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ABSTRACT

A method for the generation of the gquinone methide
tautomer of riboflavin free in solution is described.
Nucleophilic and electrophilic interception of this species
by molecules relevant to naturally occurring 8a-peptidyl
flavins is examined. Oxygen transfer from 3~methyl~8-
demethyltetraisobutyrylriboflavin-5-oxide to phenolates is
demonstrated along with concomitant generation of a flavin

nitroxyl.
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INTRODUCTION

Beginning with their isolation as "lactochrome”, a
yvellow pigment in cow's milk, flavins have been the target
of intensive investigation. Roughly a century of research
might long ago have exhausted the last interesting bit of
data were it not for the widespread occurrence and diversity
of function of flavins. Though flavins may be one of the
most studied biological cofactors, they remain among nature's
most ubiquitous catalysts.

Two areas which occupy a large portion of the van-
guard of contemporary flavin researchl include:

1. flavoenzymes where the nature of cofactor

binding is defined by a covalent bond between

flavin and apoprotein; and

2. the elusive identity of the flavin/oxygen

adduct responsible for flavin monooxygenase

activity.

Many of these flavoenzyme functions are restricted
in nature to bacteria and at first glance may seem far re-
moved from humans. Closer examination reveals a different

picture. Bacteria are responsible for removal of vast

guantities of chemical toxins from the environment. 1In a
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world being inundated with ever-increasing amounts of
industrially spewed chemical wastes, an understanding of the
molecular basis for nature's detoxification schemes is
critical.

A high degree of sophistication in drug design is
pushing the pharmaceutical industry towards greater
interest in flavin cofactors. Even though amine-N-oxidase
is the only flavin monooxygenase found in humans+ its
importance is magnified when the number of alkaloid drugs is
considered (quinine, codeine, nicotine, lysergic acid).
Certainly an understanding of the flavin-mediated first step
of degradation is important to predicting the length of
action of a drug and its potential physiological side effects.
- Moncamine_oxidase, one of the apoproteins covalently linked
to flavin, is of central metabolic importance due to its
degradation of monoamines. Selective inhibition of this
enzyme in brain tissue is used in treatment of psychic dis~
orders in man.

For nearly thirty years after the structure determin-
ation and total chemical synthesis of riboflavin, the only
forms of flavin thought to exist in nature were riboflavin
(RF1) la, flavin mononucleotide (FMN) 1lb, and flavin adenine
dinucleotide (FAD) lc. With time a whole range of flavins
were recognized to be released from apoprotein only under
such forcing conditions as proteolysis and strong acid diges-
tion. These flavins were isolated from sources ranging from

mammalian brain tissue to so0il bacteria and found to be
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covalently linked to apoprotein. Generally, the linkage
is through the 8u methyl group of the isocalloxazine nucleus
to an imidazole nitrogen of histidine 2a, gb,z sulfur of
cysteine§J3cu'oxygen of tyrosine 54 (see Tablé.i for
peptidyl flavin structure and function).

Perturbation of the reduction potential to more
positive values is a general phenomenon of electron with-
drawing substituents at the 8a position of riboflavin.5
8o Peptidyl flavins are in line with this trend.6 However,
their reduction potentials being twenty to thirty milliveolts

more positive than riboflavin seems of negligible importance

in vivo.

Recently Walsh hypothesized that peptidyl flavins

are generated by interception of a gquinone methide tautomer

la

of riboflavin (Scheme I). This proposal is particularly

insightful in relation to the versatile nature of the
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electronic backbone of the isocalloxazine. Flavins can exist
in three oxidation states: the fully oxidized 5, the semi-
guinone radical 6, or the fully reduced dihydro 7. These
differing electronic clouds on the same heterocyclic nucleus
enable flavins to shuttle electrons between obligate two
electron donors and obligate one electron acceptors and ac-
count for flavin reactivity with oxygen.7 Quinone methide
form 8 as proposed by Walsh is a fourth, biologically rele-

vant distortion of the electron cloud.
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While oxidative states 5, 6 and 7 account for the
catalytic activity of the cofactor, the guinone methide 8
dictates the nature of the cofactor-apoprotein binding.

At the time this research was initiated no experi-
mental evidence existed for the proposed attachment mechanism.
Hemmerich in the late fifties observed 8u,8c dimerization of
riboflavin8 which he thought involved the gquinone methide
tautomer. With the exception of a brief communication con-
cerning 8o deuterium exchange when flavin mononucleotide was

heated in D 0,9 not a single paper over a twenty-year span

2
explored the guinone methide tautomer. Recently, ShinkailO
has reported a species thought to be the guinone methide
tautomer formed under basic conditions on a polymer. The
observed species displays no reactivity with thiols.

Such a dearth of investigation has not been the case
with flavin monooxygenases. Upon two electron reduction,
flavin monooxygenases react with oxygen to form what is
referred to as an "oxygen gun". This species’ reactivity
results in one atom of oxygen winding up in water and the
other in the oxidized substrates. It is not yet clear
whether all flavin monooxygenases use the same oxygen gun.
Some examples of oxidations carried out by flavin mono-
oxygenases are shown in Table II,

The flavin hydroperoxide 9a has become a prime
candidate for the molecular species responsible for or

leading to flavinoid oxygen gun activity. Experiments have
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Several different mechanisms have been proposed for
flavin oxygen transfer ability. One proposed in differing
forms by Massey and Bruice utilizes the 4a hydroperoxide
as the species transferring oxygen. Scheme I1 shows this

proposal in relation to oxidation of amines and sulfides.

Scheme ||
R R
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Bruice has found this oxidative chemistry to be incredibly
facile.13 The reaction of dimethyl aniline with 4oF1EtOOH 9%b

is so much more rapid than with hydrogen peroxide or t-butylhydro-
peroxide that comparison of rate constants is not possible.
Sulfur oxidation of thioxane does facilitate compariscon of
second order rate constants and shows the ratio of
4aF1EtOOH:H202:t-BuOOH to be 2 x 105:20:1. This vast dif-
ference in rate seems to argue against oxidation of sulfides

and amines being due to reaction with steady state pools of

hydrogen peroxide. Furthermore, S-oxidation of thioxane by

hydrogen peroxide and alkyl hydroperoxide is zecc ~ order in
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hydroperoxide reflecting a second molecule of hydroperoxide
serving as a proton source. Oxidation of thioxane by
40F1EtOOH is first order in 4uaFlEtOOH, reflecting no apparent
requirement for protic assistance.

Nucleophilic attack on the terminal oxygen is
indicated by spectra of the completed reaction being identical
to 4oF1lEtCH, 10b. A plot of the logarithm of the second
order rate constant versus pKa of the amine yields separate
parallel lines with each line describing one class of amine.
Relative reactivity for amines of similar pKa follows hydroxnyl-
amines > tertiary amines > secondary amines. A slope of » .3

corresponds to a B value consistent with nucleophilic dis-

Nu:
placement.13 Radical mechanisms for oxidation are excluded

by the absence of a guenching effect on the rate by addition
of the free radical inhibitor 2,6-di-tert-butyl-4-methyl-
phenol (although this can not exclude one electron chemistry
within the solvent cage).

In relation to flavin hydroxylation of phenols Massey
proposes the two electron process in Scheme III whereas Bruice

prefers the radical reaction Scheme IV,
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Massey's proposals for phenolate oxidation are virtually
identical to those for amine and sulfide oxidation. Hence
one would expect 40aF1EtOOH to react with phenoxide to give
catechol anion and 4oFlEtOH 10b. But reaction of 2,6-
di-t-butyl-4-methylphenol yields 2,6-di-t-butyl-4-methyl-

4
4- hydroperowynbenol and F1T- L .1'
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IS SIS ¢ el o o
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Scheme Iv

The lack of formation of products predicted by
Scheme III prompted the Bruice proposal of radical inter-
mediates. However, step (c) of Scheme IV constitutes a
devastating weakness. As a potassium crown salt, superoxide
reduces the radical of 2,6-di-tertbutyl-4-methylphencl
producing 302 and phenolate anion.15 There appears else-
where in the literature no documented example of superoxide
coupling with a radical species to give a peroxide.l6

To patch up his hypothesis, Bruice has tried to

invoke a dioxetane between 4o and 1l0c and éven singlet oxygen-

flavin complexes to account for the oxidative chemistry of
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the 4o hydroperoxide.17 None of these proposals seem
biologically appealing and all lack precedent for the bond
scissions invoked. 1In fact, Bruice has reported oxygen

14,17

insertion into only two phenolates. An overview of

14,17,18 indicates that while the

the relevant literature
flavin 40 hydroperoxide adequately explains amine and
sulfide oxidation it does not effectively account for
phenolate oxidation.

An alternate hypothesis proposed for the identity
of the flavin oxygen gun invokes decomposition of the
40. hydroperoxide to an oxaziridine (Scheme V). The idea of

the intermediacy of an oxaziridine was initially proposed

by Dolphin and Orf19 and since extensively modified bv

20
Rastetter.
Scheme V
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Dolphin and Orf proposed their mechanism with only
the slightest shred of model system support. Oxaziridines
are known to be weak oxidants but as a general class of
oxidant their reactivity is unknown.

Precedent for step (¢) of Scheme V follows from a
report by Rastetter of oxidation of phenols when flavin-5-
oxide was photolyzed in organic media with the phenol.20
The relevance of this result to bioclogical, ground state
phenol oxidation is dubious as it is extremely difficult to
extrapolate from a model system utilizing 50~70 kcal of
photolytic excitation energy. Nonetheless, the proposal
for involvement of a nitroxyl radical is particularly
intriguing. Nitroxyl radicals are excellent oxidants of
phenols and if a biologically relevant ground state genera-
tion of such a reactive species were possible, a major
impasse in the flavin literature would be broken.

At the time this research was initiated, only one
example of oxaziridine oxidation of an amine existed.2l

Research began with an evaluation of the oxidizing power of

simple oxaziridines.



CEAPTER 1

ASCERTAINING THE

OXIDATIVE CAPACITY OF OXAZIRIDINES

Aside from Emmons' pioneering work, 1 oxaziridines
have been the target of little comprehensive investigation.
Dolphin and Orf proposed their mechanism for flavin mono-
oxygenase activity with virtually no precedent existing in
the literature on oxaziridine behavior relative to nucleo-
prhiles.

Attack on oxaziridine ring oxygen can be viewed as a

concerted or stepwise process {Scheme VI):

Nu
R> ,fl E§D
413-*N-.R
8 7 BTN
R$13) @ ‘(Nu' /\u Rg"
+
Nlu /
R2 /O_
JC—N,
R3 R
Scheme VI
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Based on their ability to stabilize the incipient negative
charge accompanying nucleophilic attack, a means for

categorization of known oxaziridines is possible (Table III).

Table 11

Closs | Class I
Class il

R
\/\“M ”*/'0\7(2
Yo o/ Ry @\ f
1S5

Class I oxaziridines are éﬁite stable and were the earliest
synthesized. Substituents are either alkyl, aryl, or combina-
tions therecf. C(Class II is defined by substitution at N(2Z)
enabling hetercatom stabilization of developing'negative
charge. Class III describes hetercatom stabilization at the
oxaziridine (3) position.

One of the key points in early oxaziridine {Class I)
structure determination was that an oxaziridine, unlike a
nitrone, has an asymmetric carbon. Emmons21 reported a kinetic

resolution of oxaziridine 13 with brucine leading to recovery

22
D

resolution a white, crystalline solid precipitated out of

of oxaziridine with o -3.94°, During the course of the

solutipn. Emmons claimed this solid was brucine-N-oxide
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resulting from attack by the tertiary amine on ring oxygen.
For the ensuing twenty years this result was cited as an
example of the oxidizing capacity of oxaziridines.

We found that refluxing a methylene chloride solution
of 13 and brucine does lead to the precipitation of a white,
crystalline solid (MP 194°C, dec).22 Recovery of remaining
13 indicates preferential destruction of one antipode. After

distillation and chromatography, recovered 13 displays

20
D

field desorption (FD) mass spectroscopy of the white, crystal-

a - 4.,34°, 1=1, neat. Combustion analysis, lH NMR and

line precipitate shows the material to be the quaternized

amine adduct of brucine and methylene chloride 18.

Examination of the kinetic resolution reaction mixture by

HPLC shows no formation of brucine-N~oxide.
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During chromatographic recovery of 13 from the kinetic
resolution we isolated ketone 19 (Scheme VII). Examination of
the reaction mixture during kinetic resolution shows the for-

mation of ketone 19 and imine 20, Scheme VII (Table IV).

Scheme VI
RSN:\
H H H
¥
\\:&<N-T7<v-<L - \\//£§NH + 0
Qo
i3 20 19

The resolution »f 13 suggests a brucine catalyzed fragmentation
of the oxaziridine (Scheme VII). Aldimines generated in the
base catalyzed oxaziridine fragmentation have been isolated

23 Furthermore, this reaction has been used syn-

by Boyd.
thetically in an amine to ketone conversion.?? oOxaziridine 14,
lacking o hydrogens, is not resolved by brucine. The alleged
formation of brucine-N-oxide from 14 is also incorrect. Again
the product formed is the brucine/CH2C12 adduct.

Simultaneous to our work, Hata and co-worker525 under-
took an exhaustive study of nucleophilic attack on Class I
oxaziridines. For oxaziridines with no steric hindrance of
ring nitrogen, attack by amines occurs at ring nitrogen.
Sulfides and triphenylphosphine reacted at both nitrogen and
oxygen with a preference towards ring nitrogen. When the
steric bulk on nitrogen increased to a t-butyl substituent,

-~

reaction shifted towards oxygen abstraction for sulfur and



Table IV. Kinetic Resolution of Oxaziridine 13;
Formation of Imine 5 and Ketone 4

Time Percentage 13 Percentage 20 Percentage 19

Elapsed (hrs) Destroved Formed ™' Formed

1.0 9.6-12.5 11.1-11.8° 10.0-11.8

4.0 33.6-34.8 28.6-30.5 30.1-33.8

10.0 52.,6-55.,5 23.0-25.9 49,3-50.7

16.0 62.5-68.1 14.7-18.0 59.1-62.5
aRange represengs results of two kinetic runs, performed according Eo Emmons,
reference 21. Determined by GLC vs. dodecane internal standard. Determined by
HPLC (C-18 column, 3:1, DH3CN:H 0) of the 2,4—dinitrophenylhygrazone derivative
{(2,4-DNP) vs. the 2,4-DNP O&f heptanal as internal standard. The 2,4-DNP
derivative was indistinguishable from an authentic sample by HPLg coinjection,
mixture melting point and mass spectral fragmentation pattern. At short reac-

tion times 13 is converted guantitatively to 20 plus 17. Imine 20 is not stable to
prolonged heating in the reaction mixture.

..L'[-
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phosphorous nuclecphiles while amines no longer reacted.
The oxaziridines carbon (C-3)was inert even in the absence of

steric hindrance at that center.

A general trend of oxaziridines functioning as

26

aminating agents continues into Class II. Schmitz has

found 2-acyl oxaziridines 15 to react vigorously with second-
ary amines at ring nitrogen. There is an exception to this
trend. Davisz7 found 2-sulfonyloxaziridine 16 to be a good
oxidant of amines, sulfides, and even olefins.

Oxaziridines of greatest relavance to flavins would
be in Class III. An exhaustive search of the literature
revealed only one 3-acyloxaziridine 11.28 Aside from oxaziri-
dine 17 all other attempts to synthesize Class III oxaziridines
have resulted in rearrangement of the transiently formed
oxaziridine to an amide. We initiated a study of 17 reac-
tivity with the tertiary amine N-methylpyrrolidine. Refluxing
17 in moist tertiary amine leads to the isolation of two mole-
cules, the anilide of phenylglyoxalic acid 2] and the N-methyl-
pyrrolidine salt of benzoic acid 22 (Scheme VIII). As a result
of this rather surprising result we reevaluated 17 reactivity
towards triethylphosphite. Contrary to the claim of Scheinbaum2
17 did not yield any imine 23 upon refluxing neat with triethyl-
phosphite based on HPLC coinjection. Recently Freeman29 has
communicated results showing that 17 does not have the struc-
ture claimed by Scheinbaum (Scheme IX). These results fully

explain what we observed. Sadly, this removes the only known

example of Class III oxaziridines.
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In view of our results and the rapidly expanding
oxaziridine literature, it appears that for a flavin oxaziri-
dine to function as a good oxidant of amines and sulfides
competitive with the 4ahydroperoxide, it must be an exception
to the general trend. Certainly oxaziridine 16 indicates
that exceptions are possible.

We tried several ways to make the actual flavin oxa-
ziridine via low temperature photolysis. This apprecach has
been demonstrated to be effective for synthesis of oxaziridines
unstable at room temperature.30 Flavin-5-oxide 27 (Scheme X)
was photolized in freeze thaw degassed 2-methyltetrahydrofuran
or ethanol glasses with hv = 420-580nm at liquid nitrogen
temperatures. Assuming that the flavin oxaziridine has
absorbance similar to 4aEtF10H 9b (A __ 380 nm) one woulc
expect some type of non-uniform bleaching with the 460 nm
peak declining faster than the 350 nm peak. We observe a

uniform bleaching of both the long wavelength and near ultra-

violet flavin absorptions {See Fig. 1}.

N "N\\FO N ~zN~\:0
N ' hv
NZ "H > Noy
X N
5 ° 0

R= tetraisobutyryiribityl

27 1
Scheme X
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In a second approach to the flavin oxaziridine we

tried reacting flavin with cyclic tertiary amine N-oxides

(Scheme XI).
2 R R
N0 N zN\:0 N N~0
a0 — o — X
N - “H N W N-H N g N.H
0 b Lo 0 b
2n <

N
> ~ " Scheme Xi i (
(CHT CH I,

These experiments are based on N-oxide capacity to oxidize

31 (thought to proceed via

benzyl chloride to benzaldehyde
initial nucleophilic attack by the N-oxide) and the precedented
capacity of nucleophiles to attack at N(5)-C(4a) of ribo-

32,33 No flavin oxaziridine is formed or any chemistry

flavin.
indicative of it observed. Instead, a reaction occurs which

has opened a whole new chapter in flavin chemistry.



CHAPTER 11X

ELUCIDATION OF THE
FLAVIN QUINONE METHIDE

Reaction of cyclic tertiary amine-N-oxides 28a-c with tetra-
isobutyrylriboflavin 33 leads to formation of brilliant red,

crystalline dimer 36a (Scheme }_(II).34

N-oxides 28a-c are not

alone in their ability to catalyze this transformation
(Table V). The conversion is also effected by the tertiary
amine base 1,5-diazobicyclo[5.4.0Jundec-5-ene (DBU, 29).
Potassium phenolates 30, 31 and potassium thiolate 32
convert 33 into a mixture of tautomeric red and orange ==
dimers, 36a and 37, respectively. Dimer 36a upon hydrolysis
of the isobutyryl esters forms 36b previously reported by

Hemmerich.8a

The dimers themselves display interesting secondary
chemistry. Dimer 37a is rapidly converted to 36a on
addition of N-oxide 28b in anaerobic, organic media. Both
dimers 36a and 37 rapidly revert to 33 when treated with
thiolate in aerobic organic (Scheme XIII}.

A likely mechanism for dimer formation (Scheme XII)
has as a key intermediate a quinone methide tautomer 8 of
tetraisobutyrylriboflavin 33. N-oxide catalyzed dimerization
of 33 is quenched in the presence of 2,3,5,6-tetramethyl-

phenol. When 0-deuterio-2,3,5,6-tetramethylphenol is used

-23-



-24-

Scheme XU

; !
N /Nj'-o RoN=0 or | j—.O
NP~ H KOAr N™ ™

S 0

33 8

N

g R W
SHS PN
H'Nx\“J;N ‘ ' NLN‘H

] 0 H O

34

~

R R
H‘N\lﬁ X | *NI'L/_N-H
o H O

39

O
N
Y

H R R H

0: N N > N N '—0
=" N N ~""H
0 )

360 R=tetraisobutyryiribityl
b R-=ribity!

+

R R
H'N\../\\[N NN
R 8

37 R=tetraisobutyrylribityl



Catalyst
0
\ 7
N

J

29
oK

30

s

31

32

-25=-

Conditions

24h

24h

24h

iOh

©h

6h

8h

Table V

HPLC Yield
360 37 33

10 — t4
I2 — 4
trace  — 12
20 — 62
29. i9 52

8 troce 29
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to inhibit dimerization, recovery of flavin after 24 h re-
veals (lH NMR) a substantial decrease (~50%) in the intensity
of the 8a methyl absorption relative to the 7o methyl
absorption. Prevention of flavin dimer formation by the
phenol may reflect the protonation ©of a quinone methide 8.
Similar deuterium exchange was observed by Bullock and
Jardetzky when flavin mononucleotide was heated at 90-95° in

9

D,0 at pH 6.8-6.9, Dimer 37 can function as an intra-

2
moleculer trap of gquinone methide generation. N-oxide cata-

lyzec conversion of dimer 37 to 36a {Scheme XIII) serves as
a model for distortion of the normal electron configuration

33 to that of the quinone methide 8.

-~
Ne

R R 0N R
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In contrast to the generation of 36b with strong

base under forcing conditions, the capacity of simple N-oxides

to catalyze the same conversion is unexpected. Three mech-
anisms can be evisioned as responsible for the catalytic
activity of the N-oxides (Scheme XIV). Tautomerization via
kq {Scheme XIV) finds precedent in Bruice's work with the
flavin mediated oxidation of methyl-a~hydroxyphenyl acetate
anion.35 Numerous isolations of N(5) covalent adducts in
flavin oxidations33 suggest potential operation of k2
(scheme XIV}. Finally, k3 {(Scheme XIV) reflects the initial

work of Hemmerich.8

0
R R
NN~ N ~N~.0
S & §
NN NS
L] 0, O

Scheme XiV
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Investigation into the mechanistic basis for the
tautomerization made extensive use of 8-demethyltetraiso-
butyrylriboflavin 38. This molecule, lacking the requisite

8-methyl group for tautomerization to the quinone methide,
R
N /NTO
NZ N NH
0
38

was prepared via the Merck modification of the Yoneda pro-
cedure.36 Flavin 38 proved to be totally inert to the
reaction conditions leading to dimerization of 33. On mixing
with N-oxide 28b the reaction mixture did not turn reddish-
black like the dimerization reactions. UV monitoring of 38
plus the dimerization catalyst 28b did not reflect any
perturbation of the flavin absorptions or formation of
anything that could be construed as absorption due to a
charge transfer band. The inertness of 38 argues against
C({8) or N(5) covalent adducts formed either by recombination
of radical species or due to nucleophilic covalent catalysis.
Further evidence relevant to the observed catalysis

follows from studies of the hydration of imine 23 to hydroxyl-

amine 39 (Scheme XV).
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Ho0
Q\N/ 8 cotolyst ©\N H ]

23 39
Scheme XV

As a simple model for the flavin(3)-C(4a) unsaturation, 23
might add bases at nitrogen, at least reversibly, giving a
stabilized dibenzoylmethane anion. No adduct formation with
the bases of Table V is observed. 1Instead, hydration of the
imine 23 in moist acetonitrile is accelerated by the same
catalysts responsible for flavin dimerization. The relative
rates of reaction are identical to those in Table V. As
with dimerization, inactive catalysts include N,N-dimethyl-
aniline-N-oxide, trimethylamine-N~oxide, and pyridine-N- -~
oxide. A Brgnsted plot for the hydration of 23 (fig. 2)

is a straight line, which would not be expected if kl or k2
were operative. A striking similarity of both absolute and
relative catalyst activity for imine hydration and flavin
dimerization suggests that k3 (general base catalysis) is a

sufficient condition for both reactions.
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The susceptibility of the quinone methide to nucleo-
philic attack {Scheme XVI) is shown by reaction of tetra-
isobutyrylriboflavin wi.th a sixfold excess of both imidazole
and N-methylpyrrolidine-N-oxide. React.on at room tempera-
ture in dry acetonitrile under anaerobic conditions for 28 h,
followed by exposure to the atmosphere, affords yellow-gold,
crystalline 8a-imidazoyltetraisobutyrylriboflavin 41
(isolated yield 20%, LC yield 28%, plus 32% unreacted 33 plus
2% 36a).

More complex reactivity is associated with the reac-
tion of tetraisobutyrylriboflavin with morpholine (6 equiv.)
and N-methylpyrrolidine-N~oxide (6 equiv.). After reaction
under anaerobic conditions (24 h, CH4CN, ambient temperature)
followed by exposure to the atmosphere, these components af-
ford orange, crystalline 8-formyltetraisobutyrylriboflavin 45
in 43% isolated yield (LC yield 82%, plus 4% unreacted 33
plus 1% dimer 36a). The conversion 42+45 (Scheme XVI) may
reflect oxidation of the initially formed adduct 42 upon
exposure to the atmosphere and further tautomerization
(43-44) in the presence of excess morpholine. Upon exposure
to water and oxygen, 44 would readily give the observed
8~-formylated product 45. Alternatively, N-oxide addition to
tautomer 8 may be followed by base mediated 8a proton
abstraction with N-0 bond cleavage. This seems unlikely as
substitution of the tertiary amine, N-methylpyrrolidine for

morpholine results in only dimer formation with no 45
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observable. The stability of the 8¢ imidazoyl adduct 41
to similar workup conditions may reflect the lower basicity
of imidazole as compared to morpholine.

When the electrophilicity of the guinone methide to
a series of nucleophilic models relevant to amino acids is

examined (Table VI) & reactivity pattern emerges. Reactions

Table VI
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seem to be following a two-step process (Scheme XVII).

o L
-0 N N~..0
OTE 2 OO
N/ g N‘H e \N .N~H

k. s
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R H R H
Nu: NN Nu. \ '
-0 k NN
N 2i 0
N "H k- N “H
2 B
Scheme XV

When phenolate and thiolate ([1] and [2] Table VI) are
functioning as both catalyst for tautomerization (kl,

Scheme XVII) and nucleophile for interception (kz,

Scheme XVIII) only dimeric mixtures of 36a and 37 are seen.
Although both thioclate and phenolate may be excellent basic
catalysts for the initial base catalyzed tautomerization (kl)
the basicity of the media increases to the point where the
acid catalyzed nucleophilic interception (k2) is strongly
disfavored. When a primary amine is used in conjunction
with N-oxide (system [3], Table VI) the result is the same.
Dimerization in systems (1), (2) and (3), Table VI dominatecs
since intramolecular electron transfer (34 to 35) following
dimerization (Scheme XII) removes the requirement for

intermolecular protic assistance of the c¢-inone methide

interception.
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As the acidity of the nucleophile increases as in
system (7) using phenol and in system (8) utilizing thiol,
not only are no 8a adducts formed, but now dimerization
ceases. In both systems run with deuteriophenol or deuterio-
thidl, recovery of starting material revealed substantial
deuterium incorporation at the 8a-methyl pesition of the
flavin (see fig. 3).

In these instances the system is well set up for
quinone methide interception (k,, Scheme XVII}. However,
reversal (k_l, Scheme XVII) of the initial tautomerization
is now being accelerated. The absence of any kind of adduct
formation indicates k_,>>k, (Scheme XVII) for thiocl and
phenol nucleophiles.

Only in those cases of intermediate basicity of the
tautomerization catalyst and intermediate acidity of the
nucleophile are 8uc nondimeric adducts formed. Within this
pocket of reactivity, the 8a-methoxy and 8o-morpholine adducts
do not seem to be stable to reaction conditions. Only 8a-imid-
azoyl 41 combines the necessary catalyst activity with
sufficient product stability for the 8ac adduct to be isolated.

Thiol might have quenched 8o adduct formation in two
ways (Scheme XVIITI). Bes:des the protic quenching already
discussed (k2, Scheme VIII) tautomerization could be prevented
by rapid reduction of the flavin {kl, Scheme XVI1I) thus
drastically decreasing the acidity of the 8a protons. Since

deuterium incorporation is being observed, the rate constant
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for quinone methide tautomerization must be greater than that
for thiol oxidation in polar, aprotic media.

Experience gained with the flavin gquinone methide
prompted a biomimetic synthesis of succinate dehydrogenase
cofactor (Scheme XiX).

Riboflavin is first acylated with isobutyric anhydride
and 4-N,N-dimethylaminopyridine (DMAP). Use of phosphorous
pentoxide distilled isobutyric anhydride and recrystallized
DMAP were found to double the yield of the initial protection
step. The key portion of the synthesis is the one-step, bio-

mimetic Ba=-functionalization of protected riboflavin. 13C NMR

and lH NMR reveal only one isomer 49 formed in the coupling
step. Hydrolysis of the protecting groups yields compound 50
identical (fig. 4) to the literature diHCL salt of N3—histidyl*

37c Hence the biomimetic coupling constitutes a

riboflavin.
100 percent regioselective process. The best literature
synthesis38 utilizes a two-step coupling consisting of initial
8c bromination followed by histidine nucleophilic displace-
ment of the bromide. This earlier procedure uses coupling
conditions which result in 80:20 mixtures of N(3) histidyl to

N{1l) histidylriboflavin. 7Two successive electrophoretic

separations are requireda7a'b'c to obtain product suitable for

characterization. Biomimetic synthesis requires only a simple

reprecipitation to obtain clean product in the last step.
Inspection of the quinone methide structure reveals

that 8 can also be viewed as an enamine. If the gquinone methide
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behaves as an enamine, the resulting nucleophilicity will
impart an ambident character to the flavin tautomer.

The nucleophilic capacity of the quinone methide was
ascertained with tetraisobutyrylriboflavin reaction with three
equivalents of methanesulfenylphthalimide 51 and six equiva-
lents of N-methylpiperidine~N-oxide 28a. Reaction under
nitrogen in acetonitrile yields 8ua,8ua-dimethylsulfenyltetraiso-
butyrlriboflavin 52 (Scheme XX) in 44% yield. ©No Bu-methyl-

sulfenyltetraisocbutyrylriboflavin 53 was observed.

Scheme XX
R
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Propyl disulfide did not react under the conditions employed.

Subsequent reduction of 8a,8a-disulfenyl 52 with sodium
dithionite (Scheme XX} generated 8a-monosulfenyl 53. 1In
related chemistry, ﬁhe 8-formylflavin 45, formed by action

of morpholine and N-oxide in organic media, reacts with excess
methanethiol and catalytic trifluorcacetic acid to form
dimethanesulfenyl dithiane 52.

Scheme XXI suggests two alternate pathways tc the
Walsh proposal for biosynthesis of monoamine oxidase. All
three utilize the flavin guinone methide but in different man-
ners. Path (a}), consistent with the Walsh hypothesis, utilizes
the quinone methide as an electrophile. Path (b) depends on
the ambident nature of the guinone methide as a nuclecphile
to open an activated disulfide linkage. Finally, path (c) uses
the guinone methide in an indirect fashion to generate 8-formyl-
flavin. Following interception by active site cysteine residues
to generate the dimethanesulfenyl dithiane§£§;n:thiohemiacetalggg,
one reductive cycle produces covalently linked monoamine
oxidase cofactor.39 Paths (b) and (c) find precedent in this
work.

As has been seen, neither thiol/thiolate or phenocl/
phenolate can intercept the base generated quinone methide.
Since flavins are known to be linked to active site cysteine
and tyrosine residues, an alternate entry to the quinone
methide might exist. If the tautomerization of the quinone
methide can be accomplished with acid catalysts, interception

with thiocl or phenol nucleophiles might be possible. Precedent
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Scheme XXI
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for acid catalyzed quinone methide generation can be found in
the literature. Deuterium exchange for 8a-methyl protons
occurs under extremely mild acid catalysis.9 Hemmerich has
reported condensation of lumiflavin with p-chlorobenzaldehyde
in a H,50,/P,0. mixture. %3 Finally, conversion of B8a-thio-
ether flavin to the B-formyl 45 known to occur under acidic
conditions may be proceeding via attack by water on an inter-

40 Certainly these hints justify a

mediate guinone methigde.
future search for an acidic entry into the quinone methide

reaction manifold.



CHAPTER I1I

GROUND STATE GENERATION
OF FLAVIN NITROXYL RADICAL
During the course of the flavin gquinone methide inves-
tigation, tetraisobutyrylriboflavin-5-oxide was found to
react with potassium 2,3,5,6-tetramethylphenclate yielding
red dimer 36a and tetraisobutyrylriboflavin. Although no
oxidized products were observable the fact that the flavin-5-
oxide could be deoxygenated suggested a route to the flavin
nitroxyl radical previously attainable only by photolysis.
Two logical strategies might be envisioned for such
an oxidation (Scheme XXII)}. Ground state oxygen transfer can
follow from either enhancing the electron donating capacity
of the phenol by making it an anion (Route [a], Scheme XXII),
or increasing the electron accepting nature of the flavin
5~oxide via substitution with strong electron withdrawing
groups (Route [b], Scheme XXII). The reduction potential of
flavin can be perturbed to a value 200 mV more positive by
strong electron withdrawing groups at position 8 of the flavin.
However, it is not known whether this trend would be true with

flavin 5-oxides. 1In light of this and some major synthetic

w5~
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problems associated with synthesis of the model flavin-5-
oxide system, Route {(b) was not extensively pursued.

Route (a) chances of success can be ascertained via
thermodynamic calculations. Differential polarography
indicates that the first one-electron reduction potential of
flavin 5-oxide occurs at +80 mv (NHE).41 This enhancement
of the flavin electron accepting power by conversion to the
5-oxide is astonishing when compared to the =240 mv (NHE)42
one-electron reduction potential of FMN.

In discussing the redox chemistry of phenols, atten-
tion has to be restricted to sterically encumbered substrates.
Steric bulk is required to retard dimerization and polymeriza-
tion of the phenol radical. As indicated in Scheme XXIII the
51/2 for 2,4,6-tri-t-butylphenolate 59 is +144 mV (NHE).43
No clearly defined value for the oxidation of the corresponding

2,4,6~tri-t-butylphenol 61 can be found in the literature.

However, a kinetic pKa for 62 derived from reported first-order

0~ O
g
EV2: |44 my
pK0=H’l Tl PK o= 4
OH OH
—_—
B2’

Scheme XXIil
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rate constants for deprotonation of protonated phenol

44

radical 62" ° and an estimated thermodynamic pKa for phenol

§145 allows through Scheme XXIII determination of the one-
electron 51/2 of 61 to be +560 mV. Therefore, reduction of
flavin-5-oxide by phenolate is within 64 mV of being an
exergonic process compared to the 480 mV barrier for phenol.
In terms of equilibria, with phenolate for every 12 molecules
of flavin 5-oxide there will be one molecule of flavin nitroxyl
radical., With phenol the same ratio will be 1.3 x 108 to one.
Clearly, Route (a) stands the best chance for oxygen transfer.
Although the approach to ground state oxygen transfer
seems straightforward, electron transfer will not be the only
reaction possible in this system. Based on earlier work,
rapid tautomerization of the flavin-5-oxide to a quinocne
methide would be a competing process. Fortunately, earlier
studies showing a complete lack of reactivity between phenolate
and 8-demethyltetraisobutyrylriboflavin indicate that the use
of 8-demethyltetraisobutyrylriboflavin-5-oxide would bypass
this problem. Finally, reaction of the flavin-5-oxide could
be precluded due to the acidic imido N(3) proton of the iso-
alloxazine nucleus. A pKa = 10 for this pr_oi:on42 lies easily
within the range for deprotonation by phenolate. Alkylation
at N{(3) would remove this reaction. Based on the foregoing
considerations, 8-demethyl-~3-methyl-tetraisobutyrylriboflavin-
5-oxide 75 is the model system of choice.

Synthesis of the desired model system is shown in

Scheme XXIV.
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The longer approach (b) to 3-methyl-6-chlorouracil 65 was
initially explored since a statistical mixture of dihydro-,
mono- and dimethyl adducts was expected from simple base
mediated alkylation of the starting 6-chlorouracil 63. How-
evef, stirring the chlorouracil in 2N sodium hydroxide with
an equivalent of dimethyl sulfate followed by recrystalliza-
tion afforded only the desired 3-methyl-6é-chlorouracil 65.
With this shorter route, route (b) to the pyrimidine side

of the model system was abandoned. A problem was encountered
with the hydrogenation of the ribosyl-p-~toluidine 71 with
poisoning of the catalyst. Inclusion of approximately one
equivalent of glacial acetic acid in the hydrogenation mixture
circumvented thisobstacle. Crystalline 72 is then fused with
uracil 65 in refluxing water. Rather than bothering with
intermediate purifications, the hydroxyl groups 73 were im-
mediately acylated with isobutyric anhydride/DMAP and the
resulting brittle foam 74 treated with sodium nitrite in glacial
acetic acid. Preparative thin-layer chromatography (PTLC)
affords the 8-demethyl-3-methyltetraisobutyrylriboflavin-5-
oxide 75 as a beautiful orange, brittle foam. Like all the
other tetraisobutyryl protected flavins lacking the (3) imido
proton, it cannot be crystallized. Model flavin-5~oxide is
extremely soluble in organics {even in ether and cyclohexane)
and is indefinitely stable on standing at room temperature

as long as it is carefully protected from light.

With the model flavin 5-oxide in hand, the earlier
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thermodynamic calculations can be tested. Addition of a
tetrohydrofuran solution of sodium 2,3,5,6-tetramethylphenolate
76b or sodium 2,6-di~t-butylphenolate 77b to a twofold excess
of 75 under anaerobic conditions in the absence of light leads
on mixing to a change of the orange solution to a reddish-
brown coloration. Sodium 2,3,5,6~tetramethylphenclate 76b
reaction yields duroguinone 78 and a second oxidation product
79 while sodium 2,6-di-t-butylphenolate 77b produces 2,6-di-t-

butylbenzoguinoneé 80 and dimer 81 ({see Table VII}.

Table Vil
Reactivity with 75
Reoctants Products
M Q OH
O T vl 181
HO-
o 80 81
770 M=H 3B% 25% i2 %
b M=Ng
oM 9 OH
=
7O l
e
760 M=H o 78 15 % 26%
b M=Na 9%

Products were verified by GLC coinjection and gas chromato-
graphy/mass spectroscopy (GC/MS) correlation to fragmentation
patterns of authentic samples. In the oxidation of 76,
duroquinone 78 product was isolated from the reaction mixture
by PTLC or basic alumina oxide. A likely mechanism for the

observed reactivity is shown on Scheme XXV. € servation of
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guinones versus hydroquinones as products follows from pre-~
vious work demonstrating the facile dark chemical oxidation
of hydroquinone to quinone by flavin-S-oxide.20
The critical transfer of the oxygen from the
flavin-5-oxide to phencolate was rigorously established via
ase of 180 labelled flavin-5-oxide (Table VIII). Variation
of the synthesis (Scheme XXVI) by use of nitrosonium tetra-

fluoroborate and HleO in the nitrosative ring fusion afforded

flavin 5-180. Percent 180 incorporation was determined by
triphenylphosphine deoxygenation of the flavin-5-oxide
followed by mass spectral analysis of the resulting triphenyl-

lsOxygen incorporation in the products of

phosphine oxide,.
the phenol oxidations was assayed by gas chromatography inter-

faced with alternating voltage scanning mass spectroscopy

18 .
per cent O incorporation

Reactants Products
77b - 89

75 28.1% 1P 305% I.P

i8 A
0 88
27.9% P
after freatment with 89-0TMS
pyridine, TMSCI 90

26.6 % I.F

Table VIl
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(GC/AVS MS). The isotopic percent of +

80 in 75 is reflected
in the two products of 76 oxidation (Table VIII).
As shown by Table VII, one of the products, 79, of the

oxidation of 76 could not be identified. The molecule, 79,

is characterized by mass spectral fragmentation in Table IX.

Table iX
78 M* 84 , 136 , I2]
. -28 ., -43
76a M 150 , 135
4 "|5
79 M 66 , 151 , 124 , 123 , 109
. 15 , -42 . -43 . -57
92 M 66 , 151 , 136 , 12|
s -5 , -30 , -45
93 M 222, 207 , 133 , 73
-5 , -89 , -149
91 mt 238, 223, 208, 95 , 79 ., T3

-5, 30, -43 , -159 , -l&5

Since molecule 7% has a parent ion equal to starting phenol

(M+ 150) plus oxygen and reflects 18O incorporation, it seems
reasonable to label it as material resulting from oxygen trans-
fer. All attempts to isolate 79 have met with little success
(analytical HPLC, semi-preparative HPLC, analytical GLC,
preparative GLC, alumina PTLC, silica PTLC, diffusion line
sublimation). A certain amount of information pertinent to

the identity of 79 can be gleaned from mass spectroscopy.
Phenol 76 and hydroquinone 92 are characterized by strong

peaks due to loss of methyl radicals. Duroquinone 78 lacks

this M+ minus 15 peak and has its major fragmentation at
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M+ minus 43. Potentially, this implies that unknown 79

lacks the aromaticity of a phenol or hydroquinone. Treat-
ment of reaction crude with pyridihe and trimethylsilyl-
chloride (TMSCl)leads to formation of the TMS ether 93 of
unreacted starting material 76b and a peak indicated by

GC/M5 to be the TMS ether 91 of unidentified 79 (see Table IX

l80 label is retained on TMSC]1 treat-

for fragmentation).
ment in formation of 90 (Table VIII). Structure consistent
with disrupted aromaticity and a free hydroxyl group are

shown in Scheme XXVI.

Q OH H =

Scheme XXVI

Attempts have been made to obtain the unidentified peak by

alternate synthetic procedure. Reactionswith Fremy's Salt 94

0
N

/N
KO.S SO3K

3
94

failed, however, to produce any product other than duroguinone.
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The occurence of dimeric product 81 in the oxidations
of 2,6~di-t~-butylphenolate 77b suggests that a substantial
amount of phenol radical is diffusing out of the solvent cage
following electron transfer. If this is indeed the situation,
engugh flavin nitroxyl radical may survive free in solution
for observation by electron spin resonance (ESR) spectroscopy.

When reactants are combined in a flat cell under an-
aerobic conditions at ambient temperature using concentrations
close to those used in Table VII and Table VIII, a strong ESR
signal is obtained (fig. 5). With the three-line pattern
centered at g = 2.01633 with hyperfine a = 9.94 gauss, the
radical observed is signal due to a nitroxyl radical. Examina-
tion of the superhyperfine yields even more structural
information when used in tandem with the classic structure

determinations of the flavin semiquinone radicals.%6

If there
were no significant radical density in the pyrimidine ring,
one would expect resonance forms 95 through 93 to contribute
to the ESR signal. Using an iterative proces, computer simu-
lation yields the spectrum shown in fig. 6. This simulation
uses splittings of a = 3.08 gauss for both C(8)H and C(6)H
anda =2.02 gauss due to N-10. Although these are simplistic
assumptions, the fact that the derived computer simulation
approximates the observed spectra provides further corrobora-
H g1

tion for a flavin-based nitroxyl radical. Use of a,” = Qo

allows calculation of electron densities in the radical (Table X).
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Table X
Semiquinone onion . Nitroxyl radical anion
position a spin density a spin density
N (5) 7.3 256-.394 99 .349-549
C (6) 35 129-.187 3.1 H4-146
C (8) 4.0 148-.190 3.1 A14-146
N (10) 3.2 M2-.173 2.0 .07I-109

When compared to those calculated by Ehrenberg for the flavin
semigquinone anion 102, it is apparent that the unpaired
electron is more strongly localized on Pz of nitrbgen(5}.
This behavior would be expected for the flavin nitroxyl.

1SN and deuteric flavin-S5-oxides in the

Synthesis of
future should provide actual superhyperfine coupling informa-
tion for C(6)}H, C(8)H, and N(10). Such effort is justified
by the uniqueness of this system. The flavin nitroxyl radical
anion is quite probably the most complicated isotropic system
ever observed for a nitroxyl radical.

Continuous assay of the reaction by UV reveals a
reactivity pattern shown in fig. 7. With time, the flavin-5-
Oxide,\maX at 460 nm disappears with a hypsochromic shift to
440 nm occuring with the fc mation of a charge transfer band

at = 620 nm. The overall spectral changes are isosbestic
max

at ~ = 372, 448 and 524 n, and the ©20 nm absorption forms
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Figure 7
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as well on addition of phenolate 76b to flavin 84 (Scheme XXV).
Following the change of absorption at 620 nm under pseudo
first order concentrations of phenolate 76b shows a first
order constant k = 1.9 x 10~2 min—l displaying complex order

dependence in phenolate concentration. A kinetic interpreta-

tion shown in Scheme XXVII is consistent with the data.

flavin nitroxyl phenol k

4
) kp anion 86 + radical 87 ——— 84 + dimer + polymer
| k.
75 + phenolote =——= 82 2
k-| k
N ks ke
=3 ™ covalent adduct —=> 84 + 85 —— ber 1quinone
83
Scheme X XVil

In light of the accumulated data, what role might the
flavin-5-oxide play in flavin monooxygenase activity? As shown
by Scheme XXVII two paths could lead to formation of the flavin-5-
oxide in vivo. Starting with the well-characterized 4u-
hydroperoxide, either flavin hydroxylamine 99 or flavin oxaziri-
dine could be formed. Both paths would ultimately produce the
flavin~5-oxide, a species which this work demonstrates to b a
éompetent oxidant. The biclogical system could perturb the
flavin-5-oxide redox potential to even more positive values on

48

binding to protein47 or deprotonate the phenol {(or both) to

initiate oxygen transfer. Furthermore, oxygen transfer from
flavin N(5) is consistent with the known geometry of the active

site of p-hydroxyhenzoate hydroxylase.49
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Scheme X XVII
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The ultimate oxygen transferred to substrate in
the oxaziridine route is the interior oxygen of the 4u-
hydroperoxide. Path k2 (Schemre XXVIII) depends on the electro-
philicity of the wrong oxvgen of the 4a-hydroperoxide basec on
the work of Bruice. Furthermore, k2 must confront an energy
barrier of some 39 kcalSO due to ring strain of the oxaziridine .
absent in the hydroxylamine path kl'

The ultimate oxygen transferred in k1 is the ter-
minal oxygen of the 4e-hydroperoxide. Bond scissions in kq
are predicted by Bruice's work with the intermolecular oxida-

tion of secondary amines to hydroxylamines by the flavin
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4a~-hydroperoxide. Essentially, k1 constitutes a case for
intramolecular oxidation of a secondary amine with the enzyme
functioning as an effector.

In line with this proposal, the FAD level of ribo-
flavin-5-oxide has been prepared with synthetic riboflavin-5-
oxide and ATP bheing added to FAD-synthetase complex of

. . . 51 ‘g s .
Brevibacterium ammoniagenes in non-nucleophilic morpholino-

propane sulfonic acid buffer. Simple Sep Pak filtration
removes the enzyme and HPLC separates the FAD-5-oxide 101 from
the rest of the reaction mixture. With pure FAD-5-oxide,
reconstitution with p~hydroxybenzeoate hydroxylase will test

the proposed involvement of FAD-5-oxide in flavin monooxygenase
activity. The FAD-5-oxide is cleanly cleaved by snake venom
phosphodiesterase (Naja naja) to FMN-5-oxide.

This work, at the minimum, suggests that models for
flavin monooxygenase activity where N(5) of the flavin is
alkylated have precluded the migration necessary for flavin
mediated oxidation of phenols. Indeed, the mysterious oxygen
gun may well be closely related to a species which has existed
in the literature ignored by investigators for five years.
Highly conjugated nitrones could be utilized in new synthetic
oxidative procedures and {(or) generally exploited by bioclogical

oxidative systems.
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If the proposals forwarded by this thesis prove to
be true, we stand on the threshhold of a hitherto unexplcred
general class of oxidants. The attendant biclogical and

synthetic ramifications remain for future investigation.
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Kinetic Resolution of 2-propyl-3-methyl-3-isobutyloxaziridine

Brucine dihydrate (33.1 g, 0.077 mol) and oxaziridine
(27.5 g, 0.175 mol) were dissolved in 80 mL methylene chloride
and refluxed for sixteen hours. The brucine-methylene
chloride adduct was filtered off and the cake washed with
2 X 20 mL methylene chloride. Subsequently, the filtrate was
passed through a plug of silica g2l which was then washed with
2 x 100 mL methylene chloride. Concentration of the filtrate
was followed by short path distillation and chromatography
(silica, 3:1, hexane:ethyl acetate). GLC and correlation of
the IR indicated this material was 13.
Optical rotation:

20.1°_

D 4.343°, 2 = 1, neat.

o

Characterization of brucine-methylene chloride adduct 18:

Anal. Calcd for C24H28C12N204.H20:C, 57.95; H, 6.08; Cl, 14.26;

N, 5.63.

Found: €, 57.66; H, 6.09; Cl1, 14.07; N, 5.57.

lH NMR (270 MHz, D20) § (HOD) 0.73 (2H, ABg, J 9.8 Hz, +NCH2C1)

Field-desorption MS [R3§-CH2C1 CI“]+ parent cluster ions,

m/e 478, 480, 482; [R,N-CH,C1] m/e 443, 445; [R,N-CHC1] m/e 442,

444; [R3ﬁ-CH2] m/e 408; [R3N]+ m/e 394 (base peak).
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Reaction of "17" with N-methylpyrrolidine (Scheme VIII)

2-~Phenyl-3,3-dibenzoyloxaziridine {(0.314 g,9.53x10h4

mol) dissolved in 6 mL of N-methylpyrrolidine was refluxed
under nitrogen for 84 hours. After concentration the oil

was taken up in 50 mL chloroform and extracted with 3 x 25 mL
water. Drying and concentration of the organic layer was fol-
lowed by flash chromatography (silica, 3:1, hexane:ethyl
acetate) affording 0.083 g (39%) of yellow, crystalline 21.
Concentration of the agqueous layer yielded 0.079 g, (40%) of
yellow oil 22.

21
M.P. 55-57°

1 NMR (60 MHz, CDCl,) (Me,Si) § 7.0-8.0 (m, 8H), 8.3-8.6
{m,2H), 9.1 (br s, 1H).

IR(KBr) 3340, 2500, 2480, 2420, 1695, 1660, 1600, 1580, 1540,
1500, 1470, 1450, 1420, 1325, 1310, 1280, 1245, 1170, 1080,
1040, 1020, 1010, 990, 960, 945, 910, 880, 860, 830, 790, 760,
750, 725, 690, 680, 625, 610, 490, 400, 300 em™ L.

MS m/e 226.
22
LHNMR (60 MHz, cDC1,) (Me,Si) § 1.8-2.4 (m, 4H), 2.8 (s, 3H),

3.0-3.5 (m, 4H), 7.2-7.5 (m, 3H), 7.9-8.1 (m, 2H), 9.9 (br s, 1lH)

Both 21 and 22 were identical to authentic samples.
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1,3-Diphenyl-2-iminophenyl-1, 3-propanedicne 2354

Dibenzoylmethane (1.67 g, 0.0074 mol) and nitrosobenzene
0.80 g, 6.0074 mol) were dissolved in 10 mL warm ethanol and
four drops 30% ethanolic potassium hydrogide added. Stirring
was continued at room temperature for 1-1/2 hours {until
yellow crystals precipitated). The ethanol was evaporated
and the residue taken up in a small portion of benzene.
Flash chromatography (3:1, hexane:ethyl acetate} of the crude
was followed by concentration of the imine 23 kand. Recrystal-
lization from ethanol afforded .530 g (23%) of yellow,

crystalline 23.

M.P. B84-86°

ly NMR (60 MHZ, CDC1,) (Me,Si) & 6.8-7.9 (m, 13H), 8.2-8.4

(m, 2H).

IR (Nujol) 1670, 1650, 1595, 1580, 1330, 1315, 1260, 1210; 1165;
1170, 1075, 1030, 1005, 980, 940, 920, 880, 850, 780, 747,

700, 690 cm 1.

. 4
DV (CH,CN) A___ 404 (€5.5 x 10%), 256 (e 4.2 x 10%), 222 nm

(e 9.6 x 10°).



~68~

N-Dibenzoylmethyl-N-phenylhydroxylamine 39

1,3-Diphenyl-2-iminophenyl-1,3 propanedione 23

3

(0.500 g, 1.5% x 10" ° mol) and N-methylpyrrolidine-N-oxide

3 mol) in 10 mL acetonitrile were free:ze

(0.97 g, 9.58 x 10~
thaw degassed three times under nitrogen and reaction allowed
to proceed at room temperature under nitrogen in the dark for
24 hours. The reaction was subsequently taken up in 100 mL
chloroform and washed with 100 mL pH = 4.0 water followed by
100 mL water. Drying the organic layer followed by concen-

tration and recrystallization from ethanol afforded 0.338 g

(53%) of white, crystalline 39.

M.P. 178-179.5°

1y NMR (60 MHz, CDCl,) (Me,Si) 6 1.6 (s, 1H, exchangeable), 6.4
(s, 1H), 7.1-7.7 (m, 13H), 8.0-8.3 (m, 2H).
IR (CHC1,) 3440, 1730, 1700, 1600, 1530, 1500, 1450, 1320,

1260, 1245, 1180, 1090, 1070, 1030, 960, 900, 690 cm-l.
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General Procedure for Brgnsted Plot (fig. 2)

Bases dissolved in acetonitrile were titrated with
0.1M HCL in dioxane and the potential at one-half neutraliza-
tion determined. Typically, at this point the solution was

acetonitrile 10% in dioxane.

Rates for N-oxide, (28a, 28b, 28c) mediated imine 23

hydration were determined by monitoring of loss of imine
absorption at 404 nm. As potassium 2,6-di-t-butylphenclate
31 and potassium 2,3,5,6-tetramethylphenolate 30 have sub-
stantial absorption at 404 nm, HPLC was used to determine
imine loss relative to an internal standard. DBU 29
mediated hydration was followed by UV and HPLC.

With both assay technigues imine was reacted with
base and a sixty-fold excess of water in acetonitrile, 10%
in dioxane. Initial velocity was plotted against base con-
centration and this slope divided by imine concentration to
give the pseudo second order rate constant. As both methods
of following imine loss catalyzed by DBU gave the same rate
constant when differing concentrations of imine were utilized,
the reaction is apparent first order in imine.

Fig. 2 was generated by plotting log pseudc second

order rate constants versus potential at half neutralization.
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General Procedure for Flavin 8o Functionalization

All cyclic tertiaryamine N-oxides of Table V were
prepared by dropwise addition of the tertiary amine to 30%
hydrogen peroxide at 0°. After reaction at room temperature
for twelve hours, the excess hydrogen percxide was destroyed
with manganese dioxide. Following filtration, the water was
stripped off and the resulting ¢il sublimed under vacuum two
or three times until the N-oxide was white and crystalline.
Typically, N-methylpiperidine N-oxide 28a required fewer
sublimations than N-methylpyrrolidine N-oxide 2Bb. These
N-oxides are very hygroscopic and all manipulations were car-
ried out in a glove bag. To guarantee that the reqguisite
amount of catalyst was added to a reaction, a stock solution
of the N-oxide was made up before each reaction with aceto-
nitrile (distilled over P205 and stored under nitrogen) which
had been freeeze~thaw degassed under nitrogen three times.
Phenolates 30 and 31 were obtained by addition of potassium-
t-butoxide (sublimed) to stock solutions of the corresponding
phenols which had previously been recrystallized from ethanol/
water and dried. Thiolate 32 was obtained in likewise fashion.
Reactions were monitored by analytical silica gel TLC (methyl-
ene chloride, 5% in ethanol)} and HPLC (C-18 column,

CH3CN:H20 - 60:40 or 50:50, 4cc per min flow rate).
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2',3',4',5"'-Tetraisobutyrylriboflavin 33

Dimethyl formamide (DMF) was dried over activated 4;
molecular sieves. Isobutyric anhydride was distilled over
P205 under nitrogen. 4-N,N-dimethylaminopyridine (DMAP)
was recrystallized from cyclohexane. Riboflavin (15.3 g,
.041 mol) and DMAP (.50 g, .0041 mol) were slurried in DMF
(67 mL) and isobutyric anhydride (67 mL, .410 mol) added
dropwise under nitrogen in the absence of light. The reac-
tion was stirred mechanically for thirty hours at 40°
resulting in a virtually homogeneous reaction mixture.
After addition of 10 mL water all volatiles were stripped
off under high vacuum and the resulting oil azeotroped
6 x 100 mL xylene. After taking up in 100 mL chloro-
form, the reaction crude was extracted 2 x 50 mL of 1N HCL.
The organic layer was dried and concentrated. After drying
the o0il was dissolved in 25 mL chloroform, 100 mlL ether
added and recrystallization allowed to proceed =t room tem-
perature. On drying these gold crystals were dissolved in 25 mL
CHCL3, and 100 mL ether added along with a seed crystal.
Following crystallization, filtration and drying afforded

13.51 g (50%) of a brilliant yellow solid.

M.P. 191.2-191.9°

1y NMR (60 MHz, CDCL,) (Me,Si) §0.7-1.3(m, 24H) , 2.5 (s, 3H),

2.6 (s, 3H), 2.0-2.9 (m, 4H), 4.2-5.8 (bm, 7H), 7.7 (s, 1lH},

8.1 (s, 1H). 9.2 (s, 1H).
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3¢ NMR (62.9 MHz) (Me,Si) § 175.6-176.6 (multiple lines),
159.5, 154.7, 150.6, 148.0, 136.9, 135.9, 134.4, 132.5,
131.3, 115.9, 69.9, 68.8 (two lines), 61.6, 44.2, 33.9,
33.8, 33.6, 33.5, 21.2, 18.0-19.2 (multiple lines).
IR(KBr) 2980, 2940, 2880, 1740, 1700, 1590, 1550, 1470,
1390, 1350, 1240, 1190, 1150, 1020, 850, 810, 780, 750,

675, 600, 450, 420 cm™ !,

UV (ACOOR) A___ 442 (£9.4 x 10%), 380 (e1.2 x 10%), 272 mm

€2.9 x 10%).
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ga,8a-2',3"',4",5'=-Tetraisobutyrylriboflavin dimer 36a

Anaerobic transfer of N-methylpyrrolidine-N-oxide 28b
(.93 g, .0092 mol) in 10 mL acetonitrile to tetraisobutyl-
riboflavin (1.0 g, .0015 mol) was followed by an immediate
change in color from yellow to red-black. Reaction pro-
ceeded twenty-four hours under nitrogen in the absence of
light at room temperature. The acetonitrile was subse-
quently stripped off and the sludge taken up in 100 mL
chloroform. Extraction of the organic layer with 3 x 50 mL
water was followed by a chloroform back extraction of the
combined ageous layers. Drying and concentration of the
organic was followed by chromatography (chloroform, 5% in
ethanol)}). Dimer enriched fractions were concentrated and
triturated with ether. After filtration and drying, the
residue was recrystallized from acetonitrile affording
1230 g (12%) of a brilliant, red compound.

1y MR (60MHZ, dimethyl-d, sulfoxide) (Me,Si) § 0.6-1.2

(m, 48H), 1.9-2.9 (m, 8H), partially obscured by solvent),
2.7 (s, 6H), 3.3 (s, exchangeable H plus H20), 4.0-5.6
{br m, 148), 7.9 (s, 2H), 8.1 (s, 2H), 8.3 (s, 2H), 1ll.6

{s, 2H).

Benmr (15 Moz, dimethyl-d, sulfoxide) (Me,Si) 6§ 174.9-175.5
(multiple lines), 170.1, 155.5, 155.0, 150.8, 142.4, 137.7,
135.1, 134.8, 131.4, 112.7 (low intensity, two lines?),

69.4 (multiple lines), 61.6 (multiple lines), 33.2 (multiple

lines}, 18.4 (multiple lines).



.y

IR(XBr) 2980, 1740, 1575, 1535, 1470, 1400, 1350, 1250,

1185, 1150, 830, 810, 750, 680, 475 cm L.

UV (HCOOH) A___ 500 (£6.0 x 10%), 484 shoulder (5.6 x 10%),
262 (e6.4 x 10%), 280 nm shoulder (3.6 x 10%).

Anal. Calcd. for C66H86N8020: C, 60.43, H, 6.62; N, B.54.
Found: C, 60.51; H, 6.49; N, 8.33.

Field-desorption MS, Mt m/e 1311.
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8a, 80-2°,3',4',5'-Tetraiscbutyrylriboflavin dimer 37

Anaerobic transfer of 2,6~di~t-~butylphenol (,346 g,

1.68 x 1dﬁ3mol) and potassium t-butoxide (.171 g,
1.52 x 10”2 mol) to tetraisobutyrylriboflavin (1.00 g,
1.52 x 10_3 mol} led to an instantaneous change in color

from yellow to raddish black. Reaction proceeded twelve

hours under nitrogen in the absence of light at room tem-
perature. The reaction was concentrated and flashed ({silica
gel, methylene chloride, 5% in ethanol) followed by recrystal-
lization of the dimer enriched fractions from acetonitrile.
Following filtration, the mother liquors were concentrated

and pure 37 obtained by semi-preparative HPLC (C-18 column,
CH3CN:H20, 60:40, 7 cc/min flow rate) with four recycles per
separation. Stripping off solvent afforded .0456 g (5%) of

the brilliiant orange dimeric 37.

lH NMR (90 MHz, CDC13)(Me4Si) § 0.8-1.2 (m, 48H), 2.5 (s, €H),
2.2-2.8 (m, 8H), 3.3 (s, 4H), 4.5-5.6 (br m, 14H), 7.7 (s, 2H),

8.1 (s, 2H), 8.9 (s, 2H).

L3¢ nur (62.9 Mz, cDCL,) (Me,Si) 6 176.0-176.6 (multiple
lines), 159.3, 154.7, 150.7, 150.0 (2 lines), 136.5, 134.5,
133.8, 131.2, 114.8, 70.4, 69.0 (two lines), 61.8, 44.5,
33.7-34.1 (multiple lines), 18.3-192.0 (rmultiple lines).
IR(KBr) 2980, 1740, 1700, 1580, 1540, 1460, 1380, 1340, 1240,
1180, 1140 cm t.

UV (HCOOH) A___ 444 (6.7 x 10°), 372 (£5.5 x 10%), 252
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€2.8 x 10%), 274 nm shoulder (£1.8 x 10%).

Field-desorption MS, M' m/e 1311,
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8-Formyl-2',3',4',5'~tetraisobutyrylriboflavin 45

3

N-Methylpyrrolidine-N-oxide (.926 g, 9.14 x 10 ~ mol),

3

tetraisobutyrylriboflavin (1.00 g, 1.52 x 10”7 mol) and

3 mcl) were reacted in 10 mL

morpholine (.796 mL, 9.14 x 10
acetonitrile under nitrogen in the absence of 1light at room
temperature for 23~1/2 hours. The reaction crude was taken
up in 100 mL methylene chloride and extracted with 3 x 50 mL
water. Drying and concentration was followed by chromato-
graphy (silica gel; methylene chloride, 5% in ethanol).

Concentration and subsequent recrystallization from cyclo-

hexane gave .4435 g (43%) of orange, crystalline 45.

lH NMR {60 MHz, CDC13)(Me4Si) 6§ 0.6-1.4 (m, 24H), 2.8 (s, 3H),
2.0-2.9 (m, 4H), 4.0-5.9 (brm, 7H}, 8.1 (s, 1H), 8.2 (s, 1lH},

9.3 (br s, 1H), 10.5 (s, 1lH).

3¢ mur (22.6 Muz, cDCl,) iMe,Si) & 190.5, 175.7-176.6 (Multiple-
lines), 158.6, 154.3, 150.8, 139.8, 138.2, 137.6, 137.4, 135.8,
131.4, 118.0, 69.8, 69.0 (2 lines), 61.8, 43.6, 33.9-34.0
{(multiple lines), 18.2-18.9 (multiple lines).

IR(KBr) 2980, 1740, 1700, 1615, 1585, 1540, 1460, 1380, 1345,
1235, 1180, 1140, 835, 740, 440 cm L.

UV(CHCl;) A 464 (e1.1 x 10%), 488 shoulder (7.5 x 10%),
444 shoulder (£8.9 x 10°), 340 nm (el.2 x 10%).

Anal. Calcd. for C33H42N4011: Cc, 59.08; H, 6.32; N, 8.35.

Found: C,58.87; H, 6.35; N, B.27.

Field-desorption MS, M+ m/e 670.6.
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8a-Imidazolyl-2',3',4"',5"'-tetraisobutyrylriboflavin 41
3

Tetraisobutyrylriboflavin (1.00 g, 1.52 x 10 ~ mol),

N-methylpyrrolidine-N-oxide (.926 g, 9.15 x ].O”3 mol) and

3 mol) in 10 mL acetonitrile

imidazole (.623 g, 9.15 x 10

were reacted anaerobically at room temperature in the

absence of light for 28 hours. The reaction crude was sub-
sequently taken up in 100 mL methylene chloride and extracted

with 3 x 50 mL water. Following drying and concentration,
chromatography (silica gel, methylene chloride 5% in

ethanol followed by flushing with straight ethanol) afforded
after trituration with ether .215 g (20%) of yellow gold

crystalline 41l.

1y NMR (60 MHz, CDCl,) (Me,Si) 8 0.7-1.4 (m, 24H), 2.4 (s, 3H),

2.0-2.8 (m, 48), 4.0-5.8(br m,9H4), 6.9 (s, 1H), 7.1 (s, 1H),

7.6 (s, 1H), 7.7 (s, 14H), 8.0 (s, 1H), 10.2 (br s, 1lH).

13¢ NMR (22.6 MHz, CDCl,) (Me,Si) 6 176.8, 176.2, 175.9,
175.7, 159.1, 154.8, 150.8, 143.2, 137.9, 137.6, 135.6, 135.2,
134.4, 131.4, 130.0, 119.1, 115.9, 70.6, 69.1, 68.7, 61.9,
49.0, 33.7-33.9 {(multiple lines), 18.3-18.8 {multiple lines).
IR(KBr) 2975, 1730, 1680, 1580, 1540, 1500, 1450, 1380, 1340,
1230, 1180, 1140, 820, 740, 440 cm T,

UV(CECL,) A___ 448 (€1.0 x 10%), 472 shoulder (€ 7.8 x 10°),
428 shoulder (8.3 x 10°), 336 nm (7.6 x 10°).

Anal. Calcd. for C36H46N6010: C, 59.81; H, 6.43; N, 11.63.
Found: C, 59.94; H, 6.62; N, 11.42.

Field-desorption MS, M+ m/e 722.6.
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L-Histidine methyl estexr dihydrochloride 5152

L-Histidine (1.0 g, 6.44 mmol) was slurried in 20 mL
methanol and hydrogen chloride gas bubbled through in short
bﬁrsts until the histidine went into solution. Refluxing
for one hour was followed by storing in the freezer for an
afternoon. Filtration and drying of the precipitate
afforded 1.23 g (79%) of a white crystalline solid.

MP 202°

IR 3800-2100, 2000, 1750, 1620, 1580, 1500, 1450, 1425,
1360, 1350, 1280, 1150, 1135, 1100, 107Q, 1055, 950, 950,
920, 895, 860, 820, 795, 710, 650, 635, 610, 530, 405, 345

300 em L.
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, s 3 52
Na~t-Butyloxycarbonyl-L-histidine methyl ester 48

In 10 mL chloroform was dissolved 47 (5.0 g, .021 mol)
and ammonia subsequently buﬁbled through the solution for
five minutes. The precipitated ammonium chloride was
filtered off, the filtrate concentrated and subsequently dis-
solved in 100 mL pyridine. Addition cif t~butyloxycarbonyl
azidoformate (3.14 mL, .022 mol) was followed by reaction
for 96 hrs. under nitrogen. The pyridine was stripped off
and the oily residue taken up in ethyl acetate and extracted
with .35M citric acid. Basicification of the acid layer to
pH=8 by addition of solid bicarbonate was followed by extrac-
tion with ethylacetate. Drying and concentration afforded
3.06 g (54%) of white, crystalline 48.

M.P. 122-123°

lH NMR (90 MHz, CDC13)(Me4Si) § 1.4 (s, 9H), 3.09 (4, 2H),
3.7 (s, 3H), 4.5 (brm, 1H), 5.9 (bxrm,1H), 6.8 (s, 1H), 7.5

(s, 1H), 9.5 (br s, 1lH).

IR(KBr) 3360, 3100, 3000, 2880, 1750, 1680, 1570, 1510, 1450,
1435, 1370, 1295, 1280, 1245, 1225, 1200, 1i50, 1085, 1070,
1040, 1020, 995, 975, 960, 860, 845, 830, 780, 760, 680,

655, 620, 580, 450, 430, 340 cm T.
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8&—(NB-Na-t-butyloxycarbonylhistidyl%ﬂ‘,3',4',5‘—tetraiso-
butyrylriboflavin methyl ester 49

3

N-Methylpiperidine~N-oxide (.64 g, 5.5 x 10> mol),

tetraisobutyrylriboflavin (.610 g, 9.29 x 10—4 mol), and

3 mol) were reacted in 5 mlL aceto-

48 (1.50 g, 5.57 x 10
nitrile under nitrogen at ambient temperature in the absence
of light for 27 hours. The reaction crude was taken up in
methylene chloride and extracted with water. Drying and
concentration was followed by flash chromatography (silica,
methylene chloride, 5% in ethanol) and subsequent PTLC

{(silica, methylene chloride, 5% in ethanol). This afforded

.156 g (18%) of yellow, gold 489.

5 NMR (90 MBz, CDCl,)(Me,Si) § 0.7-1.3 (m, 24H), 1.4 (s, 9H),
2.0-2.8 (m, 4H), 2.4 (s, 3H), 3.0 (d, 2H), 376 (&7 3H,
4.2-5.6 (m, 9H), 6.7 (s, 1H), 7.5 (s, 1H), 7.7 (s, 1H),

§.1 (s, 1H), 9.5 (br s, 1H).

13C NMR 176.7-175.8 (multiple lines), 172.3, 159.0, 155.4.

154.5, 150.6, 142.7, 138.4, 137.8, 137.0, 135.8, 135.1,
134.5, 131.1, 116.5, 79.4, 70.4, 68.8, 61.8, 53.5, 52.0,
48.9, 44.1, 33.8, 30.2, 28.1, 18.7~18.2 (multiple lines).
IR(KBr) 2970, 2930, 2880, 1730, 1580, 1540, 1500, 1450,
1390, 1360, 1340, 1240, 1150, 745, 440 cm T.

UV(CHCl3) A . 448 (€1.3 x 10%), 475 shoulder (1.0 x 10%),
427 shoulder (¢1.1 x 10%),3357 (9,9 10%), 270 (e3.3 x 104).
Anal. Calcd.forC45H61N7014: C, 58.48; H, 6.67; N, 10.61.
Found: C, 58.52; H, 6.95; N, 10.61.

Field-desorption MS, M' m/e 924,655,
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8a- (N> -Histidyl)riboflavin dihydrochloride 50

49 was taken up in 2 mL of 6N HCl and refluxed for

twenty minutes under nitrogen. Following concentration

reprecipitation from ethanol-methanol afforded .0095 g

(73%) of yellow, gold crystalline 50.

1y NMR (90 MHz, D,0) (DSS) § 2.5 (s, 3H), 2.6-4.8 (m), 5.7
(s, 2H), 7.5 (s, 1H), 7.9(s, 1H), 8.0 (s, 1H), 8.9 (s, 1H).
IR(KBr) 3650-2500, 1705, 1650, 1580, 1540, 1450, 1400, 1340,
1250, 1180, 1050, 825, 800, 760, 450 cm .

4 3
UV(H,0) A___ 445 nm (e1.5 x 10%), 355 (2.6 x 10°), 266
(5.4 % 10%), 220 nm (£3.5 x 10%).
Anal. Caled. for C,,H,oN,05Cl,*2H0: C, 43.26; H, 5.21;
N, 15.35.
Found: C, 43.63; H, 4.80; N, 15.23.

Field-desorption MS, M+ m/e 377.
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Methanesulfenylphthalimide 51

Methyldisulfide (22.5 mL, .250 mol) in 50 mL 1,1,2,2-
tetrachloroethane was chilled toc -5°% and sulfuryl chloride
(206.2 mL, .250 mol) added under nitrogen. After stirring
1-1/2 hours at -5° and 1/2 hour at room temperature, the
reaction crude was distilled two times at room temperature
into a flask at -78°. Sulfur dioxide was collected in a
liguid nitrogen trap. Subsequently, 4.0 g of the brilliant
orange methanesulfenyl chloride was added to a vigorously
stirred solution of triethylamine (6.8 mL, 0.048mol), and
phthalimide (3.6 g, .024 mol) in 25 mL dimethylformamide.
After 1-1/2 hours 50 mL water was added and the precipitate
collected. Recrystallization from ethanol gave 3.55 g
(77%) of white, crystalline 51.

lH NMR (60 MHz, dimethyl—ds-sulfoxide)(Me4si)6 2.6 (s, 3H),

7.9 (s, 4H).
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8a, 8a-~dimethanesulfenyl-2',3',4',5'-tetraisobutyryl-
riboflavin 52

4

Tetraisobutyrylriboflavin (.500 g, 7.6 x 10 ® mol),

3

methanesulfenylphthalimide (.440 g, 2.28 x 10" ° mol), and

3 mol) were

N-methylpiperidine-N-oxide (.53 g, 4.57 x 10
dissolved in 5 ml acetonitrile and reaction allowed to

proceed 24 hours under nitrogen at room temperature in the
absence of light. Product was isclated by semipreparative

HPLC (C-18, CH3CN: H,0, 50:50, with no recycle and 7 cc¢/min

2
flow rate) affording .252 g (44%) of yellow, brown solid 52.

lh NMR (90 MHz, CDC1,) (Me,Si) 6 0.6-1.4 (m, 24H), 2.1

(s, 3#), 2.3 (s, 3H), 2.3-3.1 (m, 4H), 2.6 (s, 3H), 4.1-5.8

{m, 9H), 8.0 (s, 1H), 8.1 (s, 1lH).

130 NMR 176.4-175.5 (multiple lines) 159.1, 154.4, 150.7,
147.5, 137.3, 135.1, 134.8, 134.0, 131.7, 114.2, 69.8, 69.1,
68.0, 61.7, 53.3, 44.6, 33.9% (multiple lines), 18.9 (mul-
tiple lines), 16.0, 14.8.

IR{KBr) 2970, 2930, 2870, 1730, 1690, 1620, 1580, 1540,
1450, 1380, 1340, 1235, 1180, 1140, 960, 930, 880, 830, BOS,

765, 580, 450 cm L.

UV(CHCL;) A 450 (el.3 x 10%), 475 shoulder (1.0 x 10%),
430 shoulder (e9.9 x 103), 350 shoulder (¢6.9 x 10°), 273 nm
(€2.7 x 10%).

Anal. Calcd. for C35H48N401052: c, 56.12; H, 6.47; N, 7.48.
Found: C, 56.44; H, 6.74; N, 7.68.

Field-desorption MS, Mt m/e 748. -~
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Ba~methanesulfenyl-2',3',4',5"'-tetraisobutyrylriboflavin 53

8a, Ba-dimethanesulfenyltetraisobutyrylriboflavin
(.065 g, 8.69 x 1077 mol) was taken up in methanol and
freshly prepared sodium dithionite in water added. After
the color changed yellow to green to leuco to green to
yvellow, the reaction crude was extracted with methylene
chloride. Drying and concentration of the organic layer
was followed by PTLC (silica, CH2C12 5% in ethanol) af-
fording .0200 g (33%) of a yellow glass. This material was

unstable on standing with substantial conversion to 8-formyl-

tetraisobutyrylriboflavin.

lH NMR (90 MEz, CDClB)(Me4Si) § 0.7-1.3 (m, 24H), 2.2

(s, 34), 2.3-3.0 (m, 4H), 2.6 (s, 3H), 3.9 (s, 2H), 4.2-5.7

(m, 7H), 7.7 (s, 1H), 8.1 (s, 1H), 8.9 (s, 1H).

IR(KBr) 2970, 2920, 2870, 1735, 1580, 1540, 1455, 1380, 1340,

1235, 1180, 1140, 805, 740, 590, 510, 450 cm-l.

UV(CHC13) lmax 450 (1.3 x 104), 475 shoulder (1.0 x 104),

430 shoulder (1.0 x 10%), 345 (8.2 x 10%), 272 (¢2.9 x 10%).

Field-desorption MS, M+ m/e 702.
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§-Hydroxy-3-methyl-2-methylthio-4 (3H) pyrimidinone §2§3

Thiobarbituric acid (10.0 g, .C69 mol) was dissolved
in 100 mL, 2N scodium hydroxide, chilled to 0°C, and dimethyl
sulfate (20.0 g, 0.158 mol) added dropwise. The reaction was
stirred one hour at 0° and one hour at room temperature.
Acidification to pH=1 with concentrated hydrochloric acid led
to precipitation of a white, crystalline solid. Filtration
and drying afforded 8.27 g (69.7%) of 67.

M,P. n 140° (not sharp)

' xMR (60 MHz, dimethyl-d. sulfoxide) (Me,Si) & 2.6 (s, 3H),
3.3 (s, 34H), 3.8 (s, 1H), 5.2 (s, 1H), 5.4 (s, 1H), 1l.2

{(br s, lH).

IR(KBr) 2920, 1660, 1620, 1500, 1455, 1410, 1380, 1350, 1310,
1250, 1210, 1170, 1155, 1090, 1020, 970, 945, 880, 800, 755,

730, 710, 660, 640, 620, 600, 570, 460, 430, 410, 390 cm_l.
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6-Chloro-3-methyl-2-methylthio-4 (3H)pyrimidinone §§?3

In 35 mL phosphorous oxychloride and 5 mL N,N-
dimethylaniline was dissolved 67 (11.5 g, .067 mol). After
refluxing for one half hour, the excess phosphorous oxychloride
was distilled off at reduced pressure and crushed ice added to
the mixture. After cooling for an afternoon the precipitate
was filtered and dried. Following trituration with petroleum
ether, the solid was filtered and dried affording 6.98 g
(67.4%) of off-white, crystalline 68.

M.P.n 109-110.5.

'y mr (60 MHz, CDCL,) (Me,Si) § 2.6 (s, 3H), 3.4 (s, 31),
6.2 (s, 1H).

IR(KBr) 3105, 3080, 2%20, 1670, 1560, 1485, 1400, 1350, 1310,
1210, 1170, 1085, 1070, 970, 935, 850, 815, 740, 720, 660, 610,

590, 525, 430, 395, 375 cm L.
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6-Chloro-2-hydroxy-3-methyl-4 (3H) pyrimidinone §§53
3

Sodium hydroxide (0.105 g), 2.63 x 10"~ mol) and

3 mol) were dissolved in 2.5 mL water and

(0.250 g, 1.3 x 10
2.5 mL ethanol. Refluxing for fifteen minutes was followed
by acidification to pH=1. Filtration of the precipitate with
thorough washing with water afforded .087 g of 65. Allowing

the filtrate to stand resulted after filtration in collection

of .034 g (58% combined yield} of white crystalline 65.

MP 275-277°

1H NMR (60 MHz, dimethyl-d6—sulfoxide) (Me4 5i) & 3.1 (s, 3H),
5.9 (s, 1H), 14.1 (br s, 1H),

IR(KBr) 3420, 3090, 2900, 2800, 1730, 1700, 1600, 1500, 1445,
1380, 1330, 1270, 1160, 1110, 985, 950, 840, 750, 700, 650,

595, 535, 425, 375 cm *.

Alternatively, 6-chlorouracil 64 (5.0 g, .034 mol) is dissolved
in 100 mL of 2N sodium hydroxide and dimethyl sulfate (4.31 g,
0.034 mol) and reacted overnight. Subsequent acidification to
pH=1l leads to formation of a precipitate. Filtration and
drying of this solid affords after recrystallization from
ethanol 1.62 g (30%) of white, crystalline 65.

lH NMR and IR(KBr) identical to above.
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Ribosyl-p~toluidine 71

p-Toluidine (19.7 g, 0.183 mol) dissolved in 180 mL
ethanol was added dropwise to a solution of ribose (25.0 g,
0.167 mol) in 330 mL water with catalytic (1 drop) of con-
centrated sulfuric acid. The reaction was stirred at room
temperature with a magnetic stirrer until the entire solution
solidified. After storing in the refrigerator for a couple
of hours the precipitate was filtered and washed 2 x 20 mL
water, 2 x 10 mL ethanol, and 2 x 30 mL ether. Drying under
high vacuum afforded 35.9 g (90.0%) of white, crystalline 71.

1H NMR (60 MHz, dimethyl-d6 sulfoxide) (Me4 Si) 6 2.2 (s, 3H),

3.1-3.9{m), 4.4-5.0 (m, 4H), 5.5-5.9(m, 1lH), 6.5 (4, 2H),

6.9 (d, 2H).
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Ribityl-p~toluidine 72

Ribosyl-p-toluidine 71 (35.% g, 0.15 mol) and 10%
palladium on carbon (1.0 g) suspended in methanol containing
acetic acid (8.6 mL, 0.15 mol} was hydrogenated to 100% of
theoretical hydrogen uptake. CAUTION: Palladium on carbon
must be suspended in the methanol under nitrogen atmosphere
prior to addition of 71 to avoid fires. Transferring the
reaction mixture to a new flask and bringing to reflux under
nitrogen was followed by addition of potascium hydroxide
(10.1 g, 0.216 mol). The reaction mixture was filtered
through Ceiite and subsequently stored in a refrigerator
overnight. Filtration and drying afforded 20.8 g (52%) of
white, crystalline 72.

M.P. 142.5-144°

1

H NMR (60 MHz, dimethyl-d, sulfoxide]) (Me4Si) § 2.2

6
{s, 3H), 2.7-3.9 (m, 7H), 4.6 (br s, 5), 6.5 (d, 2H), 6.9

(d, 2H).

IR(KBr) 3500, 3480, 3420, 3300, 2970, 2900, 2860, 1l6l0, 1580,
1510, 1470, 1450, 1410, 1375, 1350, 1310, 1280, 1250, 1220,
1130, 1105, 1075, 1050, 1010, 985, 945, 330, 910, 850, 800,

780, 750, 710, 650, 600, 545, 510, 4%0, 420, 365, 345 cm_l.
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3-Methyl-6=- (N-ribityl-p-toluidino)uracil 73

Ribityl~p-toluidine 72 (0.56 g, 2.3 x 1073 mol} and 6-chloro-

4 mol} were refluxed in

3-methyluracil 65 (0.13 g, 8.0 x 10
water under nitrogen overnight. Subsequently, 2N sodium
hydroxide (2.0 mL) was added and the reaction crude cooled

to 0° for‘one hour; Filtration was followed by acidification
of the filtrate to pH=2 and concentration. Although product

was taken immediately on to the next step, some was chromato-

graphed on PTLC (methylene chloride, 10% in ethanol) to afford

partial characterization.

1

H NMR (60 MHz, 4, acetonitrile) (Me4si) § 2.2 (s, 3H), 2.4

3
(s, 1H), 3.1-3.9 (m), 6.7 (4, 2H), 7.1 (4, 2H), 7.3 (s, 1lH}.
IR(KBr) 3500, 3480, 3420, 3280, 2980, 2920, 1690, 1610, 1510,
1450, 1419, 1380, 1350, 1310, 1280, 1250, 1220, 1C8O, 1050,
1010, 930, 850, 800, 780, 755, 710, 650, 600, 540, 505, 490,

420 em L,
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3=-Methyl-6- (-N=-tetraisobutyrylribityl-p-toluidinojuracil 74

Isobutyric anhydride (14.9 g, 0.094 mol), 4-N,N-
dimethylaminopyridine (0.55 g, 0.0047 mol) and 73 (3.5 g,
0.0094 mol) were dissolved in 20 mL dimethylformamide and
stirred under nitrogen for twenty-four hours. After addition
of some water, the reaction crude was extracted with 1N HC1
several times followed by water, Concentration was followed
by azeotroping with xylene. The resnlting oil was flashed
(one column volume 2;1, hexane: ethyl acetate followed by one
column volume CHzclzzethanol, 95:5). This afforded 4.02 g
(66%) of an off-white foam. A small portion was chromatographed
on PTLC (silica, hexane:ethyl-acetate, 2:1} for characterization.
'H NMR (60 MHz, CDC1,) (Me,Si) & 0.9-1.3 (m, 24H), 2.0-2.8
{m, 4H), 2.4 (s, 3H), 3.2 (s, 3H), 3.7-4.3 (m, 4H), 5.0 (s, 1lH),
5.0-5.4 (m, 3H), 7.0 (4, 2H), 7.3 (4, 2H), 7.7 (br s, 1H).
L3¢ mMr (22.6 MHz) (Me,Si) 6 176.4, 175.9, 175.5, 175.2, 163.8,

151.4, 150.8, 146.3, 139.4, 136.4, 131.4 (two lines?), 127.8

{two lines?), 77.7, 69.4, 68.9, 68.7, 61.6, 51.1, 47.6, 33.9-
33.7 (multiple lines), 26.6, 21.0, 18.7-18.4 (multiple lines).
IR(KBr) 2970, 2940, 2870, 1735, 1700, 1630, 1510, 1460, 1380,
1350, 1240, 1180, 1130, 1060, 1010, 980, 920, 840, 820, 780,

750, 725, 660, 530, 500, 410, 360 cm_l.
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8-Démethyl-3-methyl-2',3',4', 5'-tetraisobutyrylriboflavin-5-
oxide 75

Uracil 74 (2.01 g, 0.0031 mol) and sodium nitrite (1.07 g,
0.0156 mol) in 30 mL glacial acetic acid were reacted at 40°

in the absence of light for one hour. The reaction solution
was then taken up in toluene and extracted with water. Con-
centration of the organic layer was followed by azeotroping
several times with toluene. Two successive flashes afforded
1.03 g of an orange, brittle foam. Those partially pure
fractions were chromatographed on PTLC (ethyl acetate} affording
.3347 g of the orange brittle foam (TOTAL YIELD, 66%).

g NMR (60 MHz, CDCl,) (Me,Si} 6 0.7-1.4 (m, 24H), 2.0-3.0

(m, 4H), 2.5 (s, 3H), 3.4 (s, 3H), 4.0-5.8 (m, 7H], 7.6 (s, 2H),

§.2 (s, 1H).

13¢ mMr (22.6 MHz, CDC1,) (Me,Si) 8 176.3, 175.8, 175.6, 175.2,
156.0, 153.9, 151.1, 136.7 (two lines), 134.4, 131.9, 121.0,
116.2, 69.9, 68.9, 61.5, 43.9, 33.6 (multiple lines), 27.9,
20.7, 18.6 (multiple lines).

IR (KBr) 2970, 2930, 2870, 1730, 1700, 1650, 1585, 1540, 1450,

1400, 1380, 1350, 1270, 1240, 1180, 1135, 1060, 920, 845, 805,

780, 750, 600, 455, 410 —

UV(CHC13) A___ 460(€6.6 x 103), 485 shoulder (e5.3 x 10°),

440 (5.5 x 103), 345 (9.4 x 103), 360 shoulder (£7.1 x 103),
330 shoulder (7.9 x 103), 270 nm (2.9 x 104).

Anal. Calcd. for C33H44N4011: C, 58.91; H, 6.61; N, B33.
Found: ¢, 58.91; H, 6.66; N, 8.05.

Field desorption MS, M+ m/e 672.
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8-demethyl-3~methyl-2',3',4',5'-tetraisobutyrylriboflavin-
18
5_

0-oxide

p~Toluiduidinouracil 74 (0.322 g, 5.0 x ].0—4 mol) and
nitrosonium tetrafluoroborate (0.290 g, 2.5 x 10“3 mol)
were dissolved in ether and (0.1 mL, 5.0 x 10-3 mol) H2180
added. Reaction for one-half hour was followed by extrac-
tion with water. PTLC (silica, ethyl acetate) of the
reaction crude afforded 0.086 g (26%) of an orange brittle

foam with 'H NMR identical to 75 and field desorption MS,

M m/e 672, 674.
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General Procedure for Oxidation of Phenols with 75

A stock sclution of the phenol was prepared in
dry, freeze thaw degassed (two times) tetrahydrofuran.

The stock phenol solutions were added to the requisite
amount of sodium hydride and reaction allowed to proceed
until gas evolution ceased. The phenolate solution was
subsequently added to a two-fold excess of 75 under nitrogen
in the absence of light.

Product structures were ascertained via coinjection
with authentic samples on a Varian 3700 gas chromatograph
equipped with a flame ionization detector and on column
injection {(SE-30 column, 4.1% on Chromsorb G,7' x 1/8").
Additional information followed from GC/MS with a Perkin
Elmer 990 gas chromatograph interfaced via a glass jet to a
Bitachi RMU-6L mass spectrometer (data acquisition and control
via IBM 1800 computer). Product fragmentation patterns were
correlated to authentic samples. In the oxidation of 2,3,5,6-
tetramethylphenol 76, duroguinone 78 was isolated by PTLC
(basic alumina, benzene) and shown to be identical to authentic

sample by H'NMR and GLC.
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18

Determination of ~ 0 Isotopic Percent

Flavin-5-180-oxide 75 (0.017 g, 2.5 x 107" mol) and

3 mol) were reacted

triphenylphosphine (0.007 g, 2.5 x 10
neat as a melt at 180° for five minutes. Semi-preparative

HPLC (C-18, CH3CN:H20, 50:50) afforded the triphenylphosphine-
16/18) oxide. The percent 184 incorporation was determined by

mass spectroscopy on a Varian MAT 212 and shown to be 28.1%

(See Table VIII.)
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Determination of 180 incorporated in Products of Phenol
Oxidation

Procedure identical to that used for general oxida-
tion of phenols with 75, except for the nature of the mass
spectroscopy used to determine 180 incorporation. To obtain
greater accuracy, alternating voltage mass spectroscopy
(AVS/MS) was set for a six mass unit window centered on the
mass corresponding to the particular parent ion of the phenol
oxidation product in questicn. The contribution of parent-
plus-two ion from oxidations with 75 (160) was subtracted

18

from the peak ratios obtained from 75 (7 0) oxidation to give

the values listed in Table VIII.
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Observation of the flavin nitroxy radical by ESR

A Varian E-9 ESR spectrometer with room temperature
flat cell accessory was used in these experiments at 9.56
GHz with a 100 KHz modulation frequency,0.5 Gmodulation ampli-
tude, scan rate of 25 G/min., and 0.1 s. time constant.
Anaerobic stock solutions of 75 and sodium 2,3,5,6-tetra-
methylphenolate 76b in dry, degassed tetrahydrofuran were
prepared. The 75 stock sclution was connected via cannula to
the flat cell fitted with a Teflon adapter. A gas tight
syringe was used for positive pressure to push the 75 solu-
tion into the flat cell for a background spectra. This
starting solution was then pulled back into the reaction ves-

sel_where the phenolate was added (2:1, 75:76b stoichiometry,
3 - o

4.93 x 10~ M 75 concentration after mixing). The reaeti;n

was then immediately pushed into the flat cell with positive
pressure from the gas tight syringe. Fig. 5 shows the observed
ESR signal. All manipulations were carried out in the absence

of light. The simulation computer program was provided by

Dr. M. Winkler of Professor Solomon's group.
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General Procedure for Kinetic Studies of 75 Reaction with 76b

Stock solutions of 75 and 76b in dry degassed tetra-
hydrofuran were prepared. Reaction was initiated by addition
of a ten-fold excess of 76b to 75 inr a stoppered, anerobic UV
celi. Reaction was followed by increase in absorbance at
620 nm. The apparent first order rate constant was found to
2 1

be 1.9 x 10~ “ min.
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Enzymatic Synthesis of FAD-5-0Oxide

FAD-synthetase complex of Brevibacterium ammoniagese

(50)) was combined with 150X of 100 mM riboflavin-5-oxide,
1002 of 2 mM ATP, 100A of 8 mM magnesium sulfate and 600\ of
50 mM morpheclinopropane sulfonic acid (pH 7.2). Reaction
proceeded for 24 hours at 37°. TLC (silica, 12:3:5, butanol:
acetic acid:water) indicated quantitative conversion to FAD-5-
oxide with no apparent deoxygenation, Filtration of the
concentrated sample through two Sep Paks to remove enzyme

was followed by HPLC separation (C18, 10:90, methanol:water
to 70:30, methanol:water, straight gradient over twenty
minutes, water pH = 6, 5 mM ammonium acetate). The FAD-5-
oxide seems particularly sensitive to light so careful exclu-
sion of light during workup is essential. Although HPLC gave
pure FAD~5-oxide, concentration led to substantial cleavage

of the phosphodiester probably due to the ammonium acetate.
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