine i n the fotoreductie van 

methyl viologen door EDTA werd onderzocht (hoofdstuk 7 ) . Het e f fect van de 

substi tuent R op de snelheid van bovengenoemde reductie bleek vergel i jkbaar met 

het e f fec t van R op de snelheid van de fotoreduct ie van 8-R-5-deazaflavine door 

EDTA. Een uitzondering hierop vormde 8-N(CH3)2-5-deazaflavine, dat een verhou

dingsgewijs hoge r e a c t i v i t e i t jegens de fotoreductie van methyl viologen 

vertoonde. 
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