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(Scheme I) that the isotope effects be the same for production 
of 1 and 2 is met. 

The key observation that the isotope effects in the two ex- 
perimental systems (Tables I and II)I3 are nearly identical fits 
the hypothesis that the low isotope effect in the mass spec- 
trometer derives from the nature of the cation radical inde- 
pendent of its formative history. The correspondence draws 
one to the conclusion that 2-hexanone cation radical demands 
the same transition state for y-hydrogen abstraction under 
vacuum as in the complex solvent medium of an electro- 
chemical cell. The molecular cation radicals undergoing re- 
arrangement in the mass spectrometer cannot be distinguished 
from thermal molecules in their discrimination for hydrogen 
over deuterium.l49l5 
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The Mechanism of Flavin 
4a Substitution Which Accompanies Photolytic 
Decarboxylation of a-Substituted Acetic Acids. 
Carbanion vs. Radical Intermediates 

Sir: 
Flavin-mediated photodecarboxylation (PDC) of certain 

a-substituted acetic acids (eq 1 )  has been claimed to serve as 
a model for flavoenzyme-catalyzed dehydrogenations.Ip2 The 
reaction is facile only in cases in which a heteroatom (0, N, 
and S) is bonded directly or vinylogously to the methylene 
carbon of the substituted acetic acid (in eq 1, R is C6H50-  for 
la,  CbHsS- for lb, and 3-indolyl for IC). PDC of a-hydroxy12a 
or a-amino acids3 in the presence of FI,, yields a-keto or 
a-imino acids presumably by elimination from the 4a a d d ~ c t . ~  
It has been suggested that the mechanism of eq I involves 

xgRo + RCH,CO,H 
la-c 

0 
F1ox 

hv vNwN\ 

2a-c 
4a-FICH,R 

nucleophilic attack of a carbanion intermediate upon the 4a 
position of FI,, (eq 2).1,2 However, PDC of the a-substituted 

hv isc 
FI,, - l ~ i , x *  - 3 ~ 1 , , *  

I- CO, + 4 a - F I C H 2 R  ( 2 )  

carboxylic acids la-c by the triplet states of benzophenone, 
quinones and various quinoid dye molecules has been estab- 
lished (spin trapping, CIDNP, product a n a l y ~ i s ) ~  to be radical 
in nature. We are now able to show that a radical mechanism 
is involved in  the 3F1,,*-mediated PDC reactions. This com- 
munication deals with the results of laser flash photolysis and 
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Table I. Radicals Observed during the FI,,-Mediated 
Photodecarboxylation of Carboxylic Acids la-c in the Presence of 
NtBa 

hyperfine splittings, 
acid radicals obsvd a ,  in Gb ( a H C H 2 )  gc 

la (t-Bu)zNO. (4) 15.5 2.0067 
t-BuN(O)CHZOC6Hs (5) 13.3 (4.5) 2.0069 

Ib (t-BU)ZNO* (4) 15.5 2.0067 
IC (t-Bu)zNO* (4) 15.5 2.0067 

3-indolvlCH~N(O~-t-Bu ( 6 )  15.5 (8.5) 2.0069 

a FI,, (5 X M), NtB (0.01 M), la (0.5 M), I b  (0.1 M ) ,  or I C  
(0.1 M) in degassed acetonitrile. Irradiation was accomplished using 
the Hg-Xe lamp and the 441-nm filter. ESR spectra will be included 
as Xerox copies with reprints. f O . l  G. f0.0002. 

2-methyl-2-nitrosopropane (NtB) spin trapping6 studies of the 
PDC of la-c mediated by the triplet of 3-methyllumiflavin (R' 
= CH3, A,,, 442 nm).' 

When FI,, alone in acetonitrile is flashed (430 nm), tran- 
sients due to 3Fl,,* (645 nm) and neutral flavin radical (FIH., 
560 nm) can be observed. The latter species results from le- 
transfer accompanying 3Flox* quenching by FI,, followed by 
H +  transfer to FI-- by trace H20 in the s ~ l v e n t . ~  All of the 
compounds investigated here were found to quench 3Flox* by 
le- donation to produce FIH- ( [3Flox*]ln,t,al = [FIH*]produced) 
[k , ,  M-ls-]: 2.1 X lo9 (NtB), 6.7 X lo7 (la), 3.7 X IO9 (lb), 
8.3 X lo9  (IC), 3.6 X IOs  (Flox)lo]. In all instances thedisap- 
pearance of FIH. followed the second-order rate law. The  
flashing of solutions of la-c and FI,, also yields a transient 
(520-650 nm with A,,, 630 nm) which decays slowly by sec- 
ond-order kinetics ( t  1p = 17 ms with I C  and 12.5 ms with lb). 
The laser flash photolysis experiments are  in accord with the 
reaction sequence of eq 4.  The initially formed ion-radical pair 
( I )  is rapidly converted by a thermodynamically favored proton 
transfer into the metastable species I1 whose components un- 
dergo decarboxylation and radical coupling (eq 3b) and dis- 
proportionation (eq 3c). Species I1 is presumed to be the slowly 

+. 
3~1,,* + RXCH,CO,H -+ pi-. + RXCH~CO,H) 

I 
t' 

+ (FIH. + RXCH,CO,-) (3a) 

II 

-a +. 
RXCH,CO,- - RYCH,. % 4a-FIHCH,XR (3b) 

2FM. - FIH, + RX (3c) 

decaying transient noted above, its decay being controlled by 
reactions 3b,c and its spectral properties being due to 
change-transfer interactions. 

N t B  very effectively prevents the formation of the 4a ad- 
ducts 2 during PDC in the presence of flavin. For example, the 
initial rate of disappearance of FI,, in the presence of la or lb 
is decreased by > lo2  when solutions of FI,, (7.5 X IO-5 M), 
la or lb (0.005 M), and N t B  (0.005 M) are  irradiated a t  the 
Hg-Xe lamp with the 441-nm band pass. With IC the rate of 
disappearance of FI,, is decreased by >30-fold. When solutions 
of FI,, (5 X M), la-c (0.1-0.5 M), and NtB (0.01 M) are 
irradiated through the grid of the ESR cavity a t  441 nm with 
the Hg-Xe lamp (-30-cm path length), a number of strong 
radical signals reach steady state within 10-1 5 min of the start 
of irradiation and remain at  this concentration for a t  least 0.5 
h. If illumination is discontinued, the signals decay very slowly. 
Table I provides a summary of the radicals which were ob- 
served in these experiments. The radical species were identified 

by comparison with authentic ones generated by literature 
p r o ~ e d u r e s . ~ ~ - l  l s l *  The hydrogen hyperfine splitting constant, 
aHCH2, for 6 is typical of those observed for similar radicals.l* 
Nitroxides 5 and 6 could not be generated by irradiation of 
solutions of N t B  and the respective acids a t  any wavelength 
between 300 and 700 nm if a triplet source (FIox, benzophe- 
none, etc.) was not present. 

Irradiation (441 nm) of lb (0.002 M)  and FI,, i n  02-free 
benzene-d6 yields thioanisole as well as the expected 4a adduct. 
The thioanisole was identified by N M R  and is present in 
5-20% yield compared with 4a-FIHCH2SC6H5. The presence 
of this material is best explained by a competition of radical 
pair collapse and He transfer from FIH. to the thiophenoxy- 
methyl radicalS (eq 4). When acetonitrile solutions of benzo- 

FlH. + C,H,SCH; 4 Fl,, + C,H,SCH, (4) 

4a-F1HCH2 SC,H, 

phenone (0.1 M), lb (0.1 M), and N t B  (0.05 M) were irradi- 
ated a t  362 nm, it was possible to observe tert-butyl thiophe- 
noxymethyl nitroxide as well as tert-butyl thiophenoxy ni- 
troxide [ t - B u N ( o ) s C 6 H ~ ] .  With white light (Hg-Xe lamp 
filtered to remove UV) these two radicals could no longer be 
observed even though significant amounts of 4 arose on pho- 
tolysis of NtB.  Apparently the thiyl radicals are  not stable in 
the presence of significant quantities of 4, or white light, or a 
combination of both. In fact, thiyl nitroxides are  notoriously 
unstable.6 Since the FI,, solutions fluoresce out to  -650 nm 
when irradiated a t  441 nm, and 4 is present during these ex- 
periments, it is not surprising, that the tert-butyl thiophe- 
noxymethyl nitroxide (t-BuN(O)CH2SC6H5) radical cannot 
be observed during'rhe flavin-mediated photodecarboxyla- 
tions. 

Generation of the nitroxide 4 occurs by reaction of some 
trace impurity in the acetonitrile solvent with 3Flox*. Thus, a 
very small amount of 4 is generated on irradiation of FI,, i n  
the presence of N t B  and the radical decays in a period of 4-5 
min after illumination was initiated. The radical could not be 
regenerated upon reirradiation of the solution even though 
visible spectroscopy showed that the flavin and N t B  were still 
present in essentially the same concentrations as before the 
experiment. Whatever the trace impurity in the acetonitrile 
may be, it is likely to provide FlH2 on irradiation with FI,,. 
Thus, solutions of FIH2 ( 5  X IO-5 M), FI,, ( 5  X l o w 5  M),  and 
N t B  (0.01 M )  give rise to a steady-state concentration of 4 
when irradiated a t  441 nm. Whatever the mechanism of the 
formation of 4, its detection during the experiments involving 
the acids la-c does indicate the presence of FlH2 or FIH.. 
Thus, after completion of the formation of 4a adduct,I3 upon 
irradiation (441 nm) of FI,, (7.5 X IO-5 M)  and any of the 
acids la-c (0.005 M), admittance of 0 2  (dark) regenerates 
immediately 4-6% original FI,,. The adducts 2 are  stable to 
0 2  in the dark ' -2  and N-5  adducts are  known to react rather 
slowly with 0 2 ,  giving rise to colored intermediate radical 
products.2b.c The presence of FlHz would readily explain the 
rapid reappearance of FI,, upon admission of O2.I4 The for- 
mation of FIH- and FIH2 is accounted for in the proposed 
mechanism of eq 3. Control experiments showed that no FIH2 
was formed when solutions of FI,, (7.5 X M) in degassed 
acetonitrile were irradiated in the absence of acids la-c. The 
presence of FlH2 is inconsistent with the decarboxylation 
mechanism proposed by earlier workers (eq 2) but is expected 
from the radical mechanism of eq 3. 

N o  ESR signals are observed and no FI,, is formed when the 
4a adduct 2a15 (5 X M) is irradiated at  441 nm in the 
presence of la (0.50 M )  and N t B  (0.01 M). In addition solu- 
tions of FI,, (3.7 X M) and 2a (3.7 X 10-5 M) arestable 
in the presence of N t B  (0,025 M)  when irradiated a t  441 nm. 
Irradiation a t  441 nm of solutions containing FI,, ( 5  X 
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M), N t B  (0.01 M), and the nonreactive carboxylic acids' 
acetic acid (0.1 M), adipic acid (3.2 X M), and benzoic 
acid (0.1 M) gave results identical with those of the blank ex- 
periment (FIox and NtB). 

The origins of the nitroxides 5 and 6 are  most easily ex- 
plained on the basis of trapping by N t B  of the intermediate 
substituted methyl radical formed by decarboxylation of an 
initially formed substrate cation radical (eq 3).  It might be 
argued that decrease in the rate of disappearance of FI,, caused 
by the presence of N t B  is simply due to the competition be- 
tween N t B  and la-c for 3Flox* and that the formation of 
spin-trapped radicals results from only a minor component of 
the reaction. From the second-order quenching constants (k,) 
given above it may be concluded that this could only be a 
partial factor with l a  and would be inconsistent for l b  and 
1 c. 

We believe that the results of these experiments provide firm 
evidence for the radical nature of the flavin-mediated photo- 
decarboxylation reactions. The contention of Hemmerich and 
his that these reactions proceed via a nucleophilic 
addition to 3F10x* (eq 2 )  appears to be wrong as is their sug- 
gestion'.*.l6 that thesei-eactions provide support for a mech- 
anism of flavoenzyme-catalyzed dehydrogenation involving 
nucleophilic addition of carbanion to the ground-state flavin. 
These results also seriously call into question the suggested 
intermediacylv2 of covalent adducts in the PDC of a-amino and 
a-hydroxy acids since the observed products can easily be 
accounted for through radical mechanisms.17 This study rep- 
resents the second successful application of radical-trapping 
techniques in the study of the mechanisms of reactions of flavin 
model systems.18 We believe that further applications of these 
methods in this field will prove quite fruitful. 
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Biotin Biosynthesis. 2. Stereochemistry of 
Sulfur Introduction at C-4 of Dethiobiotin 

Sir: 
The vitamin (+)-biotin (1) is widely distributed in plant and 

animal tissues where it functions as the cofactor for a variety 
of enzymatic carboxylation reactions.' A number of fungi and 
bacteria synthesize biotin from pimelic acid via a metabolic 
pathway whose last step is the conversion of (+)-dethiobiotin 
(2) into (+)-biotin.2 We recently reported experiments which 

0 

1 2 

establish that the biosynthesis of biotin in Aspergillus niger 
proceeds via the introduction of sulfur a t  C-1 and C-4 of 
dethiobiotin without apparent involvement of C-2 or C-3.3 A 
similar situation has since been shown to obtain in Escherichia 

Since the nature of the reactions involved in the intro- 
duction of sulfur a t  saturated carbon atoms is presently un- 
known, we decided to investigate the stereochemistry of the 
sulfur introduction process in A. niger. We now report the 
results of experiments that elucidate the stereochemistry of the 
introduction of sulfur a t  C-4 of dethiobiotin. 

The elucidation of the stereochemistry of sulfur introduction 
was accomplished by means of precursor incorporation ex- 
periments with [4(R)-3H]dethiobiotin (3) and [4(S)-3H]- 
dethiobiotin (4). These chirally labeled forms of dethiobiotin 
were synthesized from the [( 1S)-3H]- and [(  1R)-3H]tosylates 
5 and 6, which had been previously prepared in our laboratories 
(Scheme I ) . 5  The tosylates 5 and 6 were treated with the lithio 
derivative of the T H P  ether of propargyl alcohol according to 
the method of Corey et aL6 On the basis of the assumption that 
this reaction proceeds with inversion of configuration, the 
products of the alkylation are  the [ (  1R)-3H] and [( 1S)-3H] 
acetylenic acetals 7 and 8, respectively. These chirally tritiated 
acetylenes were transformed into [(4R)-3H]- and [(4S)- 
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