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By sulfur substitution of the N-5 atom in flavins and flavocoenzymes a flavin analog is obtained, 
Sthiaflavin, which is found to be isoelectronic and isosteric with natural flavin in the fully reduced 
and half-reduced states, but not in the oxidized state. Among the three ‘redox shuttles’ characterizing 
the flavin system, viz. upper le-, lower le- and 2e- shuttle, only the second one is retained in thia- 
flavin, which limits the redox activity of this system to le- transfer. 

The structure and properties of the molecular species participating in the thiaflavin redox system 
are discussed in comparison with the flavin system. The corresponding chemistry of a ‘2e- flavin’, 
5-deazaflavin, has been treated in the preceding paper. 

5-Thiaflavin is found to exhibit a stable neutral radical, which is analogous to the ‘blue’ flavosemi- 
quinone. Unlike normal flavin, where the radical is in a dismutation equilibrium, thiaflavin radical 
shows reversible formation of a covalent dimer, which is stable in aprotic solution and disproportion- 
ates only in water, with irreversible formation of a sulfoxide. The ultraviolet and infrared spectra 
of the dimer are in agreement with the structure of two 5-thiaflavin molecules linked covalently at 
their 4a carbons. This corroborates the earlier hypothesis that the essential intermediate in the dis- 
mutation of normal flavin is likewise a covalent dimer. 

Thiaflavin is tightly bound by apoflavodoxin. The protein catalyses the autoxidation to the radical 
state. Thiaflavodoxin radical is even more stable (towards further oxidation) than is the free thiaflavin 
radical. 

The redox potential of the couple reduced thiaflavin/thiaflavin radical (sFlred/sF1 3 is surprisingly 
high. From the reversible equilibrium established with ferricyanide, sFlred + Fe(CN)g- + sF1’ 
+ Fe(CN)%-, the standard potential of the sFlre&F1’ couple, Em at pH 7, has been estimated 
as + 0.38 V. 

Recently, a modified type of flavocoenzyme, i.e. 
5-deazaflavin [l-61, has been the subject of a steadily 
growing interest. In reviewing the available data on 
5-deazaflavoproteins [7], we have reiterated the prin- 
ciples characterizing flavin-dependent redox catalysis, 
which were established earlier [8]. 

In contrast to the mandatory 2e- transfer agent 
nicotinamide, natural flavin appears to be ambiguous 
by its capability to catalyze le- as well as 2e- transfer. 

In addition to 5-deazaflavin, which is a flavin 
analog lacking le--transfer activity [l], we have 
searched for a modification of the flavin nucleus which 
would remove the 2e--transfer activity in’ favor of 

Abbreviations. sFl,,dH, thiaflavin (reduced state); sF1, thiaflavin 
radical; sFI& thiaflavin sulfonium cation; HsFl,,-tO, thiaflavin 
sulfoxide; Fl,,, oxidized flavin; HFl, flavin radical; H2Flred, 
reduced flavin; (sFl)z, thiaflavin radical dimer ; (HF1)2, flavin radical 
dimer ; EtrC2H5-;. flavin = l0-alkylated-7,8-dimethylisoalloxazine; 
s5FMN, ribo-5-thiaflavin 5’-monophosphate; NMR, nuclear mag- 
netic resonance; EPR, electron paramagnetic resonance. 

le- transfer. Such a derivative has been found by 
replacing the N-5 atom of reduced flavocoenzymes by 
sulfur. We have reported structures and properties 
of the thus-formed ‘5-thiadihydroflavins’ [9 - 121. In 
the present paper we want to show that they retain 
only the le--transfer activities of the natural flavins. 
In accord with this concept, s5FMN (the 5-thiaflavin 
analog of FMN) binds to apoflavodoxins forming 
redox-active stable holoprotein radicals. 

RESULTS AND DISCUSSION 

The structure and stability of molecular species 
making up the thiaflavin redox system is outlined in 
Scheme f, along with the abbreviations used in this 
discussion and the absorption maxima, by which the 
species are characterized. 
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Scheme 1.The thiufluvin redox system. The values in brackets belong to the analogous flavin species whenever such analogy is found to exist 
(formula underlined). These values are taken from references [20,21,27,30]. The corresponding schemes for flavins and deazaflavins have 
been published in the preceding paper [l]. Bn = benzyl 

The species underlined are those which are ‘flavin- 
analogous’, i.e. isoelectronic and isochromic with 
flavin species of the same state of protonation and 
oxidoreduction. In order to switch back from thia- 
flavin to natural flavin, the sulfur has to be replaced 
by NH. From this it is seen that the analogy is con- 
fined to the fully reduced and the half-reduced state, 
while the oxidized states behave differently. This must 
be compared with the 5-deazaflavin system, where the 
oxidized state is flavin-analogous, while the reduced 
and half-reduced states are not. 

In the following paragraphs, we want to discuss 
the thiaflavin system in comparison with the natural 
flavin system, based upon the information given in 
Scheme 1. We begin with the reduced state, since the 
neutral reduced thiaflavin, sFlredH, is the starting 
material obtained by total synthesis [ll] from which 
all further preparations are derived. 

The Reduced Species 
sFl,f,d-1,4a-Hz, sFl,,d-lH and sFl,d 

In contrast to the isochromic dihydroflavins, all 
sFl,,d species are not autoxidizable, unless bound to 

apoflavodoxin (see below). From their absorption 
spectra, as shown in Fig. 1, the analogy with flavin is 
obvious for the neutral state and the anion. The end 
absorption in the visible region is somewhat less pro- 
nounced than in flavin which indicates that the free 
thiaflavin molecule is less planar than dihydroflavin, 
the anion being even more bent than the neutral sFl,,dH 
for reasons of n-electron overcrowding. This enhanced 
noncoplanarity is also the reason for the lack of 0 2  

reactivity. The sulfide group > S in position 5 is inter- 
mediate in reactivity between > NH and > NCOCH3 
[18]. The more planar a dihydroflavin-like species, the 
more easily autoxidizable [19] it is. 

Under strongly acidic conditions, the reduced 
thiaflavin system deviates from flavin by the batho- 
chromic shift shown in Fig. 1 as well as by a CH peak 
appearing at 5.2 ppm in the NMR spectrum. This 
clearly indicates C-4a protonation, which is due to the 
lack of proton affinity inherent to the sulfur as com- 
pared to nitrogen. The 4a-R-~Fl+,,~-l-H [ l l ]  chromo- 
phors (Amax = 380 nm) have their analogy in 4a-alky- 
lated dihydroflavin cations 4 a - R F l h 1  S-Hz (Amax 
= 385 nm) [20,21]. This shows that in thiaflavin the, 
reactivity of position 4a is even enhanced in compari- 
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Fig. 1. Absorption spectra of reduced rhiaflavins. RZ = H. The values for the analogs RZ = CH3 are given in brackets. Solvent: (-) in 
methanol; (-----) in 0.1 M NaOH; ( . . . . . . ) in 12M HCI 
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Fig.2. Absorption spectra of the half-reduced species. (-) Spectrum 1 ,  sFl in 0.1 M phosphate buffer pH 6.5;  spectrum 2, 2 sF1 + (sF1)Z 
equilibrium in chloroform; (. - .  - .) thiaflavodoxin radical; (-----) HsFl' in CHCI3/CF3COOV (l/l). For comparison: (.-.-.-.) SFI;~ 
in conc. HzS04. Note that the neutral sF1 disproportionates in water slowly and irreversibly with zllZ z 6 min, while reacidification of the 
monomer-dimer equilibrium in CHC13 leads back to 100 "/, radical cation HsFl' 

son with natural flavin, where previously only alkyla- 
tion at C-4a [20] but not protonation has been 
observed. 

quantitatively, and can easily be crystallized, in anal- 
ogy to the flavin radical cations described as early as 
1937 by Kuhn and Strobele [22]. Upon neutralization 
of the radical cation, the situation becomes more 

The Half-Reduced Species 
sFl - l -Hi ,  sF1 and sFI-4a,4af-sFI 

complex. 
As indicated in Fig. 2, in neutral aqueous medium, 

a nearly quantitative amount of neutral, deep-green 
Upon oxidation under acidic conditions, the very 

stable dark-red radical cation sFl-1-H+ is produced 
radical-sF1 is produced, which decays slowly, but irre- 
versibly by disproportionation with a half time of 
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Scheme 2. Dimers ofjluvin and thiaf7uvin 

about 6 min. Upon reacidification, after 1 h only 
small amounts of radical cation can be recovered 
unless concentrated HzS04 is added. 

Under aprotic conditions, such as in CHC13, how- 
ever, no irreversible change is observed, although the 
amount of green neutral radical is far from quanti- 
tative, unless very low concentrations of thiaflavin are 
used. In concentrated solutions pale-yellow crystals 
can be isolated. When redissolved in CHC13, the same 
equilibrium is obtained as upon neutralisation of the 
radical cation. Upon reacidification, the radical cation 
state is restored quantitatively (Fig.2). From this it 
is obvious that a reversible dimerisation occurs for 
which & can be estimated as 43.1 pM instead of irre- 
versible dismutation that prevails in aqueous systems. 
Notwithstanding the striking similarity between the 
radical monomers HFl and sF1, the first-mentioned 
natural flavosemiquinone decays by disproportiona- 
tion, while the thiaflavin radical forms a o-covalent 
colorless dimer. We take this as independent support 
of the concept, first proposed by Favaudon and 
Lhoste [23], that the disproportionation of the natural 
flavosemiquinone also occurs via a o-covalent dimer 
as intermediate. (HF1)Z is heterolyzed rapidly, while 
(sF1)Z does so only slowly, requiring protic catalysis. 
We have proposed for (HF1)2 the N-5-unprotonated 
structure 1 -H-F1-8,8'-Fl-H-I ' [24] because of its long- 
wavelength absorption which we attributed to intra- 
molecular charge transfer (Scheme 2, formula 1). For 
the pale yellow (sFl)z, however, we must postulate the 
structure sF1-4a,4a'-sF1 (Scheme 2, formula 2) since 
no proton can be dissociated from position 5. 

This proposal is based on the agreement with other 
known 4a derivatives of thiaflavin [l I], as documented 
by the carbonyl stretching range of the infrared spectra 
shown in Fig.3. Since substitution at C-4a separates 
the 4-carbonyl from the chromophore, we must expect 
a hypsochromic shift along with a decrease in relative 
intensity in comparison with the 2-carbonyl. This 
behavior has been verified earlier for flavins substi- 
tuted in position 4a [20,25]. It is characteristic that 

100 1600 1400 
Wave number (cm-') 

Fig. 3. Comparison of the curbonyl stretching runge of the infrared 
spectra of various thiujluvins. Note that substitution at C-4a invari- 
ably leads to a characteristic weak band at 1710-1715 cm-' for 
4-CO and a strong band at 1665- 1670 cm-' for 2-CO. For the 
analogous flavins cf. [20,25] 

the absorption spectra of the 4a-substituted thiaflavin 
chromophore depends on the size and the bulkiness 
of the 4a substituents. Hence, sFl0,-4a-OCH3 shows 
in the first transition A,,, = 329 nm, E = 8300 M-' 
cm-l, while sFlred-4a-benzyl produces the smaller 
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Fig. 4. Lowresolution EPR spectra of thiafuvin radicals. (-) sF1 in chloroform; (. . . . . .) sFl calculated; (-) HsFl 
Deuteration of the environment does not alter these spectra. The spectra are drawn at low resolution and one of them by 
higher clarity 

absorption of I,,, = 334 nm, E = 4600 M-' cm-I [ll]. 
The extremely bulky dimer (sFl)z exhibits A,,, 
= 368 nm, E = 3800 M-' cm-', because of reduced 
planarity. 

From the concentration dependence of the dimeri- 
zation equilibrium, the spectrum of pure (sF1)z was 
found to exhibit maxima at 368 and 390(s) nm with 
absorption coefficients of 3800 and 3200 cm2/mol 
mono-sFl. This value is comparable with A,,, 
= 335 nm, E = 4600 M-' cm-', for sFlr,d-4a-benzyl 
[ l l] .  From this it becomes apparent that there is a 
marked n-electron interaction between the two halves, 
which accounts for the ease of heterolytic cleavage 
under protic conditions. This dismutation reaction is 
even faster in alcohols than in water. 

From the EPR spectra of the cationic and neutral 
radicals, as shown in Fig.4, isotropic coupling con- 
stants are derived for N-10, N-lO-CH3, C-8-CH3, 
and C-6-H which are similar to those of the natural 
flavin radical [26]. Coupling constants were calculated 
as described in Table 1. The calculation was not 
applied to the highest state of resolution which is 
shown in Fig.5. Table 1 shows that the spin distri- 
bution of HFl and sFl is very similar. In particular, 
the pyrimidine subnucleus (positions 1-4) is nearly 
devoid of spin density in both cases, while the benzene 
subnucleus carries an appreciable spin density cen- 
tered at C-8. 

In Table 2 we have compared the absorption prop- 
erties of HFl and sF1. The values of E for sF1 are 
deduced from EPR integration with 3-carbamoyl- 
2,2,5,5-tetramethyl-pyrrolidin-l-yloxy as standard. 
The error limit over five measurements was 4.7 %. The 
2 sFl+ (sFl)z equilibrium, as depending on solvent 
and temperature, is also listed in Table 2. 

+ in CFsCOOH. 
reversed face for 

Table 1. Comparison of the calculated coupling constants of s h  with 
the analogous lumzflavin neutral radicals 
The corresponding four coupling constants of the natural flavin 
radical [26] applied with a line width of 0.23 mT and a lorentzian 
line shape were taken as start. Optimizing the coupling constants 
in steps of 0.01 mT led to the best values given in the table, which 
are shown to fit the experimental spectrum satisfactorily. The calcu- 
lation was based on an experimental spectrum of low (0.1 mT) 
resolution in order to wipe out the minor contributions from 
couplings 10-fold weaker. The error limits for X = NH or NCH3 
are 0.02 mT. The computer program used was kindly placed at 
our disposal by Dr G. Kollmannsberger (FB Chemie, University 
of Konstanzl and the calculations were obtained from a Telefunken 
TR 440 computer 
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The Oxidized Species 
sFl:x, sFl,,-la-X, HsFl,, -+ 0 and sFlo, -+ 0-  

The neutral radical sFl and its dimer disproportio- 
nate under aqueous conditions, yielding one half 
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Magnetic field strength - 
Fig.5. High-resolution EPR spectrum of sFl in CHCh 

Table 2. Dependence of the thiaflavin radical properties on the environment: temperature, solvent and protein binding 
An absorption coefficient of 5800 M-' cm-' in protic solvents was obtained by extrapolation to zero time. In the aprotic solvent chloroform 
it was calculated as 4500 k 220 M-' cm-' (k 4.7%) by means of double integration of the low-resolution EPR spectrum of sF1 and com- 
parison with 3-carbamoyl-2,2,5,5-tetramethyl-pyrrolidin-l-yloxy as a standard. We presume that the absorption coefficient is not changed 
considerably in the other aprotic solvents. The amount of the (thia)flavin radical relates to a total flavin concentration of 0.1 mM unless 
indicated otherwise. Kd was determined at ambient temperature, unless another temperature is stated; Kd = [(SF~)]~/[(SF~)Z]. All values were 
obtained in this work unless indicated otherwise in the last column 

Compound Solvent 1max & (s)Fl K* x 10' T Reference 

nm M-'  cm-' % M K 

Thiaflavodoxin 0.1 M phosphate, pH 7.0 730 3200 N 100 288 

SFI pH 6.5 672 5800 loob 
CHC13 736 4500 (calc.) 37 431 & 32' 

10" 53 253 
17" 159 278 
26 a 404 295 
30" 585 313 

CHzClz 740 24 137 
HCON(CH3)z 740 1 1  27 
CHsCN 740 11 27 
benzene 740 7.8 13 
CCL 740 4.7 4.5 
(C2H5)zO 740 3.1 2.0 

Flavodoxin pH 6.0d 580 4500 N 100 277 [321 

5-Et-F1 pH 5.0, HzO 580 3600 N 100 1301 
EtOH 630 4500 N 100 [301 

benzene 655 4700 x 100 1301 
CHC13 642 4400 N 100 P O I  

a The total thiaflavin concentration was 0.22 mM. 
These values were extrapolated to zero time. 
Mean value with standard deviation from 10 measurements. 
The buffered solution contained 0.15 M sodium acetate and 0.06 M EDTA. 

molecule each of starting sFl,,dH and sulfoxide 
HsFl,, -+ 0. The sulfoxide species are characterized 
by their very intense absorption below 320nm (cf. 
Fig.6). If methanol is used instead of water, the oxi- 
dized species sFl,,-4a-OCH3 is obtained (cf. Scheme 1). 
From this it might be concluded that, in the aqyeous 
system, sF1,,-4a-OH is an intermediate in the sulfoxide 
formation. This is, however, not true, since treatment 
of the 4a-methoxy compound with weak aqueous base 
does not yield sulfoxide anion, but total decay of the 

tricyclic system through ring opening at the C-4a - S 
bond. sFlOx-4a-OCH3 can, on the other hand, be con- 
verted into sulfoxide by acid via hydrolysis of the sul- 
fonium cation sF1:x. The latter can be obtained in pure 
form in concentrated H2S04 solution. sFl,', is more 
brownish red as compared to the purple radical HsFl+ 
(Fig.2), to which it is easily reduced by as weak a 
reductant as ethanol. It seems that sF1ix in concen- 
trated H2S04 is even slowly reduced by its own methyl 
substituents. Thus, sFl,:, in HzS04 is stable for days 
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Fig. 6 .  Absorption spectra ojoxidized thiaflavin species. (. .. . .) sFI,,- 
4a-OCH3 in methanol; (-.-.-) 1H-sF1~x-4a-OCH3 in CF3COOH; 
(-) HsFI,,-+O in methanol; (-----) sFl, ,+O~ inO.l MNaOH. 
For the latter spectrum the left-hand absorption scale is valid. 
sF1,,-4a-OCH~, 4a-Methoxy-3,7,8,1 O-tetramethyl-2,4-dioxo-2,3,4,5- 
tetrahydro-pyrimido[5,4-b][1,4]benzothiazine ; HsFl,, -+ 0, 3,7,8, 
10-Tetramethyl-2,4-dioxo-1,2,3,4-tetrahydro-pyrimido[5,4-b][1,4]- 
benzothiazine Sulfoxide 

if unsubstituted in positions 7 and 8, but is reduced to 
HsFl' within 4 h when both positions are methylated. 
Among the oxidized species, only sFl,+, is, in principle, 
flavin-like, if compared with the analogous 5-Et-F1,:, 
[20] species, It must be realized that protons add to 
Fl,, not at N-5 but at N-1 [27], which accounts for 
the much smaller oxidation power of HFIJx as com- 
pared to sF1Zx. 

A further component of the complex equilibria in 
the oxidized thiaflavin system is the solvated sulfonium 
cation l-HsF1&-4a-X, X = OH, halogen or 0-alkyl 
which corresponds by its chromophore to the 4a-pro- 
tonated cation, whose spectrum is shown in Fig. 1. 
This species is obtained pure in CF3COOH solution 
(presumably X = OOCCF3) (cf. Fig. 6). The batho- 
chromic shift obtained upon N-1 protonation in the 
4a-blocked system is characteristic, and it corresponds 
to the shift obtained upon C4a-protonation of the 
N-1-blocked system (cf. Fig. 1). 

Direct quantitative conversion of the reduced thia- 
flavin to the sulfoxide is, of course, achieved by per- 
oxidation. Reduction of the sulfoxide under non-acidic 
conditions proved not to be feasible. This fact explains 
why thiaflavin functions as a reversible redox system 
at the radical and fully reduced levels only. The sulf- 
oxide must be strongly bent according to this absorp- 
tion spectrum and in agreement with the fact that in 
the planar state it would exhibit in the central sub- 
nucleus an antiaromatic 8 configuration. 

Thiafiavodoxin of Peptostreptococcus elsdenii 
When apoflavodoxin is added anaerobically to a 

solution of s5FMNH in 0.1 M phosphate pH 7, no 
long-wavelength absorption typical of the radical is 
formed, even over prolonged periods. However, on 
mixing with air, protein-bound thiaflavin radical is 
produced slowly, as detected by its characteristic 
absorption spectrum (Fig.2). Thus it is clear that 
binding of the reduced s5FMNH to the apoprotein 
results in a greater reactivity to 0 2 ,  since incubation 
of s'FMNH without apoprotein results in no detact- 
able radical formation or decay of the s5FMNH. This 
increase must be due to a flattening of the sFl,,dH 
skeleton upon binding to the protein [19,28], which 
provides independent support for the flatness of the 
HzFl,,d conformation in natural flavodoxin [29]. 

Upon autoxidation the yield of protein-bound 
radical is not complete, being approximately 40 % of 
that obtained by titration with a reactive nitroxide 
radical (see below). The lower yield of radical with 0 2  

appears to be due to overoxidation of the protein- 
bound radical by the product of 0 2  reduction, 0 2 ,  
since the yield is considerably increased (up to 70%) 
in the presence of superoxide dismutase. Catalase has 
no effect on the yield. 

The optimum conditions for formation of protein- 
bound radical were found to be by oxidation with the 
strong le- acceptor, spirocyclohexyl porphyrexide, 
a nitroxide radical [16]. Addition of nitroxide radical 
results in the immediate production of sF1, both free 
and protein-bound. However, while the protein-bound 
radical is stable, the uncomplexed radical is not, and 
at pH 7.0, 15 "C, has completely decayed after 40 min 
by irreversible dismutation. Thus, a mixture of apo- 
flavodoxin and excess s'FMNH, in 0.1 M phosphate, 
pH 7.0, was titrated with nitroxide radical until no 
further production of enzyme-bound thiaflavin radical 
was obtained. This procedure yielded the spectrum 
shown in Fig.2, with ~ 5 6 5  = 4625 M-' cm-'. 

Oxidation-Reduction Potential 

The oxidation reduction potential of the couple 
sFl,,d/sFl is surprisingly high, as evidenced by the fact 
that equilibrium is established with the Fe(CN)%-/ 
Fe(CN)%- couple. 

At pH values below 6.5, the radical decay is suffi- 
ciently slow so that direct spectrophotometric studies 
of this equilibrium may be made. For example, from a 
set of 12 individual experiments in 0.1 M phosphate 
pH 6.3, at 10°C, &675 is 6000 M-' cm-' for sFl and 
the redox potential EL, pH 6.3, is + 0.45 V. 

At pH above 7, radical disproportionation be- 
comes sufficiently rapid so as to require determination 
of the radical by stopped-flow methods. In this way 
the oxidation rate of sFl,,dH by ferricyanide has been 
determinedatpH 8.3and 10"Cask,,= 1 . 8 3 ~ 1 0 ~ M - l  
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sC1 whereas for the radical and ferrocyanide we found 
kred = 2.2 x lo5 M-’ s-’ which leads to K = kred/kox 
= 0.12. Thus at pH 8.3, EL is + 0.37V. From the pH 
dependence of this redox equilibrium, we calculate 
a pK % 7.0 for sFlredH and EL7 pH 7, of + 0.38 V. 

In the thiariboflavin series, where instead of methyl 
the substituent in position 10 is ribityl, this pK drops 
to 6.2, probably due to the intramolecular hydrogen 
chelation between the ribityl side chain and N-1. 

It is remarkable that the neutral thiaflavin radical 
exhibits the same type of extremely strong negative 
solvatochromism (cf. Fig. 2, Table 2) as does the natu- 
ral blue flavosemiquinone HFl (Amax in H20 % 580 nm, 
in benzene 655 nm) [30]. For the protein-bound flavo- 
semiquinones A,,, is generally about 580 nm, which 
points to hydrophilic arrangement of the radical at the 
active site. This hydrophilicity is not due to an ‘in- 
plane’ hydration via N-5 - H, as is shown by the pres- 
ent data on sF1, but must be a ‘stacking interaction’, 
in agreement with the data of Palmer and Mildvan [31] 
on proton relaxation rates of free and protein-bound 
flavin radicals. 

The protein-bound thiaflavin radical, however, 
resembles the free radical in chloroform considerably 
more than in water. 

Thus, both radicals, HF1 and sF1, reflect a stacking 
contact with water by a hypsochromic shift of > 50 nm. 
When protein-bound7 this contact is eliminated for 
sF1, but not for HFl. This interesting fact still awaits 
explanation. 

It is disappointing that the redox potential of thia- 
flavin is so high, since this prevents, of course, enzy- 
matic activity of thiaflavoproteins, even if the modified 
flavin is strongly bound by the enzyme, as in the 
present case. We intend, therefore, to construct thia- 
flavin derivatives of lower potential though not 
altered in steric shape. 
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M a t e r i a l s  and M e t h o d s  

S o l v e n t s  and r e a z e n t s  w e r e  commercial  p r o d u c t s  of t h e  b e s t  a v a i l a b l e  
p u r i t y .  
T h i a r i b o f l a v i n  ( I :  R1 = H 
d e s c r i b e d  by Janda  h H e m i r i c h  [lOj'. 5-Thia-FMN ( I :  R 1  = H ,  R 2  = CH ) 
was o r e o a r e d  hv an adaDta t ion  of  t h e  method of Scola 8 Hemmerich ! 1 3 ? ,  

R2 = CH R 3  i r i b i t y l )  was s y n t h e s i z e d  a s  

for ; m a i l  sca16. p h o s p h b r y l a t i o n s .  The c r u d e  p r o d u c t  w a s  u r i f i e d  6 y  
chromatography o v e r  an  apof lavodoxin  a f f i n i t y  column [ lLif  . P. els- 
d e n i i  apof lavodoxin  was p r e p a r e d  as d e s c r i b e d  by Mayhew [ 15: . The 
n i t r a x i d e  r a d i c a l  spirocyclohhexylporophyrexide , o x i d i z i n g  t h e  reduced 
t h i a f l a v a d o x i n .  was a e i f t  from D r .  G. Blankenhorn. U n i v e r s i t v  of 
KoiLtanz, FB B i & l o g i e ,  ;nd was p r e p a r e d  as d e s c r i b e d  earlier :16]  

A l l  m e l t i n g  p o i n t s  are u n c o r r e c t e d  and were run on a Linstr6m or a 
K o f l e r  h e a t i n g  b l o c k .  
Elementa l  a n a l y s e s  were performed by t h e  A n a l y t i s c h e  A b t e i l u n g  des  
pharmazeut i schen  I n s t i t u t e s  d e r  F r e i e n  Universit2.t  B e r l i n .  IR-spec t ra  
were run on a Perkin  Elmer 621 s p e c t r o p h a t o m e t e r  u s i n g  K B r  p i l l s .  
L ight  a b s o r p t i o n  s p e c t r a  were recorded  w i t h  a Varian  635 M or a 
Varian Superscan  3 spec t rophotometer .  
IH-NMR s p e c t r a  were o b t a i n e d  w i t h  t h e  f o l l o w i n g  s p e c t r o m e t e r s :  Var ian  
A 60 A ,  Varian T-60 and Var ian  XL-100. Chemical s h i f t s  r e f e r  t o  t e -  
t r a m e t h y l s i l a n e  as an  i n t e r n a l  s t a n d a r d  and a r e  g iven  i n  ppm. A l l  
EPR measurements were r e c o r d e d  wi th  a Varian E 3 X-Band Spec t rometer  
w i t h  100 kHz f i e l d  modula t ion  u s i n g  a Varian E-US31 m u l t i  purpose  
c a v i t y .  Oxygen was removed by f l u s h i n g  t h e  s o l u t i o n  i n  a q u a r t z  f l a t  
cel l  f o r  30 min with  p u r i f i e d  a rgon .  R a d i c a l  c o n c e n t r a t i o n s  were de- 
te rmined  by comparison of  t h e  low r e s o l u t i o n  EPR s p e c t r a  wi th  3-carba- 
moyl-2 2 5 5-tetramethyl-pyrralidin-1-yloxy as s t a n d a r d  u s i n g  t h e  
method'ob double  i n t e g r a t i o n  d e s c r i b e d  by Wyard [ 17 ] . The above 
mentioned n i t r o x i d e  r a d i c a l  was purchased  from EGA, Ste inhe im.  Mass 
sDectra were o b t a i n e d  u s i n a  a Varian CH 7 MAT s o e c t r o m e t e r  a t  70 e V .  

. 

3 7 8 10-Tetrameth 1-2 4-dioxo-1 2 3 9-tetrahydro-10H-Dvrimido 
T:,6-;1rl,41 henzo:hiakne, s F l r i d i  ?I: R 1  = R 2  = R 3  = CH 31 
0 . 5  m l  S u l f u r  d i c h l o r i d e  was added t o  a suspens ion  of  5 m o l e s  ( 1 . 2  g )  
3 - m e t h y l - 6 - ( N ~ m e t h v l - 3 , 4 - ~ ~ l i d i n o ) u r a c i l  i n  5 m l  chloroform. The 
s o l u t i o n  was a l lowkd t o  s t a n d  a t  room t e m p e r a t u r e ,  a p r e c i p i t a t e  form- 
i n g  a f t e r  a S h o r t  t i m e .  A f t e r  a f u r t h e r  12 h r  50 m l  ch loroform was 
added and t h e n  t h e  s o l v e n t  was removed bv f i l t r a t i o n .  The r e s i d u e  
w a s  d i s s o l v e d  i n  1 0  ml dimethylformamide-and poured i n t o  a 2 % sodium 
d i t h i a n i t e  S o l u t i o n  k e p t  a t  pH 7 wi th  0 .1  M b u f f e r .  The p r e c i p i t a t e  
was C o l l e c t  and t h e  f i l t r a t e  shaken t h r e e  t i m e s  each wi th  70 m l  
chloroform.% chloroform was removed and t h e  r e s i d u e  w a s  combined 
wi th  t h e  former  p r e c i p i t a t e .  The s o l i d  was d i s s o l v e d  i n  a s m a l l  p o r t -  
ion of b o i l i n g  dimethylformamide; a f t e r  c o o l i n g ,  methanol was added 
t o  t h e  s o l u t i o n .  T h i s  gave 670 mg of  ye l low c r y s t a l s  which a l s o  con- 
t a i n e d  t h e  u n d e s i r e d  6 ,7-d imethyl  i somer  as i m p u r i t y ,  as analyzed  
bv IH-NMR SDeCtrOSCoDv. R e m a t e d  r e c r v s t a l l i s a t i o n  from dimethvlform- 
&ide /methakol  gave 360 mg'of t h e  pure 7, l -d imerhyl  isomer. Y i e l d :  
300 mg ( 2 0 . 7  % ) ,  m.p.: 317-321°C. C a l c u l a t e d  f o r  CiqH15N302S ( 2 8 9 . 4 ) :  
C 58.11, H 5.23, N 14.52, S 11.08 %. Found: C 57.67, H 5.19, N 1 4 . 4 9 ,  
S 11 05 %. A i n  methanol  ( z ) :  345 sh (2300), 278 (10 OOO), 24Li 
(22  O O O ) ,  21Ta?2O 0 0 0 )  
( 8  0 0 0 )  258 ( 2 6  0 0 0 )  nm (M-lcm-l) ;,'?n CF3COOH ( 5 1 :  380 ( 3  OOO), 
298 (5 i 0 0 1  nm (M-lcm-1). 1 H - N M R  i; (C?H3)2SO: 2.1 ( 3  s 7-CH ) ,  
2 . 1 8  ( 3 ,  5 ,  8-CH3], 3.12 ( 3 ,  6 ,  3-CH3), 3.28 ( 3 ,  5 ,  lOICH'), 6.3 
(1, s ,  6-H), 6 . 8 5  (1, s ,  9-H), 10.5-11.0 (1, 6 .  1-HI. MS 870 eV): 
m/e 289 (100 0 ,  M+). I R  i n  K B r :  3400 1 - N H ;  1690 4-CO;  1625 2-CO c m - l .  

nm (M-lcm-1) i n  0.1 N N a O H  ( o f :  2 8 5  s h  

2 m o l e s  ( 5 2 0  mg) of t h e  cor responding  reduced  t h i a l u m i f l a v i n  was 
d i s s o l v e d  i n  50 m l  o f  r e f l u x i n e  g l a c i a l  a c e t i c  a c i d .  F a s t  a d d i t i o n  

m o l e s )  of f r e s h l y  d i s t i l l e d  2 , 6 - l u t i d i n e  t h e  c o l o u r  o f  t h e  suspen-  
s i o n  changed from v i o l e t  t o  ye l low o v e r  a p e r i o d  of 15 min. 
The p r e c i p i t a t e  w a s  a l lowed t o  s t a n d  o v e r n i g h t ,  then  f i l t e r e d  o f f  
wi th  s u c t i o n ,  washed wi th  d i e t h y l e t h e r ,  suspended i n  w a t e r  t o  remove 
b a s e  and p e r c h l o r a t e  and f i n a l l y  f i l t e r e d  and washed a g a i n  wi th  d i -  
e t h y l e t h e r .  The s o l i d  was d r i e d  over potass ium hydroxide  (8OoC, 13 Pa,  
8 h ) .  Y i e l d :  4 9  mg ( 8 5  a ) ,  m.p.: 260OC ( d e c . ) .  
lH-NMR-spectra could  n o t  be r e c o r d e d ,  for t h e  dimer was o n l y  s u f f i -  
c i e n t  s o l u b l e  i n  ch loroform,  where it formed an e q u i l i b r i u m  w i t h  
i t s  monomer r a d i c a l .  C a l c u l a t e d  for C28H N 0 S (576 .7) :  C 58.32, 
H 4 . 8 9 .  N 14.57. S 11.12 % .  Found: C 57.21.6H44!90. N 1 4 . 2 9 .  S 1 0 . 9 2 % .  . ~~ I~ ~ 

I R  i n  K B r :  1715'4-CO: 1665.21CO cm-1. A.-- . in  benzene ( c ) :  390 s h  
cm-1). EPR i n  ch loroform:  (64001  366 (70001, j O 9  (11 0 0 0 )  nm t M - T a X  

caro o . k . 5  mT,  ayah 0.365 mT.MS: m/e 288 (100 a ,  M+/2).  

S u l f o x i d e s  H s F I O x S  

Genera l  Syntheses  : 
A: 1 0  m o l e s  of t h e  cor responding  reduced  t h i a l u m i f l a v i n  was suspended 
i n  50 m l  ace tone .  The s u s p e n s i o n  w a s  h e a t e d  and  20  m a l e s  of 30 % hy- 
drogen p e r o x i d e  s o l u t i o n  added ,  which changed t h e  c o l o u r  from ye l low 
to c o l o u r l e s s .  A f t e r  c o o l i n g  i n  an i c e b a t h  t h e  s o l i d  w a s  c o l l e c t e d  
and washed w i t h  0.1 N H C 1 ,  e t h a n o l  and d i e i h y l e t h e r  b e f o r e  r e c r y s t a l -  
l i z a t i o n  from aqueous sodium hydroxyde s o l u t i o n .  Y i e l d :  90 %. 
8 :  10 moles of t h e  cor responding  reduced  t h i a l w i f l a v i n  w a s  suspen-  
ded i n  a c o n c e n t r a t e d  m e t h a n o l i c  ammonia s o l u t i o n .  On c o o l i n g  i n  an 
i c e b a t h  a s o l u t i o n  of 30 % hydrogen p e r o x i d e  w a s  added s lowly  and wi th  
v igorous  s t i r r i n g  u n t i l  t h e  c o l o u r  changed from ye l low t o  c o l o u r l e s s .  
A c i d i f i c a t i o n  wi th  50% a c e t i c  a c i d  and  subsequent  e v a p o r a t i o n  of  
methanol  y i e l d e d  colourless c r y s t a l s ,  which were r e c r y s t a l l i z e d  from 
methanol /water .  Yie ld :  90 a. 

10-Methv1-2,Y-dioxo-l,2,3,~-tetrahydro-pvrimido [ S,U-bl[ 1 . 4 1  
b e n z o t h i a z i n e  Sulfoxide,HsFloX+O (V: R L  = R' = H ,  R" = C H 3 1  

m.p.: 198'C. C a l c u l a t e d  f o r  C11HgN30 S (263  31: C 50 .17 ,  H 3.44,  
N 15.96%. Found: C 49.89 
1715,  1685 4-CO; 1635 2-:O c m - 1 .  Aqax i n  CF3COOH ( c ) :  296 (5500), 
282 ( 6 5 0 0 )  nm(M-lcm-llk-NMR i n  (C H3)pSO: 3.81 ( 3  s 10-CH ) 
7.2-8.3 ( 4 ,  m, ArH), lb.3-11.8 ( 2 ,  1 - H ,  3-H), MS: i / e ' 2 6 3  ( l $ , ' M * ) ,  

H 3.47, N $5 .81  %: I R  i n  KBr: 3450 1 - N H ;  

247 (100 %, M*-O). 

m.p.: 205-208OC. C a l c u l a t e d  f o r  C14H 
9.95, N 13.76 0 .  found: C 54.78,H 4.85 ,i 13.43 %. IR i n  K B r :  
3450 1 - N H ;  1700 4-CO; 1635 2-CO; 1050 5 4 0  cm-l. A,, i n  me h a n o l  
( c ) :  284  (12 600), 236 ( 3 3  900),  226 s h  ( 3 0  9001 nm ?M-lcm-'); Xmax 
i n  0 . 1  N N a O H  (E): 315  sh  (2200). 255 ( 4 4  0 0 0 )  nm ( M - l c m - l ) .  IH-NMR 
i n  (C2H3) SO: 2 . 3 2  ( 3 ,  s ,  7-CH3), 2.37 ( 3 ,  5 .  8-CH31, 3 . 2 3  ( 3 ,  s ,  
3-CH ) 3267 ( 3  E 10-CH31, 7.45 (1, 5 ,  9-H) 7.65 (1. s 6-H), 
1 0 . 3 2 1 i . 5  (1, I ~ H ) . '  MS: m / e  3 0 5  ( 3 % .  MI), 2 a g ' ( i o o  %, ~ t - 6 ) .  

N 0 S ( 3 0 5 . 4 ) :  C 55.07, H 

1 3 10-Trimeth 1-2 4-dioxo-1 2 3 4 - t e t r a h  d r o  r i m i d  !1 ,4 ]  
b g n z o t h i a z i n e  Z u l f i x i d e  .HsFl;,:O'(V: R' = ' R 3 w  L5i:-b1 

of 10 m a l e s  (1.5 g l  bromine immedia te ly  gave a v i o l e t  c r y s t a l l i n e  
p r e c i p i t a t e ,  which was f i l t e r e d  o f f  by s u c t i o n .  The crystals were 
washed w i t h  d i e t h y l e t h e r  and d r i e d  o v e r  phosphorous p e n t o x i d e  ( 80°C, 
1 . 0  Pa ,  8 h ) .  
Y i e l d :  580 mg (55 % ) ,  m.p.: 162OC ( d e c . ) .  C a l c u l a t e d  for C12H11Br3 
N302S (501.01: C 28.76, H 2.21, N 8.40 0 .  Found: C 28.29, H 2 . 1 6 ,  
N 8 . 2 3  %. I R  i n  K B r :  3420 1-NH; 1710 4-CO;  1685 2 - C O  cm-I .  Amax 
i n  CF COOH ( E ) :  527 (6 ZOO), 345 (2 goo),  334 ( 3  OOO), 2 9 9  ( 5  2001 
nm CMi1cm-1) .  EPR i n  CF3COOH: a N  0.45 mT, 0.45 mT. 

10 

4a-Methoxv-3.10-dimeth 1-2 4-dioxo-2.3.4,  - t e t r T w y r y d o  
[ 5,4-b][ 1,4] benzothia~ine:sFlox-4a-OCH? f V 1 :  R -CH3> R k R 3 = C H 3 L  

3 ,7 ,8 , lO-Tet ramethyl -2 ,4-d ioxo-1 ,2 ,3 ,4- te t rahydro-~OH-o~r imido  
5 ,4-bJ L 1 ,UJ b e n z o t h i a z i n y l  R a d i c a l  P e r c h l a r a t e  .HsFl*CiOG- 
111: R' = CH3. R d  i CH3. R' : CH3l 

30 mg (0 .1  mmalesl o f  t h e  cor responding  reduced t h i a l u m i f l a v i n  was 
d i s s o l v e d  a t  8OoC i n  20 ml g l a c i a l  a c e t i c  a c i d , c o n t a i n i n g  5 vol. % 
acetic a c i d  anhydr ide  and 0;l M sodium p e r c h l o r a t e .  Addi t ion  of  1 ml 
of  a s o l u t i o n  c o n t a i n i n g  0.1 M bromine and 0 . 1  M sodium p e r c h l o r a t e  
i n  g l a c i a l  a c e t i c  a c i d  zave a v i o l e t  D r e c i D i t a t e  which w a s  f i l t e r e d  
off-by s u c t i o n ,  washed k t h  glacial  a c e t i c -  a c i d  and d i e t h y l e t h e r  
and d r i e d  over phosphorous pentoxide  (lOO°C, 13 Pa, 12 h ) .  Y i e l d :  
28 mg (78  % ) ,  m.p.: 350OC. 
C a l c u l a t e d  for CiuHirClN9OcS ( 3 8 8 . 8 ) :  C 43.26. H 3 . 8 9 .  N 10.81 %. 
Found: C 93.19 i73:g7, ij i 0 . 7 1  a. I R  i n  KBr:'3950 l - G H ;  1740 4-CO; 
1650 2-CO,  1096 C10 
3 0 8  (43001, 290 s h  ? l 7  0 0 0 )  

cm-1. Amax i n  CH CN ( 6 ) :  558 (78001 343 ( 3 4 0 0 )  
260  C19 ZOO) ,  252 (21 0 0 0 )  Am (M-1cm-l): 

EPR i n  C H ~ C N :  .N 0.44 mT, a$ 0.44 mT MS: m / e :  289 (100 6, M+-clo,). 
10 1 O R  

0.2 m o l e s  (75  mgl of t h e  r a d i c a l  p e r c h l o r a t e  was suspended i n  50 ml 
d r y  d ich loromethane  a t  room t e m p e r a t u r e .  On a d d i t i o n  of  0.3 m l  ( 2 . 6  

10 moles (5.0 g )  of t h e  cor responding  r a d i c a l  t r i b r o m i d e  w a s  s t i r r e d  
w i t h  50 ml methanol f o r  about  2 h .  The r e s u l t i n g  green  S o l u t i o n  
changed t o  c o l o u r l e s s  and t h e  D r e c i n i t a t e  was f i l t e r e d  o f f  bv s u c t i o n .  . .  
F u r t h e r  p r o d u c t  w a s  o b t a i n e d  by c o n c e n t r a t i n g  of t h e  f i l t r a t e .  Re- 
c r y s t a l l i z a t i o n  from methanol y i e l d e d  2.1 g of  w h i t e  c r y s t a l s .  
Y i e l d :  2 . 1  g ( 7 2  %).  m.p.: 164%. C a l c u l a t e d  f o r  C ~ ~ H ~ ~ N J O ~ S  (291.33: 
C 53.59. H 4 .99  . N 1 4 . 4 2  %. Found: C 53.35. H 4.47. N 1 4 . 4 5  %. 
IR i n  K B r :  1710 G - C O .  1660 2- 0 c m - l  i n  methanol ( E ) :  329 
(83001  245 s h  (12906) nm ( M - F c m - l ) , ' A z y i n  0 . 1  N NaOH ( E ) :  2 8 8  s h  
( 7 3 0 0 ) '  252 (15  500)  nm (M-1cm-1). ; i n  CF3COOH ( 6 ) :  352 s h  ( 4 1 0 0 ) ,  
305 (6iOO) nm (M-lcm-11. 1H-NMR i; C%l?: 3 . 2 8  ( 3 .  5 .  3-CH9). 3.34 . .  
( 3 ,  s ,  l O - C H 3 ) ;  3.85 ( 3 ,  5 ,  4a-OCH3), 7.:-7.6 (9, m, A r H ) .  d S l  m / e  
291 (M'). 

4 - y:3,2&,10-tetrameth 1-2 4-dioxo-2 3 4 5 - t  t r a h  d r o  r imido  
,41benzothiaz-R1?Rq F R r  = ii:1 

T h i s  compound was s y n t h e s i z e d  by t h e  Same method d e s c r i b e d  above. 
Y i e l d :  68 %, m.p.: 250-256°C. C a l c u l a t e d  f o r  C15H17N30 S ( 3 1 9 . 4 ) :  
C 5 6 . 4 0 ,  H 5 37 N 13.16 %. Found: C 56 .01 ,  H 5.31, N g 3 . 0 3  a .  I R  
in K B r :  1710 '4- to :  1665 2-CO c m - l .  Am-., i n  methanol ( E ) :  340 ( 9 8 0 0 ) .  
176 sh ( 8 3 0 0 ) ,  is i  6h ( 1 i  800) nm (M%m-l) ;  A,,, i n  C F ~ C O O H  (E): 3 i 4  
s h  (4200) .  318 (7800)  nm (M-1cm-l). IH-NMR i n  C$C13: 2 .28  ( 3 ,  5 ,  
7-CH31, 2.32 ( 3  s 8-CH 1 3 . 2 8  ( 3  s 3-CH ) 3.35 ( 3 ,  5 .  IO-CHs), 
3.77 ( 3 ,  s ,  Ua-6CH;), 7 . 8 3 ' ( 1 ,  s, 61H): 7 . 2 s 3 ( i ,  5 ,  9-HI; MS: m/e 
319 M ( + ) .  


