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ABSTRACT

The literature pertaining to the biosynthesis of
naturally occurring 2,5—dioxopiperazines is reviewed. Synthetic
routes to the antibiotic bicyclomycin are &iscussed, and initial
studies to test the feasibility of such routes have been performed.
Methods and attempts to elaborate 2,5-dioxopiperazine and its
derivatives and 2,5-dihydropyrazines are described. The latter can
be alkylated and condensed readily with suitable reagents. Attempted
hydrolyses of imino ethers to amides and ether cleavages to effect
the same transformation'are reported. Dichlorodicyanobenzoquinone
oxidations of dihydropyrazines are extended to unsymmetrically
substituted compounds. It has been found that singlet oxygen adds
smoothly and efficiently to aromatic heterocycles, such as the
substituted pyrimidines and pyrazines. The endoperoxides derived
from these heterocycles are isolated and characterised, and their
properties described. The conditions for the formation of endo-

peroxides are discussed.
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THE BIOSYNTHESIS OF 2,5-DIOXOPIPERAZINES

1. Introduction

Dioxopiperaziﬁes have been recognised as a distinct class
of compounds since the end of the last century. Many of the simpler
compounds were first synthesiSed by Emil Fischerl, and the
unsubstituted dioxopiperazine was prepared in 18882. One of the
earliest hints of the biological importance of this class came in
1922 with the determination of the structure of pic¢rorocellin (1),

i1solated from Rocella fuciformiss. Subsequently, dioxopiperazines

have been identified as natural products from a variety of fungi and
plants, and have frequently shown biological activity. Their
structures remained elusive in many cases and were only deduced

long after the initial isolation. For instance, gliotoxin was

. 1solated as the antibiotic principle of Penicillium brevicompactum

in 1936+

. A tentative structure was published in 1953 (2)5, and a
corrected structure in 1958 (3)6. The absolute configuration was
determined by x-ray diffraction analysis7. Chetomin (4) was
isolated in 19448, but its structure was not eiucidated until 19769.
The realisation of the biological importance of the
dioxopiperazines has no doubt contributed to the interest with which
they have been pursued. Total synthesis of some of the simpler
natural products, such as albournosin (Scheme 1)10’11, as well as
a few of the more complex molecules have been reported. In
particular, dehydrogliotoxin (5)12, sporidesmin (6)13, and

echinulin (7)14 have been synthesised. New dioxopiperazine-based

natural products continue to be reported. In recent years,
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bicyclomycin (8)15, dibromophakellin (9)16, gliovictine (10)17,

19,20 1

hyalodendrin (11)18, preechinulin (12) , the sirodesmins (13)2 s

22’23’24, isoechinulins (15a, b and CZS),

fumitremorgens (l4a and b)
and epicorazine (16)26, have been isolated and characterised. The
naturally-occurring dioxopiperazines have been reviewed27.

Biogenetic considerafions have been useful in determining
the structure of these natural products. Conversely, the biosynthesis
of a compound of known structufe is studied either directly, by the
feeding of isotopically labelled potential precursors to co-operative
organisms and the analysis of the metabolite of interest, or
indirectly, by the isolation from the pulture of intermediates on
the proposed pathway. Both radiocactive and non—radiétive isotbpes
have been used as labels. The non-radiative isotopes have the
advantage of being located by mass spectroscopy rather than by
degradation. Precursors doubly labelled with isotopic atoms, most
frequently °H and '*C at nearby sites, provide reassurance that the
prospective precuisor has not been degraded by the organism to smaller
units and then incorporatgd into the molecule. If the ratio of *H:

1*C remains unchangéd in te metabolite or has changed in a predictable
manner, then the precursor has been incorporated without scrambling
(i.e. intact). More recently, labelling with '3C at two adjacent

sites has gained in popularity. The subsequent analysis is facilitated
by the characteristic augmentation and splitting of signals from
adjacent enriched atoms in the !'3C nuclear magnetic resonance spectrum.
Lack of incorporation of a suspected precursor may resﬁlt from its
inability to be transported across the cell membrane, a possibility

which can be checked by searching the organisms for :cytoplasmic
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" radioactivity or 1sotopic labelling. An absence of labelling
indicates a failure to transport the precursor. The.quantities of
material fed are also important since these concentrations may
interfere with the regulatory mechanisms of biosynthesis. 1In

general, the further along the biosynthetic pathway the intermediate
is, the more efficient will be its incorporation into the end
metabolite. The isolation of proposed intermediates helps to

confim a pathway, but cannot,bé taken as proof. It also assists

in the formulation of reaction sequences. However, some caution

is necessary, as compounds may be artefacts of isolation rather.

than true metabolites, as in the case of brevianamides C and D (17 and
18) which were formed pho?olytically from brevianamides A and B (19)28.
In addition, an isolated metabolite may not lie on the pathway to the
end product, but may be derived from an intermediate of that pathway

or from another route entirely.

2. Simple dioxopiperazine derivatives: rhodotorulic acid and

pulcherriminic acid

Some of the problems encountered can be illustrated by
considering the biogenesis of a relatively simple dioxopiperazine.
Rhodotorulic acid (20), an iron transport factor, was isolated from

Rhodotorula pilimanae and characterised in 196829. Feeding with

1%C-labelled amino acids indicated that glutamate, glutamine,
- proline, arginine, and ornithine were all incofporated rapidly
into rhodotorulic acid, but as these are all interconvertible

in vivo, no information on the precise precursor could be obtained-
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(Scheme 2).

0
glutamine arginine é— arginpsuccinate

4 glutamic 3
a-ketoglutarate—y glutamates——semialdehyde &~——ornithine —citrulline
\ .

#

proline a-N-acetylornithine

¢

N-acetylglutamyl phosphate -3 N-acetyl
‘ glutamate
semi-aldehyde

Scheme 2

Using a D20 medium and following retention of exogenous protons (i.e.
those from the medium), it was determined that L-ornithine was the .
initial precursor and that 6-N-acetyl-L-8-N-hydroxyornithine was an
intermediate. By contrast, §-N-acetyl-L-ornithine was not incorporated.
These results lead to the conclusion that the formation of the |
hydroxamic acid precedes the cyclisation to the dioxopiberazine (Scheme
3). The use of labelled medium also provided indirect evidence for the
source of the oxygen atom in the hydroxylamino functions, which arises

from 0, rather than from HZOSO.

ornithine —d-N-hydroxyornithine —=§-N-acetyl-§-N-hydroxyornithine

thodotorulic aéid
Scheme 3

Another heterocyclic compound that appears to be derived



from a dioxopiperazine is pulcherriminic acid (21}, a hydroxypyrazine.

However, biosynthetic studies on other hydroxypyrazines, such as
aspergillic acid (22), indicate that the related dioxopiperazines
are not intermediates. Instead, the amino acids are the subunits
which are modified before the hydroxypyraziﬁes are synthesised31’32.

Studies on aspergillic acid and hydroxyaspergillic acid (23) showed

that both D- and L- leucine are incorporated by Aspergillus flavus.

The studies further indicated that, because cyclo-isoleuleu -is more
efficiently incorporated into mycelial protein than into aspergillic
acid, the dioxopiperazine 1s more rapidly hydrolysed to its
constituent amino acids than it is. incorporated into the hydroxy-
. 33
pyrazine .

Feeding experiments with Candida pulcherrima, using

L-!*C-leucine and cyclo-L-1-{"C}-leu-L-1-[**C]-1eu, showed that
the former is the precursor and the second an intermediate to
pulcherriminic acid (Scheme 4). No scrambling of the label on
L-leucine was detected, from which it was inferred that the émino
acid was incorporated intact. Because the radioactivity of the
pulcherriminic acid isolated was 1.7 times that of the leucine, two
molecules of leucine were seen to be incorporated into one molecule
of the pyfazine. This does not represent a great dilution of
activity, but the experiments using the dioxopiperazine did. show
substantial dilution, possibly due to the incorporation of
endogenouslgzglg—L—leu-L~1eu. That the dioxopiperazine was not
first hydrolysed to the amino acid was détermined by examining the
hydrosylate of the faycelium for radioactivity and finding none.

D-leucine was also incorporated but to a lesser extent, indicating

10.



eeeeeee




12

its probable conversion to the L-isomer prior to synthesis. Cyclo-
D,D- or EXE}g—D,L—leuléu were not incorporated, supporting this
inference, and in fact, they inhibited the biosynthesis. The
former nearly completely blocked the production of pulcherriminic
acid and caused the accumulation of L,L-leuleu. This, together with
the information that the dilution of activity in the EXEEQfL,L—leuleu
is comparable to that found in the natural product, suggests that
the EzglgfL,L~1euleu isomer is the only one used, or generated, by

34

the organism™ . This is not surprising in that the L-isomer of

amino acids is generally found to be the ‘matural' one.

-3. Indole-isoprenylated tryptophyl dioxopiperazines

3.1. Echinulins

Of considerably greater complexity are the echinulins.
Far more effort has been expended in the elucidation of the
biosynthetic.patﬁways leading to these and related compounds than
on any other family of dioxopiperazines. Studies on the echinulins
have, however, provided useful clues to the biogenesis of other
compounds, such as the austamides and brevianamides.
Originally, isolated in 194335, the structure of echinulin
(7) remained a mystery until the early 1960's. It was known that a
part structure contained a 5,7-disubstituted-2-dimethylallyl
tryptophan unit, and after incorporation studies indicated the
presence of three isopentenyl units, it was assumed that two of

these were the 5,7—substituent536. The correct structure of

echinulin was reported a year 1ater37. Biosynthetic studies have,
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therefore, long played a role in echinulin chémistry, and were

used first to elucidate the structure, rather than to explain it.
Subsequent feeding experiments demonstrated that L-try-

ptophan, L-alanine, mevalonic acid, and cyclo-L-ala-L-try are |

biosynthetic precursors of echinulin in Aspergillus amsteiodami,
36,38,39,40

. It has been proposed that echinulin might arise by

the cyclisation of an appropriately substituted amino acid, named
echinin (24), with alanine, but the efficient incorporation makes it
more probable that the dioxopiperazine is first cyclised and then

alkylated4o.k

The reversed isoprene unit at C-2 is, an unusual feature,
and its origin has been of considerable interest. Several
mechanisms have been advanced to account for its orientation:

direct substitution at C¥24l’46; substitution at C-3 and subsequent

rearrangement42j substitution at nitrogen followed by rearrangementsg;
and a rearrangement proceeding via enzymes bound by sulphur bridges
to c-2%°.

An attempt to alkylate directly at C-2 did indeed lead
to substitution at that carbon atom with the 3-methylindole model.
compound. However, the dimethylallyl :function was introduced in
the normal fashion, and no reaction was observed using tryptophan;.
its N-acetyl derivative, or its cupric complex (Scheme 5). It seems
unlikely that direct substitution is a reasonable mechanism on the

basis of these experiments4l.

On the basis of more recent findings,
direct alkylation at C-2 cannot be entirely dismissed. Acid-
catalysed rearrangement of a 3-substituted-1-(3,3-dimethyldllyl)

indole gives a pyrrolo-indole as a major product (Scheme 6), presumably
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by a Friedel-Crafts mechanism. An enzyme capable of holding the
indole and dimethylallyl pyrophosphate in the correct spacial
relationship could catalyse direct alkylation at C-2 in vivo43.

The 3 position in indoles is generally held to be the
most activated to electrophilic attack44. Introduction of the
dimethylallyl group at position -3 followed by Claisen rearrange-
ment could account for the observed reversed isoprene unit at
C-2 in the echinulin alkaloids (Scheme 7). Chemical studies on
3- methyl indoles show that reaction with allyl bromide occurs
primarily at C-3. The alkylation product rearranges under acidic
conditions to the 2-alkylated indole, evidently not in the manner
p%oposed_for echinulin. Similar experiments with crotyl brdmide
proceed with alkylation on the nitrogen atom. The 2-methylallyl
indole is also isolated, pbésibly as a result of acid-catalysed
rearrangement during work-up (Scheme 8). These results suggest
that initial alkylation does not occur at C—342.

Using a thio-Claisen rearrangement as a model, a bio-
synthetic mechanism has Been proposed that would account for the
isoprenylation patterns in the efgot and .ilamycin alkaloids, as
well as in the echinulins (Scheme 9)45;

The strongest evidence, however, appears to favour the

initial alkylation at nitrogen and subsequent rearrangement.

Earlier studies on N-alkylated indoles indicated that the migration

to the 2- position, in either the reversed or normal fashion,
depended on conditions (Scheme 10)46, although further work has
thrown doubt on the generality of these findings. More recent

evidence suggests that the alkenyl substituent may rearrange

16
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first to the 3 position.and then to the 2 position. Acid-catalysed
rearrangement of N-crotylindole affords the 3-(1-methylallyl)
indole47. Thermal rearrangement of the same compound also gives
the 3-alkyl indole which, at slightly longer reaction time, then
rearranges to 2-(1-methylallyl) indole™S. The N-alkylation
hypothesis is further supported by the isolation of lanusolin (25),
an.N—isoprenylated.metabolite49. |
It has also been suggested that the inverted isoprene
unit may be transferred from the-dioxopiperazine moiety (Scheme 11)74.
To date, this problem of the mode of reversed incorporation
of the isoprenyl group into position 2 remains unsolved.
| In contrast to the echinulins, a small class of compounds
containing a reversed isoprene unit at position 3 of an.iﬁdole

50,51 .
is a

nucleus has been isolated. Of these, roquefortine (26)
dioxopiperazine, while oxaline (27)52, and the metabolite of an
unidentified species of Aspergillus (28)53 are closely reiated-

In addition to the C-2 dimethylallyl function, there
are two other isoprene units in echinulin. Some attention has been

given to the order in which the isoprene units are incorporated,

and it has been found that in a cell-free extract of A. amstelodami

only the 2-alkylated product is produced by reaction between
dimethylallylpyrophosphate and cyclo-L-ala-L-try. Neither the

free -amino acids nor the dipeptides are substrates for.this
reaction, and no reaction was observed if isopentenyl pyrophosphate
replaced isoprene pyrophosphate54. Isopentenyl pyrophosphate
isomerase and the enzyme responsible for the alkylation of the

dioxopiperazine moiety with dimethylallyl pyrophosphate (but not
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155,56

isopentenyl pyrophosphate) have been isolate . The mono-

isoprenylated dioxopiperazine (12), called preechinulin, is a

good precursor to echinulin56

19,20

and has subsequently been isolated

from A. chevalieri These data suggest that the indole

alkylation precedes the substitution of the aromatic ring.
Comparative labelling studies with echinulin and neocechinulin

demonstrated that the alkylation of the benzene ring proceeds

with the loss of the proton at the site of alkylation57.

The neoechinulins are a closely related series of

compounds. The isolation of neoechinulins A—C58’59’6O

61,62

, after the
discoVery of neoechinulin itself , led to the formulation of
the biosynthetic route as shown in Scheme 12. However, with the
isolation of neochinulin D (29)63, it appears that the pathway is
not so straightforwérd. Neoechinulin D, in contrast with the
proposed sequence, shows aromatic isoprenylation before the
dehydrogenation of the alanine-derived methyl group. Crypto-
echinulin C (30) is a monoalkylated variation of neoechinuiin64.
Isolation of these compounds further supports the hypothesis that
the first alkylation site is C—258. Feeding experiments have
demonstrated that tryptophan and cyclo-L-ala-L-try are precursors

to the neoechinulins®’»>8:64,65

. Detailed labelling studies also
- revealed the exclusive removal of the pro-S proton in the biosynthetic
a,B-dehydrogenation to neoechinulin (also called crypto-echinulin

N,

3.2. Austamides and brevianamides

The austamides and brevianamides are similar to echinulin
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in the presence of the tryptophyl moiety and the 2-a,c-dimethyl-
allyl unit; the alanyl section of the dioxopiperazine ring being

replaced by a proline residue. The first group of compounds was

66,67,68

isolated from Aspergillus ustus, while the latter are

metabolites of Penicillium brevicompactum69’28.

The considerable

structural similarities between the two have led to the proposal

of a common intermediate. Deoxybrevianamide E (31) has been

67

isolated from cultures of A. ustus ' and, although it has not been

found in P. brevicompactum, it is considered to be a biogenetic °

?recursor of the brevianmnides70. This is supported by the

isolation of cyclo-L-pro-L-try(brevianamide F (32)) from P. brevi-
coggactung and, conversely, by its incorporation into brevianamide
A,7O and by the isolation of an analogous intermediate from

A. amstelodami in the case of echinulin, as previously Cited40.

The discovery of several related metabolites from A. ustus suggests

the adjacent sequence (Scheme 13) terminating in austamide (33)67.
The 3,2-alkyl shift and ring contiaction with concurrent

oxidation has been performed in chemical systems (Scheme 14)71.

Dehydropeptides have been synthesised by a variety of

4

routes, including hydrolysis of an azlactone = and condensations

of a-keto acids with amides or nitriles.73 In close analogy with

austamide, bis-dehydroproline anhydride has been prepared from the

74,75

3,6-diacetyldioxopiperazine (Scheme 15) Alternatively,

oxidation can be effected by dehydrogenation using reagents such

as dichlorodicyanobenzoquinone74 or by anodic oxidation76.

-

At first glance, the brevianamides (A-F) appear to be a

confusing collection of similar molecules. Closer inspection

24
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- reveals that A and B (19) are stereoisomeric about position 2, and
that F (32) is simply the dioxopiperazine derived from proline and
tryptophan. As stated previously, C and D (17 and 18) are
photochemical artefacts and not true metaboliteszg. Results from
studies on austamide and echinulin together with mechanistic
considerations allow the deduction of a reasonable biosynthetic
pathway to brevianamides A and E (34) (Scheme 16)27’70.

Model studies for cycloaddition. reactions have been
performed with pyrazines to establish the feasibility of the
proposed biogenesis of the ring system in brevianamide A (Scheme

17)77,78'

4. ©Epidithiodioxopiperazines

4.1 Gliotoxin

Another major category of naturally occurring antibiotics
is characterised by the epidithiodioxopiperazine moiety. Within

this class, gliotoxin (3) (from Penicillium terlikowskil, Gliocladium
4,79,80

fimbreatum, Trichoderma viride, or Aspergillus terreus)
81,82,83

and

the aranotins (35-39) (from Arachiotus aureus) are evidently

derived from similar biosynthetic routes, while the sporidesmins
84
(6)

another pathway.

and related compounds, such as chetomin (4)8, derive from

Efforts to elucidate the biogenesis of gliotoxin have
been confused by conflicting reports and the isolation of similar
compounds thought to be precursors. Early reports that m—tyrdsine

was- incorporated more efficiently than phenylalanine led to the



N
/
L)

A
g

l

O]
. \



scheme 17

29



30

35 RsH aranotin

36 R =0BAc acetylaranotin

37 bisde thiodilme thylthio} -

acetylaranotin

38 apoaranotin

39 bisdethiodimethylthid-

apoaranctin

CO,H

Ser |Met

OH 3

dethiogliotoxin H

scheme 18




31

- postulation of a route proceeding by hydroxylation of the benzene
ring before closure to the reduced indole system (Scheme 18).85
Subsequently, dehydrogliotoxin (5) was isolated from the same

mold, P. terlikowskigs, and this, it was originally claimed, could

be converted in vivo to gliotoxin87. These reports supported the
original scheme. |

Meanwhile, systems of the type (40) were isolated from
the fungus. It was considered that the diene system might be a
receptor for the disulphide bridge, and that these compounds were
possible precursors to gliotoxin88

It has since been determined that phenylalanine, buf not
0- or m- tyrosine or dopg, is a precursor - to gliotoxint’go’gl.
Incorporation of phenylalanine-ds into acetylaranotin and
phenylalanine-ds into glibtoxin with the retention of all deuterium
atoms disproves both suggestions that a hydroxylated aromatic
compound is an intermediate and that the diene system is an
acceptor for The disulphide bridgegg’go. Furthermore, recent
attempts to add sulphur across a diene have been unsuCcessfulgz.

Cyclo-L-phe-L-ser has been shown to be an efficient precursor,g:”g4

and the N-methyl group is probably derived from methioninegs.
Competitive labelling studies reveal that cysteine, methionine,
and homocysteine are sources of sulphur in gliotoxin in decreasing
Qrder of efficiency85

Although these results are in conflict with the inter-
mediacy of a hydroxylated benzene ring, they are not inconsistent
with an arene-oxide mechanism. This mechanism, first proposed in

82,83

1968, accounts for the formation and stereochemistry of
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gliotoxin, as well as for the oxepin ring in the aranotins (Scheme

19).

4.2 Aranotins

In other respects, the aranotins exhibit similarities to

glictoxin. Feeding experiments again indicate that phenylalanine

but not o- or m- tyrosine is a precursor of the dioxopiperazine,82’89

and feeding with phenylalanine-ds results inithe retention of all
eight deuterium atomssg. In the case of bis-dethiodi(thiomethyl)

acetyl aranotin (from Arachiotus aureus and Aspergillus terreus),

comparative feeding with *H;C-methionine and ®°S-methionine results
in a greater incorporation of the labelled methyl group and suggests

that the thiomethyl functilon is not added in a one-step process82

4.3 Sporidesmins

Alth@ugh there are several conceivable routes to sporidesmin,
little work has been conducted on its biosynthesis. The scheme
opposite (Scheme 20) has been suggested as one of several possibilities
Singlet oxygen addition to a related diene system (Scheme 21)96, and .

closure to pyrrolo-indoles has ' been demonstrated (Scheme 22)97’98,

5. Myceiianamide

Mycelianamide (41)99 is neither an isoprenylated alkaloid,
an epidithiodioxopiperazine, nor a hydroxypyrazine derivative, but
one of a growing class of naturally occurring hydroxamic acids.

The heterocyclic ring is derived from tyrosine, the dehydrogenation

27
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proceeding in a cis fashionloo. Acetic acid, mevalanic lactone,
or 3-methyl-butepoic acid are metabolised via the well-known

route for terpene syﬁthesis to give the geranyl side Chain101.

In studies directed toward the total synthesis of mycelianamide,
it was found that the formation of the hydroxamic acid functions
was more difficult than anticipated. Eventually, the conversion
ffom the dioxopiperazine was accomplished by making the dichloro-
pyrazine, oxidising the nitrogen atoms, exchanging the chlorine
atoms with benzyl groups, and hydrolysing to the dihydroxamic acid

102,103,104

(Scheme 23) This synthesis is similar to the one

reported for pulcherrhninlosl

6. Summary

There are numerousother dioxopiperazines and related

derivatives that have been isolated from fungi, but for which few

biosynthetic studies have been undertaken. For instance, bicyclo-

mycin (8) from Streptomyces sapporonensis,has generated some

interest as a potential antibiotic due to its unusual selective

activity against gram-negative bacteria, its low toxicity, the low
natural resistance to it expressed by micro-organisms, its lack of
cross-resistance with other antibiotics, and its stability in thel

106,107,108

bodies of test animals Its mode of action is thought

to be interference with the synthesis of lipoprotein and its
assembly to peptidoglycanlog.
Although few specific biosynthetic studies have been

performed, it is possible to make some general observations

36
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concerning the biogenesis of dioxopiperazines. For the most part,
they appear to be synthesised in a straightforward manner commencing
with the dehydrative cyclisation of the appropriate amino acids

to the dioxopiperazine, which is then elaborated. Broad classes
of compounds can be delineated that share structural similarities
and that may arise from a common precursor reacting by different
mechanisms in different organisms. The isoprenylated tryptophan
dioxopiperazines are one such group of compounds, and the
epidithiodioxopiperazines from aromatic amino acids aﬁother.

More specifically, austamide and brevianamide A are both descended
from deoxybrevianamide E. The most basic difference between two of
these : natural products may be the substitution of one of the two
amino acids. For instanee, brevianamides are distinguished from
echinulins by the incorporation of proline rather than alanine.
Mechanistic considerations may reveal greater similarities than

at first seem apparent. For example, the relationship between
gliotoxin and aranotin may not be obvious until the formulation

of an arene-oxide intermediate is considered. Model chemical
studies can be involved to illustrate the feasibility of postulated
biosynthetic processes, now that it 1s generally accepted that the

same chemistry applies in vivo as in vitro.
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STUDIES ON PYRAZINES AND RELATED HETEROCYCLIC SYSTEMS

1. Introduction

The object of this study was to explore possible synthetic
routes to the antibiotic bicyclomycin. As mentioned previously
(p. 36 ), bicyclomycin (1) is an antibiotic metabolite isolated

from cultures of some Streptomyces strains, specifically

S. sapporonensisl, S. aimlnensisz, and.S.griseoflavusS. Bicyclo-
mycin is a solid that crystallises in both orthorhombic and mono-
clinic forms from water. The x-ray diffraction analysis shows
that the dioxopiperazine ring exists in the boat form and that
the conformations of the side chains are all gauche, to a first’
approximation. All of the oxygen and nitrogen atoms participate
in two intramolecular and four intermolecular hvdrogen bonds” .

Of the work which has been published on bicyclomycin
much concerns the formation of acyl -derivatives. Acylation of (1)
by treatment with an anhydride or acid chleride pfoceeds specifically
to give the 3' esters. The reaction is general, and a variety of
derivatives has been prepared5’6. The acyl derivatives are of
interest for their biological properties. They are absorbed into
the body in higher concentration than the parent compound, and
may be transformed in vivo to the antibiotic5’7. Recovery from
the urine of the acyl derivatives 1s more efficieﬁt7.‘ Monoacyl
derivatives are readily hydrolysed by enzymes such as esterases,
but their recovery increases with increasing lipophilicity of the
derivative. Diacyl derivatives are recovered unmetabolisedg.

Hydrogenation of (1) affords the 5-methyl compound (2).
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Reaction of bicyclomycin with periodic acid oxidatively cleaves
the side chain at the 1 position to the aldehyde (3). Subsequent
formation of the methyl hemiacetal (4) and hydrogenation yields
the 1-hydroxymethy145—methyl derivative (5) (Scheme 1)9.

There are two obvious approaches to the synthesis of
bicyclomycin, these being functionalisation of an amino acid
precursor followed by condensation to the dioxopiperazine and,
secondly, elaboration of a preformed dioxopiperazine ring. The
latter method was chosen as the more direct route, and by analogy
with other naturally occurring dioxopiperazines, is more likely
to parallel the biosynthetic pathway.

An examination of the bicyélomycin structure reveals a
similarity to pyruvamide derivatives. In principle, cyclisation
of pyruvamide would give the cyclol structure, solving directly
the problem of oxidation at the 3,6-positions of the dioxopiperazine
ring. In practice, however, pyruvamlde cyclises to the pyrrolelo’11
rather than to the dioxopiperazine as.previously reported]? (Scheme
2). |

The initial pathway (Scheme 3) hinged upon the condensation
of a dioxopiperazine with 3-tetrahydrofuranone (6, R' = R* = R* = R*
= H) followed by acid catalysed nucleofhilic addition of the oxygen
atom to an exocyclic double bond, forming the bicyclic ring system.

3-Tetrahydrofuranone proved to possess a deceptively simple
structure. Standard oxidative cyclisation of a 1,4-butynediol is

ineffective in the unsubstituted case13’14’15.

It has been
reported that heating 1,4-butynediol with an organomercuric salt

. Y . ] 1
in an alconolic solvent results in formation of .the furanone 6.
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- Attcmpts to repeat this procedure in a varilety of solvents
eventually resulted in the isolation from n-propanol, not of the
furanone, but of 1,4-dipropoxy-Z-butanone (7, R = Pr). Not
surprisingly, these systems polymerise regdily, and frequently
the major products after removal of solvent were tars. A similar
method has, in fact, been used to prepare 1,4-dihydroxy-2-butanone

'(7, R = H),l7’18

which, with the anhydrous conditions given for
the synthesis of the furanone, casts some doubt on the reliability
of that procedure.

The two other published routes to 3-tetrahydrofuranone

are less direct. One involves oxidation of 3-hydroxytetrahydro-
18,19,20

is 3?chloro—4—hydroxytetrahydrofuran (Scheme 5)21. The precursor

furan (Scheme 4), and the key intermediate in the other

(Scheme 4), 1,2,4-trihydroxybutane, is prepared by hydration of

1,4-butynediol followed by reduction to the triol.17’18

The
final oxidation to tetrahydrofuranone is not a facile one,
fequiring careful temperature control and proceeding only in low
yieldlg.
Recently, two syntheses have been published which might
be applicable to the preparation cof 3-tetrahydrofuranone. Oxidation
of alkenes and cyclopropenes with thallium (III) nitrate affords
the nitrate esters. Of particular relevance is the oxidation of

2

1-hydroxy-3-butene (Scheme 6).2 Cyclic ketones can be pfepared

from dihaloalkanes or dihaloethers (Scheme 7)‘.23

However, since it appeared that the 3-furanone was an
unstable material, its successful application to elaborate the

sec-butyl side chain of bicyclomycin was not envisaged and this
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approach was abandoned. At this stage, it was evident that

another pathway was necessary.

I1I. Elaboration of the six-membered ring : dioxopiperazines

Condensation of a carbonyl with an active methylene centre
is one of the major means of creating new carbon-carbon bonds.
Successful condensation of an aldehyde with 2,5-dioxopiperazine
was first performed in 1921 by.Sasaki.24 By heating the dioxo-
piperazine in acetic anhydride with benzaldehyde and sodium
acetate, he synthesised 3,64dibenzylideny1-2,S—dioxopiperazine
(8, Scheme 8). A later experiment condensing 3—methy1¥2;5—
dioxopiperazine with benzaldehyde (Scheme 9) allowed determination
vof the stereochemistry. The major project was assigned the trans-
configuration shown on the basis of 'H n.m.r. chemical shift data
and reaction with triethyloxonium fluoroborate to form the mono-
imidate (9). .Irradiétion of the trans isomer afforded the cis
compound. The vinylic proton in the cis isomer was shielded
relative to the comparable proton in the normal condensation
product, as expected for a vinylic proton 8 to a carbonyl group.
The assigmment was confirmed by conversion of the deacetylated

trans condensation product to the mono-imino ether with Meerwein

salt. No bis-imino ether was observed. Irradiation gave the cis
1somer which exhibited the expected shielding of the ethyl protons
by the phenyl ring in the 'H n.m.r. The trans-mono-acetylated

product reacted only slowly with the same reagent to give low

yields of the other mono-imidate (10) indicating the steric
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~ hindrance in the vicinity of the 4-amido function. By contrast,
the acetylated photoisomer reacted efficiently to form the 4-imino
ether (11).25

More recently, base catalysed condensations on 1,4-diacetyl-
dioxopiperazines with a variety of aldehydes have been reported.
Further condensation at position 6 is feasible with aryl aldehydes,
but proceeds only in low yield, if at all, with alkyl aldehydes.
Ketones are relatively inactive.26 It has been postulated that the
driving force for this reaction is transfer of the acetyl function
from nitrogen to oxygen (Scheme 10). Further support for the

necessity of the O-acylated intermediate was obtained by reaction

of p-nitrobenzaldehyde with 1,4-diacetyl-3,6-dimethyl-2,5-dioxopiperazine.

Elimination of acetic acid is not possible, and the O-acetylated
intermediates Were isolated. Careful spectral analysis allowed
the assignment of the threo. configuration to the major isomer
(Scheme 11).27 The O-acetyl intermediate is presumably involved in
the sodium acetate catalysed condensation as well. The location of
the acetyl protecting group in the product, deduced to be in the

1 position28’29

was unambiguously confirmed by independent
synthesisso. The location of the acetyl function was determined

by cyclisation of sarcosyldehydrophenylalanine and (N-acetyldehydro-
phenylalanyl) sarcosine to the same compound, and substantiated by -
the chemical shift of the ring proton in the 'H n.m.r., which is
shifted downfield of the corresponding proton in the diacetylated

25,29
compound.

An attempt to condense benzaldehyde with 1,4-dimethyl-2,5-

dioxopiperazine again afforded an isolable intermediate. In this
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case, no transfer is possible and dehydration does not proceed.
Instead, bis-condensation occurs. Dehydratioﬁ was effected by
acetylation in acetic anhydride and pyridine, followed by thermal
elimination (Scheme 12). The structure of the product - was
confirmed by comparison wifh an authentic samplé prepared by

. . 1
methylation of 3,6-dibenzyl-2,5-dioxopiperazine.

Condensation of a dioxopiperaziﬁe with methacrolein was
of interest due to the similérity of the product to a part
structure of bicyclomycin. The expected product (15) was
isolated in low yield (36%) and underwent decomposition on
attempted purification on silica, and deacetylation to (16) on
alumina (Scheme 13).

- It has been reported in the literature that a steroidal
vinyl ether adds.fonnaldéhYde to generate a new carbon-carbon

38

bond. Addition of formaldehyde to 1l-acetyl-3-propylidenyl-2,5-

piperazinedione gave the N-alkylated product rather than the
enamine reaction.(Scheme 14).

Reaction with a protected 3-hydroxy propionaldehyde would
produce an analogue of the hydroxyalkyl side chain envisioned as a
synthetic precursor to the bicyclic system of bicyclomyCin. 3-
Hydroxypropionaldehyde 1s a known compound, prepared by the
32,33

aldol condensation of formaldehyde and acetaldehyde It is

an unstable species which readily dimerises to 2 -hydroxy-6-
hydroxyethyl—l,S—dioxansa. Attempts to trap the‘hydroxy
aldehyde as the tetrahydropyranyl ether for furtﬂer reaction were
unsuccessful.

. The same reagent could be generated by formation of the
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mono-tetrahydropyranyl ether of trimethylene glycol and subsequent
oxidation of the remaining hydroxyl function under basic

conditions. Although the chromium trioxide-pyridine complex

consumed the starting material, the tetrahydropyranylaldehyde, if

férmed, was not isolable. Recently, 3-oxopropyl-1l-tetrahydropyranyl

ether has been reported as the ozonolysis product of 3-butenyl-1-tetra- -
hydropyranyl ether, '__ but no spectral or physical data ﬁere

givenSS. Tetrahydropyranyl ethers have been the cause of serious

explosions when treated with peroxidic oxidising agents,36 so this
seemed a somewhat hazardous approach.

Alkylation presents aﬁ alternative to condensation in the
extension of the carbon skeleton. No alkylations at carbon have
been reported for 2,5-dioxopiperazines. Efforts to alkylate
1,4—diacety1dioxopiperazihes with allyl bromide or 1-bromo-(5-
tetrahydrdpyranyﬁpropanol under the standard condensation
condition526 (potassium t-butoxide in dry DMF) gave inconsistent -
results. Traces of the alkylafion products were occasionally
observed spectrally but only in low yields (<< 10%). Use of
another strong base, sodium hydride, fesulted in decomposition
of the dioxcpiperazine ring. This observation was tentatively
explained by the non—selectivity of the base, and other N-protecting
groups were considered. Both 1,4—diformy1§7 and 1,4-di(trifluoro)-
acetyl dioxopiperazines were intractable materials that were
insoluble in organic solvents, unstable in protic ones, immobile
by thin layer chromatography (silica, chloroform / 5-10% methanol),

and, therefore, unsuitable as substrates.

In another approach, treatment of 1,6-dimethyldioxopiperazine
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- with the alkylating agent and two equlvalents of n-butyl 1ithium,
no reaction was observed and starting materials were recovered.
Some success was obtained using sodamide in liquid ammonia.
In this fashion, 1,4—dhnethyldioxopiperazine was alkylated with
allyl bromide, the major products being those of polyalkylation.
Condensations are a useful method of extending the carbon
skeleton of dioxopiperazines, but they are of limited.applications.
both in the availability of particular aldehydes and in the
functionalisation of both 3 and 6 positions. Alkylations, in
general, were unreliable, and therefore, not a feasible synthetic

procedure.
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ITII. Elaboration of the six-membered ring:dihydropyrazines

Although trialkyloxonium tetrafluoroborates have been known
for a considerable length of time, their use was restricted to
polymerisation catalysts until H. Meerwein' introduced the trimethyl
and triethyl species into organic chemistrysg. The tripropy1—40 :
and triphenyl41—oxonium fluoroborates have also been prepared, but
are not in common use synthetically. The straightforward synthesis
of Meerwein salts from epichlorohydrin, boron trifluoride etherate,
and an ether, leaves open the possibility of preparing many other
species. In addition to widespread application in polymerisation
catalysis, trialkyloxonium ' tetrafluoroborates are employed as anion
exchange reagents, alkylating agents, and in the synthesis of
heterocycles. The Meerwein sdlts are important reagents for the
alkylation of nitrogen, oxygen, and sulphur, alkylation occurring
preferentially at oXygen in the case of availability of both nitrdgen
and oxygen atoms42. The methyl Meerwein salt is more reactive, and
also less easily hydrolysed, than the ethyl compound; however, the

latter is more soluble in organic solvents43.

44,45

The formation of
heterocycles (e.g. Scheme.15) seems to proceed first through
alkylation and, therefore, activation of the hetefoatom, followed
by intramolecular addition.

Thus, the action of trialkyloxonium tetrafluoroborates on
2,5-dioxopiperazines produces the 3,6-dialkoxy-2,5-dihydropyrazines.
Reactions of a‘variety of substituted dioxopiperazines with the

ethyl Meerwein salt have been reported46. Treatment of 2,5-dioxo-

piperazine or 3,6-dimethyl-2,5-dioxopiperazine with the methyl
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derivative afforded water-soluble dihydropyrazines (19) which were
difficult to separate from the quantities of inorganic residues
present after workup. Dimethyl sulphate and methylfluorosulphonate
were ineffective in this transformation.

An extensive study by A. I. Meyers determined that the
most efficient conditions for generation of a carbanion o to an
imino ether involves the use of a lithium base in tetrahydfofuran

at low temperatures. No poly-alkylation products were observed?7-51.

This procedure was later adopted by B. Trostsz.

Application of these conditions to alkyléte 3,6-diethoxy-
2,5-dihydropyrazine with allyl bromide géve the corresponding allyl
dihydropyrazine ' (20,.R:=:CH,CH== CH3) as the major product. Mass
~ spectral data revealed that the dihydropyrazine hydrates easily.
The 2'-methylallyl side cﬁéin, a likely precursor to the isobutyl
substituent of bicyclomycin possessing both the correct carbon
skeleton and a useful level of oxidation, was introduced in a
similar manner by reaction with methylallyl bromide (20, R = CH2C
(CH3) == CHz).

| A crucial factor in the proposed synthesis was the
preparation of a dioxopiperazine or derivative with a hydroxyalkyl
substituent, the hydroxyl function being essential to the formation
of the cyclic ether. Alkylation of the bis-imino ether with
1-bromo-3-hydroxypropane, protected as the tetrahydropyranyl ether,
afforded the tetrahydropyranyloxypropyldihydropyrazine (20, R = CH,
CH,CH,0THP). After oxidation with dichlorodicyanoquinone (DDQ) to
46

the aromatic system, as developed by Blake, Porter, and Sammes,

hydrolysis of the tetrahydropyranyl ether (THPE) was effected, albeit
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in low yield, by stirring in ethanol with acidic ion exchange
resin at room temperature for several hours (Scheme 16).The acidic
aqueous conditions normally used for the hydrolysis of THP ethers
might also be expected to attack the imino.ethers. The use of
ethanol as solvent provided a safe alternative. Ethanol meets the
requirement for a protic solvent, while the product of solvolysis
is identical to the starting material.

These conditions for generating the imidate anion were also
employed successfully in condensations of aldehydes and ketones
with the dihydropyrazine. In no case was dehydratlon to the
alkylidenyldihydropyrazine observed. Earlier work indicated that

an exocyclic double bond, if formed, would rearrange readily to

give the alkyl-substituted pyrazine.s3 Condensation with benzaldehyde

afforded 3,6—diethoxy—2,Sidihydro—S—(l-hydroxybenzyl)pyrazine (23;
R = Ph, R' = H). The major product after oxidation.with.DDQ‘was
identified as the diethoxy(hydroxybenzyl)pyrazine (24). The
related ketone (25) was isolated as a minor product, indicéting
that oxidation proceeds preferentially on the ring rather than on
the exocyclic hydroxyl functioﬁ (Scheme 17). A second molecule of
benzaldehyde could be condensed onto the heterocyciic ring by
repeating the reaction using the isolated benzaldehyde adduct
and two molar equivalents of base (Scheme 17). A mixture of
isomeric products (26) was obtained.

‘ Further condensations on the dihydropyrazine included the
use of methacrolein (23; R = C(CHz)= CHZ,.R'F= H) and methyl
vinyl ketone (23; R = CH==(,, R' = CH3) as reagents and represents

access to the desired isobutyl and sec-butyl substituents,
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respectively. In the case of the a,B-unsaturated carbonyls, no
evidence was seen for conjugate addition. The pattern characteristic
of terminal methylene protons was clearly visible in the 'H n.m.T.
spectrum, and signals arising from alkyl protons were conspicuously
absent.

The methyl vinyl ketone condensation product (23; R = CH= CH,,
R' = CH3) may present an interesting route to the proposed hydroxy-
alkenyl side chain precursor to the cyclic ether.linkage in bicyclomycin.
It is known that hydroxyallyl substituents on aromatic hydrocarbons
undergo acid catalysed rearrangement resulting in conjugation of the
exocyclic doﬁble bond with the aromatic ring and migration of the
hydroxyl function (Scheme 18)54. A similar rearrangement could
conceivably‘operate in the case of pyrazines. Compound (23c) would
then isomerisevto the (3-hydroxy-1-methyl-1-propenyl)pyrazine,
possibly in equilibrium with the (Z—hydréxyethylethylenyl)pYrazine- .
(Séheme 18).

Another route to fhis difficult substituent was <een in the
alkylation of an isopropenyl pyrazine with formaldehyde or chloro-
methyl ether. Condensation of the diethoxydihydropyrazine with acetone
afforded the expected pseudo-aldolintermediate. Oxidation with DDQ
led to the pyrazine, and dehydration of the alcohol proceeded smoothly
to give the desired isopropenyl pyrazine. Attempted alkylation with
freshlybdistilled chloromethyl methyl ether failed repeatedly, and
starting material was recovered (Scheme 19).

It has been reported in the literature that formaldehyde
undergoes tin chloride catalysed addition to isoprene, generating

3-hydroxyethyl butadieme (Scheme 20)>°. A similar addition to the



OH
OEt
| ///[:E} -
EtO \ EtO
OH

23 c.

Et

EtO l

scheme 18

OEt

| OEtﬁ .
10~ :: . Et0
OH
OEt 0Et -
CICH.,OMe
' O oM O
e
EtO E10 =
| N
scheme 19
= Q§§
D
(CH 0) Et
SnCI

scheme 20

67



- isopropenyl pyrazine would again, in principle, lead to the
desired substitution pattern.
From Meyers' observation that no polyalkylation occurred

51, the imino ether might be

on imino ethers under his conditions
deactivated to alkylation after reaction with the first molecule
of alkylating agent. However, it was found that a mono-substituted
dihydropyrazine could be unsymmetrically p-disubstituted using
this technique. Thus, 3,6-diethoxy-2,5-dihydro-2-methylallyl-~
pyrazine was condenéed'with ethyl methyl ketone to give 3,6-diethoxy-
2,5-dihydro-2-(1-hydroxy-1-methylethyl) -5~ (2-methylallyl) pyrazine '
(30). Again, oxidation with DDQ resulted in formation of the
aromatic compound (31). With the preparation of these compounds,
the synthesis of the carbon skeletoh of bicyclomycin at a workable
oxidation level was achieved. |

The.imino ethers had been selected as suitable protecting
groups for the amide functionality of 2,5-dioxopiperazines due to
their presumed facile hydrolysis. The conversion of the dioxopiper-
azines to dihydropyrazines improves the solubility of the compounds
in organic solvents and provides access to a greater variety of
- structures than is available through dioxopiperazines. However,
3,6-diethoxy-2,5-dihydropyrazine proved to be resistant to hydrolysis
over a range of conditions. Stirring the bis-imino ether in wet
chloroform with silica, in aqueous tetrahydrofuran (THF) with copper
metal, or in aqueous THF with 2-hydroxypyridine- was ineffective,
and starting materials were recovered. Decomposition resulted when
the dihydropyrazine was refluxed in aquecus THF with copper metal,‘

stirred at room temperature with ion exchange resin H+) treated
mp > )
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‘with a range of buffered solutions (pH 3,4,5,9), or stirred in
aqueous acetone with potassium iodide. Eventually, it appeared
that heating the dihydropyrazine in aqueous THF regenerated the
dioxopiperazine (i.r. evidence). The difficulty.OE hydrolysing

the bis-imino ether was perhaps indicated by the seeming stability
of the dimethyldihydropyrazines (19) in aqueous fluoroboric. acid
solutions. On the other hand, methoxy imidates in the cephalosporin
series are reputedly cleaved to amides by the action of trimethylsilyl
chloride56, However, the dimethoxydihydropyrazines weré found to

be unsuitable for reactions in organic solvents, as previously
discussed. The hydrolysis is further compliéated By the fact thaf
the resultant dioxopiperazine is readily hydrolysed to glycylglycine
in aqueous acid or base.

Similarly, no evidence for exchange of the ethoxy groups
with alcohols could be obtained. In particular, it was attempted
to exchange the ethoxy groups with trichloroethanol which could
then be reductively c1eaved57. With ion exchange resin (H'),
trifluoroacetic‘acid, or citric acid catalysis, the imino ether
was consumed but no exchange products were observed. Refluxing in
trichloroethanol also caused decomposition of the dihydropyrazine,
although O—methyihexanolacthn~_has been shown to exchange thermally
with allyl alcoholsg.

An alternative to hydrolysis in the regeneration of the
dioxopiperazine exists in the cleavage of the ether. Reaction of
2,5-diethoxy-3,6-dibenzylpyrazine with two equivalents of boron
tribromide produced the mono-hydroxy pyrazine (32) in low yield.

Similar treatment of 3,6-diethoxy-2,5-dihydropyrazine also afforded
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a mono-dealkylated product (33). Presumably, the low yields of
mono-dealkylated compounds are due to complexation of the ring
nitrogen atdms with the reagent, and use of four equivalents of
boron tribromide should lead to the dihydroxypyrazine or dioxo-
piperazine, respectively. Repetition bf the experiment involving
the dihydropyrazine with double the quantity of boron tribromide
 again yielded the mono-imidate (33), possibly due to the insolubility
of theborate ester produced in the reaction. . Treatment of 3,6-diethoxy-
2-methylallyl pyrazine, obtained from DDQ oxidation of the
corresponding dihydropyrazine (20a) gave a complex mixture of
products. In none of theée reactions was any starting material
- recovered. Other workers have successfully applied this reaction
to a related system, 3,6—di(E-acetoxybenzy1)—2,S-diethokypyrazine (34)59.
Acylation of théupyrazine ring appeared to be a2 tempting
altemnative to the alkylation, condensation, and oxidafion of
dihydropyrazines, particularly as the side chain introduced would
be at a higher level of oxidation. However, little encouragement
could be gleaned from the literature (Scheme 21). Pyridine is
deactivated relative to aromatic carbocycles to Friedel-Crafts
acylation, and pyrazines, with two nitrogen atoms in the ring, are
even less reactive. Pyridines have been acylated by amides and
eskers in a magnesium/mercury amalgamﬁo’ﬁl. Acylated pyrazines
have been obtained by reaction of a Grignard reagent with
cyanopyrazine?z. Acylations proceed on exocyclic positions of

63,64_ The

pyrazines through nucleophilic substitutions on esters
only direct acylation reported for pyrazines involves a free

radical process, and can be succeséfully applied to pyridine,
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‘quinoline, isoquinoline, acridine, pyrimidine, quinoxoline

sulphates, and benzene, in addition to pyrazine.65
The use of dihydropyrazines as surrogate dloxopiperazines

is thus demonstrated.to offer a convenient and general method for

the construction of substituted heterocycles, although an efficient

means of regenerating the dioxopiperazine has yet to be developed.

IV. Oxygenation

A second major problem in any proposed,synthésis of
bicyclomycin is the introduction of oxygen at the 3,6-positions
of the dioxopiperazine ring. Attention was turned to singlet'
oxygen as a mild and selective agent for effecting this oxidation.
Singlet oxygen is known to react with heterocycles, most
studies having been conducted on five-membered aromatic systems.
Pyrrole and N-methylpyrrole, when irradiated in an aqueous solution,
proceed to the corresponding S-hydroxy—2—oxopyrroles66. Tetra-
phenylpyrrole, on photosensitised oxygenation in methanol,
produces the epoxide (34) and the stilbene'(SSJ; the former being
 the major component67. In analogous fashion, tetraphenylfuran67
and tetraphenylthioﬁhen 68 are oxidised. Much of the earlier work
on furans was published by Schenck69. 1,1-Dimethyltetraphenylsilole
also reacts in the manner exhibited by pyrroles, furans, and
thiophenes. In addition, a product 1s isolated from oxygenation
of the silole in which the sfilbene double bond has been reduced
t36), presumably via hydrogen abstraction from the silylmethyl

group7o. 2,5-Dimethylthiophen affords a sulphine (37), which
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‘reaction led to the postulation of a sulphine as an intermediate
in the oxidative conversion of 2;3—dimethyl-4,S-tetramethylene—
thiophen to the related 2Z-hydroxy-5-methoxy sulphoxide (38)71.

The reactions of imidazoles with singlet oxygen have
been studied in some detail. The parent compound is transformed
into 4,5-diethoxy-2-oxo-imidazole (39)72. In other cases, the
reacticn pathway is dependent on the substitution pattern of the
ring (Scheme 22). PB-Elimination of a proton to form an a-alkoxy
or a-hydroxy ketone is frequently the preferred mechanism73.

Isotopic studies on oxazoles with labelled molecular
oxygen provided evidence for the intermediacy of an endoperoxide
rather than for a dioxetane (Scheme 2336. Photooxygenation of
oxazoles has also supplied a new route to the synthesis of
nitriles. An oxazole fuséd to a saturated macrocycle is cleaved
to an alkyl chain carboxylic acid with a cyano function at the
opposite terminus (4037.

Irradiation of triphenylisoxazole results in its
conversion to the oxazole which subsequently reacts with singlet
oxygen to form benzonitrile, benzoic anhydride, and triphenacyl
amine (Scheme 24)78.

Thiazoles are also oxidatively cleaved by singlet
oxygen, the pathway depending on the solvent employed. In
methanol, 1,2-dioxo-1,2-diphenylethane  and benzamide are formed,
whereas reaction in chloroform gives N,N—diphenacylthiObenZamide79-

Oxygen heterocycles (e.g. 41 and 42) undergo conversion
to the corresponding aldehydes (43 and 44)80.

Reactions of several five membered aromatic heterocycles
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‘with singlet oxygen have been summarised73.

| Although endoperoxides have frequently been postulated
as intermediates in the reaction of heterocycles with singlet
oxygen, they have not been isolated. Several unsaturated
hydrocarbons, however, yield the endoperoxide as the major
product. For example, cyclopentadiene, 1—isopropy1—4—methy1—l,3—-
cyclohexadiene, and napthalene are oxygenated to the derived
peroxides (45, 46, 47)81. It has been found recently that some
steroidal dienes of the type (48) give the 'ene' reaction With
singlet oxygen instead of the cycloaddition reaction82

Reports of additions of singlet oxygen to six membered

heterocycles are rare. Working on the hypothesis that singlet
oxygen reacts with heterocyclés to form endoperoxides, as demon-
strated for carbocycles, if'was thought that addition of singlet
oxygen to a pyrazine and reductive workup would result in isolation
of the 2,5-dihydroxydihydropyrazine. As mentioned in the preceding
chapter, 2,5-dioxopiperazines are readily converted to their
aromatic counterparts, the dialkoxy pyrazines, by O-alkylation and
subsequent DDQ oxidation; The first pyrazine.tried as a substrate,
3,6-dibenzyl-2,5-diethoxypyrazine, was quantitatively transformed
into the endoperoxide (49) on treatment with singlet oxygen. The
endoperoxide was isolated in spite of standard reductive
procedures during workup. The peroxide was identified largely on
 the basis of the 'H n.m.r. spectrum, whose simplicity indicated
the presence of a symmetrical moiety. The most informative
signal in the spectrum was that due to the methylene protons which

had suffered -an upfield shift of 1 ppm. No hydroxyl absorption
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‘was present in the i.r. spectrum. Because endoperoxides have

no characteristic absorption in the u.v. spectrum, and no strong
diagnostic bands in the i.r. spectrum, and frequently eliminate
mblecular oxygen to regenerate the parent compouﬁd in the mass
spectrum, identification of peroxides is dependent on chemical
tests (e.g. starch/iodide), process of elimination on the basis
of other spectral data, and ghe shifts, especially of a—pfofons,
in the n.m.r. spectrum. Compound (49) proved to be quite stable,
as shown by its resistance to reduction by aqueous potassium
iodide solution during work-up, and exhibited no inclination to
detonation, one of the more spectacular Charactéristics of some
peroxides. Control experiments irradiating the pyrazine in a
dichloromethane solution containing methylene blue but without an
oxygen stream, and irradiating the pyrazine in solution without
‘the sensitiser both gave three products (tlc), the major one of
which was the peroxide. The oxygenated, photosensitised reacticn
was significanicly more efficient, supporting the assumption that
singlet oxygen 1s the reactive species. The formation of peroxide
in the absence of a sensitiser or a stream of oxygen may be
explained by considering that the highly ;onjugatedAdibenzyl
pyrazine is acting as 1ts own sensitiser to utilise molecular
oxygen dissolved in solution.

After this initial success, a search was begun for other
heterocyclic substrates that would react similarly. 3-Methyl-
isoquinolinium methiodide (50) adds olefins across the 1',4—positions,83
and it seemed likely that it would also serve as a receptor for

singlet oxygen. However, no reaction was observed, and, .after
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alkaline work-up, only hydrolysis products (51) of the starting
material were isolated.
Z,6~Dimethyl—4—pyrimidone (52) circumvents one of the
problems éncountered with the isoquinolinium salt, specifically
its low solubility in organic solvents. Photooxygenation of the
pyrimidone for up to seven hours produced no reaction, whereas
longer reaction times led to the formation of an ihtractable
mixture of highly coloured compounds.
‘ A similar heterocycle, 4,6-dihydroxy-2-methylpyrimidine (53j
‘was next tested. Although this dihydroxypyrimidine is again insoluble
in organic solvents, O—alkyiation.with ethyl Meerwein salt_1§_§igg
(alkoxy- and dialkoxy pyrimidines are notoriously'ﬁolatile) afforded
a freely soluble derivative (54). Addition of singlet oxygen |
proceeded smoothly to givé the expected endopéroxide (55), an
“unstable. crystalline solid.

Though the alkylation of the dihydroxypyrimidine was
performed on the hypothesis that the insolubility of the substance
prevented its oxygenaticn, the alkylation also generated a fully
aromatic system with no possibility of tautomerism to a non-
aromatic isomer. It appeared that the aromaticity, rather than
the solubility, of the substrate was the determining factor.
O-alkylation of 2,6-dimethyl-4-pyrimidinone and subsequent
photooxygenation gave the endoperoxide (57) as an oil which
decomposed rapidly on isolation. |

A third pyrimidine, 5-butyl-4,6-dihydroxy-2-methyl
pyrimidine (58), has no C-5 proton and might, therefore, react

with singlet oxygen without the prior necessity of O-alkylation
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to give a more stable peroxide than those obtained from the other
two pyrimidines. No reaction was observed on photooxygenation.
After O-alkylation, the pyrimidine was consumed and peroxidic
products formed under oxidation conditions, but no evidence for
the endoperoxide was seen. It appears then, that the absence of
a ring proton is not a prerequisite for peroxide formation,
although it seems reasonable thét the presence of such a proton
would. admit of facile degradation.

It was attempted to add singlet oxygen across two other
unrelated heterocycles. Photooxygenation of a-pyridone (59)
appeared to give a reacpion (tlc, positive starch-iodide test),
but only starting material could be recovered from the reaction
solution. Efforts to trap the peroxide by oxidation in methanol
or by reduction with triphénylphosphine produced complex mixtures
of highly coloured compounds. Treatment of 3-hydroxypyridinium

methiodide betaine (60) with singlet oxygen showed no evidence of

reaction, although the betaine is reported ¢ undergo cycloadditions

with N-phenylmaleimide, acrylonitrile, methyl acryléte, and
methylmethacrylate84.

A return to the use of pyrazine substr;tes was more
rewarding. The sole product of the oxygenation of 3,6-dimethyl-2,
S5-diethoxypyrazine was the corresponding peroxide (61), isolated
as a stable, crystalline solid. Cohtrol experiments without a
sensitiser, and with a sensitiser in the dark demonstrated the
photolytic and sensitised nature of this reaction.

Singlet oxygen also added readily to 3,6-dibenzyl-2,5-

dihydroxypyrazine to produce the peroxide (62).' The advantage of
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dihydroxypyrazines is that their photooxXygenation leads directly
to the dioxopiperazine,thus avoiding the need to hydrolyse imino
ethers to amides. Reduction of the endoperoxide to the diol (63)
and dehydration by p-toluenesulphonic acid in refluxing
methanolic benzene provided 3,6-dibenzylidenyl-2,5-dioxopiperazine
(64), identical by i.r. and mass spectral comparisons to an
authentic sample (Scheme 25)24’85’86.

Although photooxygenation of 2,5—diéthoxypyrazine'and
2,5—diethoxy—3—hydfoxypropylpyrazine (22) resulted in the
consumption of starting material, no discrete products could be
isolated, and the organic material recovered appeared to be
‘polymeric. The presence of ring protons is evidently respoﬁsible
for the instability of the endoperoxide. A mechanism such as
that illustrated in Scheme 26 might be expected to contribute to
the decomposition of the peroxide.

More successful was the oxygenation of the unsymmetrically
disubstituted pyraiine (30). There are several possible reaction
products from this substrate. In addition to conversion of the
pyrazine to the endoperoxide, the exocyclic double bond is
susceptible to attack by singlet oxygen in the 'ene' reaction.

In this case, there are two isomers that could be formed. If the
double bond reacted more rapidly than the ring, it would be
expected that the double bond would move into conjugation with

the aromatic system. Any of the compounds (65-69) would, therefore,
be reasonable products from the photooxygenation. In the event,

the only product isolated was the endoperoxide (65), indicating

that the ring is more reactive to singlet oxygen. The shifts of
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signals in the n.m.r. spectrum to positions more nearly those
for a dihydropyrazine than for a pyrazine and the persistance
of signals arising from the terminal methylene protons and the
vinylic methyl group, as well as the occurrence of an absorption
at 890 cm = in the i.r. spectrum led to this assigmment.

An earlier effort to add singlet -oxygen by the ‘'ene'
mechanism to l-acetyl-3-isobutylidenyl-2,5-dioxopiperazine (70)
had been unsuccessful, and étarting material was recovered, thus
eliminating the possibility that singlet oxygen addition to 1—acet§1—
3—(1—methy1propy1idenyl)—Z,S—dioxopiperazine (71) would generate
the desired l-acetyl-3-(1-ethylethylenyl)-3~hydroxy-2,5-dioxo-
piperazine (72).

In summary it appears that the cycloaddition of singlet
oxXygen to aromatic N—hete%écycles 1s a general reaction, provided
that the substrate is fullyvaromatic and cannot tautomerise, for
example, from hydroxy imidates to amides;, Ring protons tend to
assist the decomposition of the endoperoxides formed.

The peroxides pfesented an attractive entry into the
epidithiodioxopiperazine systems (Scheme 27) found in gliotoxin,
sporidesmin, the aranotins, and related fungal metabolites.
Reduction to the diol and hydrolysis of the dihydropyrazine to the
dioxopiperazine, followed by sulphur exchangeg7 and oxidation88
would generate this system. A similar route to mercaptodioxopiperazines
has since been published89. However, the peroxides proved to be
surprisingly resistant to reduction. Standard procedures, such as
washing with aqueous solutions of potassium-iodide or Sodium

thiosulphate, were ineffective. The peroxide of 2,5-diethoxy-3,6~
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dimethylpyrazine (61) could be reduced by stirring in ethanol at
room temperature with potassium iodide or sodium borohydride,
but the complex pattern in the'high field region of the n.m.r.
spectrum suggested that the reduction product had undergone
vpartial eichange with the solvent to give a 2,3,S~triéthoxy
compound. The product appeared to be unstable under the
conditions used, and little material was recoveredT Stirring

in aqueous acetone with potassium iodide left the peroxide
intact. Treatment of the peroxide in aqueous THF with sodium
borohydride reduced the peroxide, but again the product appeared
to be something other than the expected dihydroxydihydropyrazine.
Two methyl signals in the n.m.r. spectrum énd compléx splitting
patterns in the ethoxy siénals strongly indicated an unsymmetridal
product, which indication was supported by two absorptions in
the imine region of the i.r. spectrum. The highest molecular
welght fragment of any significance occurred at 215 mass units
in the mass spectrum, although it does not seem likely that an
o0dd molecular weight signal would arise from the molecular iom.
It may be that the product consists of a_éig, trans mixture of
the dihydroxydihydropyrazines.  Mechanistic and geometrical
considerations dictate that the endoperoxide be cis-fused. A
mixture of isomeric diols would arise either by exchange of the
initial reduction product with the solvent, or by nucleophilic
attack of hydroxyl ion on the peroxide. Loss of fifteen mass
units in the mass spectrum could be explained by radical
formation at an alcoholic oxygen atom, followed by loss of a

methyl group to generate a protonated keto compound. Alternatively,



the product may be an unsymmetrically substituted pyrazine. As yet,

no structure considered has been unequivocally consistent with
all the observed data.

Reaction of the peroxide with triphenylphosphine
appeared encouraging in the first instance. The methyl signal
in the n.m;r. spectrum had shifted to é position intermediate
to the corresponding signals in the pyrazine and the'peroxide{
as might be expected for an oxide structure. However, attempts
to repeat the initial result ﬁere unsatisfactory. Subsequent
reductions with tripheﬁylphosphine gave irreproducible-and_
inconsistent results. An analogous reaction has been usedlin
the conversion of epidithiodioxopiperazines to the monosulphides
88,90,91 :

The unsymmetrical peroxide (65) was also resistant to
aqueous potassium iodide or thiosulphate solutions. - Prolonged
stirring of the peroxide in aqueous acetone with potassium iodide
resulted in decomposition with loss of the methylallyl side chain.
Loss of the sidé chain may arise from elimination of methylallyl
iodide via a cyclic mechanism (Scheme 28). In addition, the
iodide ion may be sufficiently nucleophilic to cléave the
ethoxy groups of the Imino ethers. Treatment of the same
peroxide with sodium borohydride again resulted in decomposition.
The oﬁly soluble organic material recovered was a minute quantity
of starting material. Tt appears that the reduction of this
peroxide poses special problems.

That 2,5-dioxopiperazines are themselves susceptible

to oxidation at the 3,6-positions has recently been demonstrated

93



94




E 10

H

Et

scheme

28




by the isolation of 3-hydroperoxy-Z,5-dioxopiperazines from
samples of dioxopiperazines that were unprotected from light and
air. The hydroperoxydioxopiperazines are autoxidation products,
but can be generated photochemically on exposure to molecular

89
oxygen .

The reaction of singlet oxygen, therefore, with

pyrazines provides an efficient means for the oxygenation of the

3,6-positions of the heterocyclic ring. The chemistry of the

resultant peroxides is somewhat baffling, at this stage.

V. Summary: Bicyclomycin synthesis to date

A practical route to the total synthesis of the
antibiotic bicyclomycin is now becoming clear. It has been
deterndnéd that, in principle, the carbon skeleton can be
assembled by means of alkylations and condensations on
dihydropyrazines. The dihydropyrazihes are conveniently
oxidised to the aromatic pyrazines by reaction with DDQ.
Oxygenation of the pyrazine ring at the 3,6-positions is
effected in high Yield by addition of singlet oxygen. Some
problems have been encountered in the hydrolysis of dihydropyrazines
to dioxopiperazines, but use of dihydroxypyrazines, possibly
derived by boron tribromide cleavage of the dialkoxypyrazines,
should circumvent this problem. Using tﬁis route, 1t should be
possible to create analogues of bicyclomycin containing the
appropriate side chains and oxidation level. Cyclisation to form

the eight-membered cyclic ether has yet to be demonstrated, and

95



GENERAL TECHNIQUES

All melting points were taken on a Reichert hot stage
apparatus and are uncorrected. Infra-red (i.r.) spectra were
recorded on a Perkin-Elmer 157b spectrometer as films, except
where specified as nujol mulls or solptions. Ultraviolet (u.v.)
spectra were recorded on a Pye-Unicam SP80O spectrometer on
solutions in ethanol. Nuclear magnetic resonance (n.m.r.) spe;tfa
were taken of solutions in deuterochloroform with tetramethylsilane
as an internal standard, except where specified to the contrary,
on Varian T60 and Jeol MHICO instruments. The following abbreviations
are used in describing spectra: s{singlet), d(doublet), t{triplet),
q(quartet), m(multiplet), and bs(broad singlet). Mass spectra |
were performed on an AEIMS 9 spectrometer, and accurate mass
measurements were taken by the Physico-Chemical Measurements Unit,
Harwell, Berks.

Reactions were followed by thin layer chromatography
(t.1.c.) on silica plates (Merck Kieselgel GF254). Preparative
' layer chromatography (p.l.c.) was performed cn 1 mm silica plates.
Solvent systems are given as ratios of volumes.

Dichloromethane was dried by refluxing over and distilling
from phosphorous pentoxide, and was stored on molecular sieves (4A)
in the dark. Benzene was distilled frem lithium aluminium hydride
(LAH) and stored over molecular sieves (4A). Tetrahydrofuran (THF)
was distilled from LAH immediately before use. N,N-Dimethylformamide
(DMF) was distilled under reduced pressure from barium oxide and
stored over molecular sieves (4A). Acetone was dried by prolonged

standing on molecular sieves.
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Organic extracts of reaction mixtures were dried over
sodium sulphate or magnesium sulphate.

The ion exchange resins used were Amberlite 120(H+) and.
120(0H") for acidic and basic catalysis, respectively.

"Pet. eth." refers to the petroleum ether fraction

boiling between 60° and 80°.
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1,4-Dipropoxybutan-2-one (7). -

Mercury (11) p-toluenesulphonamide (12.5g., 0.026 mole)gz’
93,94,95 and 1,4-but-2-yne diol (25.01g., 0.28 mole) were heated
in refluxing n-propanol (380 ml) for 24 h. The mixture was
cooled, filtered, and concentrated to ca. 60 ml. by distillation

at atmospheric pressure. Distillation of the residue afforded

1,4-dipropoxybutan-2-one as a colourless liquid (21%), b.p. 61.9°

(2 tm Hg), &4.6 (2H, §), 3.5 (4H, m), 2.6 (4H, @), 1.6 (4H, m),
1.0 (6H, m), Vinax 3040-2900, 1730, 1470, 1330, 1230, 1080, 770,
680 cm—{‘(Found: C, 63.92; H, 10.47. C;oHy,05 requires C, 63.60;

H, 10.79%).

3,6—Di—(l—hydroxybenzyl)—l,4-dimethy1ninerazine—2,S—dione'(12). -

To a cold, stirred solution of 1,4-dimethylpiperazine-2,
S5-dione (0.28g., 2 mmole) and benzaldehyde (0.94 ml; 8 mmole)
in dry DMF (4 ml) was added potassium t-butoxide (3.3 ml; O.6M
solution in t-butanol; 2 mmole). The slurry was allowed to warm
to room temperature, and stirring was continued for 5% h. The
mixture wés acidified with glacial acetic acid (0.5 ml.), poured
into water (20 ml.), and extracted with ethyl acetate (3 x 20 ml).
The organic layer was dried and concentrated to yield a yellow oil
which crystallised on standing. Purification by p.l.c. (CHC1,/MeCH,
10:1) and recrystallisation from chloroform / pet. eth.vafforded

3,6-di-(1-hydroxybenzyl)-1,4-dimethyl-2,5-dloxopiperazine, apparently

one isomer of undetermined configuration, as fine white needles (69%),
m.p. 229.9°, 8 (DMSO-dg) 2.35 (6H, s), 4.2 (2H, d, J=3Hz), 5.4 (2H,

t; collapses to doublet on D,0 exchange, J=3Hz), 6.5 (2H, d, J=4Hz,
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exch. D20), 7.5 (1CH, m), Vnax (nujol) 3340, 1690, 1640, 1060,
755 cm Aoy 225, 242 mu (e 5130, 3240). (Found: C, 67.72;
H, 6.16; N, 7.79. C20H2,N,04 Tequires C, 67.78; H, 6.26; N,

7.91%).

Attempted dehydration of 3,6-di-(1-hydroxybenzyl)-1,4-dimethyl-

2,5-dioxopiperazine. -

(a) With acetic anhydride

1. The bis aicohol (0.05 g) was suspended in acétic
anhydride (10 ml ) and heated with stirring at 100-110Q for 2%h.
At the end of this time, water (50 ml) was added and stirring was
continued until homogeneiﬁy was obtained. The solution was
extracted with dichloromethane (2 x 50 ml). The organic layers
were combined, treated with sodium cafbonate, filtered, dried and
concentrated. No dehydration product was observed (n.m.r.

spectroscopy) .

2. The alcohol (0.03 g) was refluxed overnight in acetic
anhydride. The solution was worked up as above. A mixture of
acetylated products and starting material was obtained (n.m.r.

spectroscopy) .

(b) With phosphorous oxychloride

To a solution of the bis alcohol (0.04 g., 1 mmole) in
dry pyridine (10 ml) was added with stirring and cooling phosphorous
oxychloride (0.05 ml). Stirring was continued 6vernight, after
which time the solution was poured into ice (12 g) and extracted

with dichloromethane (5 x 10 ml). The dichloromethane fractions



‘were collected, washed with 2 x 20 ml portions of saturated
aqueous sodium chloride solutipn, dried, and concentrated. The
resultant oil was taken up into chloroform, washed with dilute,
aqueous hydrogen chloride solution until neutral, dried and
concentrated. Only decomposition products were detected (n.m.r.

.spectroscopy).

3,6-Di-(1-acetoxybenzyl)-1,4-dimethyl-2,5-dioxopiperazine (13). -

The 3,6-di-(1-hydroxybenzyl)-1,4-dimethyldioxopiperazine
(0.12 g., 0.5 mmole) was dissolved in dry pyridine (2 ml). Acetic
anhydride (1 ml) was added,.and the mixture stirred at rbom
~ temperature for 16 h. under a drying tube. The solution was
poured into dichloromethane and washed 3 x with 2N HC1, 3 x with
saturated aqueous sodium ﬁydrogen carbonate solution and once with
~water. The organic layer was separated, dried, and concentrated.
Recrystallisation from pet. eth. afforded the title compound as
colourléss rhombic crystals (50%), m.p. 215° (subl.), ¢ 2.2(6H, s),
2.8 (6H, s), 4.3 (2H, d, J=4Hz), 6.36 (2H, d, J=4Hz), 7.36 (10H, s),
Vnax 2940, 1745, 1670, 1450, 1400, 1370, 1225, 1020, 920, 770, 760,
730, 700 cm-{, hf'332(14), 290(10), 230(28), 183(86)?'141(100), 113(14),
107(18). (Found: C, 55.28; H, 4.98; N, 5.19. Cs4H26N,0¢. 41 H,0
requires C, 55.49; H, 6.74; N, 5.37%._ Found: M~ 438.1781. CouHs6N206
requires 438.1790).

3,6-Dibenzylidenyl-1,4~-dimethyl-2,5-dioxopiperazine (14). -

The diacetate (13) (0.08 g) was heated in a sealed tube
at 160° for 19 h. The resultant dark brown gum was taken up in

dichloromethane, washed with saturated aqueous sodium hydrogen
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carbonate solution, and water. The organic layer was separated,
dried, and concentrated to give a brown solid identical by 'H

n.m.r. spectroscopy and t.l.c. behaviour to an authentic sample.

3-(2-Methylpropylidenyl)-2,5-dioxopiperazine (16). -

To a cold (OO), stirred solution of 1,4-diacetyl-2,5-
dioxopiperazine (0.4 g.,2 mmole) and freshly distilled methacrolein
(0.7 m1; 8 mmole) with a trace of di-t-butylmethylphenol in dry
DMF (4 ml) under nitrogen was added potassium t-butoxide (0.23 g.,

2 mmole). The mixture was allowed to warm to room temperature,
and stirring was continued for 6} h. The mixture was acidified
with acetic acid (0.5 ml), poured into water (10 ml), and extratted
with ethyl acetate. The organic layers were dried and concentrated.
The residue was chromatographed (Al,05, grade III; 40 g), eluting
consecutively with pet. eth., chloroform, and ethyl acetate. The
chloroform fractions gave, on concentration, a solid.identified

as the title cundensation compound, which was recrystalliéed from
chloroform (36%), m.p. 149.5°, 6 1.96. (3H, s), 4.09 (2H, s), 5.1
(2H, d, J=9Hz), 6.4 (1H, s), 6.8 (IH, bs, exch. D20), 8.0 (1H, bs,

_ . -1
exch. D,0), Voax 340, 1685, 1630 cm , Amax

165(50), 164(38), 153(54), 139(62), 124(44), 108(46), 100(66), 83(56),

68(64). (Found: ﬁ1+166.0738. CgH16N20, requires 166.0742).

1-Acetyl-4-hydroxymethyl-3-propylidenyl-2,5-dioxopiperazine (17). -

The l-acetyl-3-propylidenyldioxopiperazine (0.2 g) was
heated with paraformaldehyde (0.2 g) overnight in glacial acetic
acid. The orange solution was poured into water and extracted with

dichloromethane. The organic layers were dried and concentrated.

280 nm (e 5370), M* 166(100),
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"Residual acetic acid was removed under vacuum, and the remaining
0il was purified twice by p.l.c. (CHC1l3/5% MeOH) to give the title
compound. 6.1.12 (3H, t, J=4Hz), 2.12 (3H, s), 2.08-2.3 (2H, q,
J=4Hz), 4.28 (2H, s), 5.52 (2H, s), 6.28 (IH, t, J=3Hz), 8.76

(1H, bs), v,.,. 3480, 3200, 3080, 2960, 174@, 1680, 1640, 1420, 1360,
1320, 1220, 1190, 1020, 950, 810, 840 am .

. 3-Oxopropyl-1-tetrahydropyranyl ether- -
Acetaldehyde (10 ml) was refluxed with tartaric acid

(0.03 g) under a column packed with glass helices. When the
refluxing mixture reached the top of the column, a 36% solution |
of formaldehyde in water (4 g) containing 3M NaCH (0.14 ml) was
added dropwise through the column head. Refluxing was continued
for 20 min; after addition was complete. The mixture was cooled,
and distilled in vacuo. The small quantity of a colourless liquid
that collected in the‘condenéer (b.p. 36-40°, 1-2 mm Hg; 1it.32 380,
2 mm Hg) was washed out with diethyl ether. Dihydropyran (0.5 ml)
and concentrated hydrochloric acid (2 drops) were added, and the
solution shaken and allowed to stand overnight at room temperature.
Removal of the solvent left the 3-oxopropyl-l-tetrahydropyranyl
ether as approximately 25% of a pale liquid which decomposed
rapidly on standing at room temperature. § 1.6 (10H, m), 3.7 (2H,
m), 5.0 (1H, bs), 9.66 (1H, s), Vpax 410, 2960-2820, 1720, 1685,
1440, 1380, 1350, 1320, 1280, 1260, 1200, 1160-950, 900, 80O,
© 830-805, 780, 750 cm .
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3-Hydroxypropyl-1-tetrahydropyranyl ether. -

To propane-1,3-diol (20 ml, 0.3 mole) was added
dihydropyran (29 ml, O.3 mole) and concentrated hydrochloric
acid (3 drops). The solution was shaken and allowed to stand
at room temperature overnight. After neutralisation with sodium
hydroxide (2 pellets), the solution was fractionally distilled to
yield the mono-tetrahydropyranyl ether as a colourless liquid, |
b.p. 73-76° (2 mm Hg), & 1.4-1.8 (8H, m), 3.0-4.0 (7H, m; 1 exch.
'D,0), 4.6 (1H, bs), v .. 3520-3300, 2930, 2860, 1650, 1440, 1350,
1200, 1140, 1120, 1070, 1030, 900, 860, 810 cm .

Attempted oxidation of 3-hydroxypropyl-l-tetrahydropyranyl ether

with chromium trioxide-pyridine complex. -

Anhydrous chromium trioxide (2.00 g., 0.02 mole) was
added to a stirred solution of dry pyridine (3.2 ml, 0.04 mole)
in dry dichloromethane (60 ml). The slurry was stirred under a
drying tube at room temperature for 15 minutes. The alcohci (0.56 g,
0.033 mole) was added in one portion as a solution in dry dichloro-
 methane (10 ml). Stirring was continued for a further 15 minutes.
Tﬁe solvent was decanted from the precipitated tar. The residue
was washed with diethyl ether. The combined organic layers were
washed'with 5% aqueous sodium hydroxide solution (4 x 50 ml), 2N
hydrogen chloride solution (50 ml), saturated sodium hydrogen
_carbonate solution (50 ml), saturated aqueous sodium chloride
solution (50 ml), dried, and concentrated. The minute quantity
of residue obtained gave a positive 2,4-dinitrophenylhydrazine

test and showed aldehydic signals in its n.m.r. spectrdm, but
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decomposed on attempted purification by p.l.c.

1,4-Dimethyl-3,3,6-triallyl-2,5-dioxopiperazine (18). -

Into a flanged flask fitted with a soda lime drying
tube, a mechanical stirrer, a nitrogen inlet, a serum cap, and
“a dry ice/acetone condenser was distilled several hundred mls of
liquid ammonia. Hydrated ferric nitrate (0.10 g), followed by
sodium (0.11 g) was introduced. To this stirred suspension was
added more sodium (0.20 g). After stirring for 45 minutes,
1,4-dimethyldioxopiperazine (1.00 g, 7 -mmole) was added. Stifring
was continued for 20 minutes before addition of allyl bromide
(0.6 ml, 7 mmole). The ;uspension'was stirred for 1 h. Dry
dichloromethane (80-90 ml) was added, and the ammonia was allowed
to evaporate. Water (1207m1) was added to the residue. The
mixture was then extracted with dichloromethane (3 x 50 ml), dried.
and the solvent removed. P.l.c. (CHCls) afforded the trialkyiated
compound (18), (3%), m.p. 74.7-75.2°%, 8 2.0-2.8 (6H, m), 2.95 (3H, §),
5.0 (34, s), 4.0 (3H, t, J=4Hz), 5.9-6.8 (9H, m}, v ., 3090, 2950,
1650, 1450, 1400, 1350, 1340, .1250, 1080, 1000, 930, 680 an .
(Found: C, 68.60; H, 8.33; N, 10.62. C;sH2,N20; requires C, 68.67;
H, 8.44; N, 10.68%). |

" Attempted alkylation of 1,4-diacetyl-2,5-dioxopiperazine. -

To a stirred suspension of sodium hydride (0.0Z5 g, 1 mmole)
in dry DMF (5 ml) was added a solution of the dioxopiperazine (0.2 g,
1 mmole) in dry DMF (5 ml). After stirring for one hour, 3-chloro-

propyl-l-tetrahydropyranyl ether (1 mmole) in dry DMF (1 ml) was
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‘added, and the resultant mixture heated at 85-100° with stirring
for Z2h. The mixture was cooled, neutralised with acetic acid
(0.25 ml), and poured into water. No compounds soluble in organic

solvents were obtained.

Attempted alkylation ofvl,4-dimethyl—2,S—dioxopiperazine. -

| To a solution of sarcosine anhydride (0.28 g, 2 Tmole)
in dry IMF (4 ml) was added with cooling and stirring a solutibn
of 0.6M potassium t-butoxide in t-butanol (4 ml, 2 mmole). The
solution was allowed to stir for 40 min. before addition of allyl
bromide (0.15 ml, 2 mmole). Stirring was continued at room
temperature for 6 h. The mixture was then acidified with glacial
acetic acid (0.5 ml) and ﬁoured into water. The aqueous solution
was extracted with 3 x 20 ml portions of dichloromethane. The
organic layers were collected, washed with 2 x 20 ml portions of
water, dried, and the solvent removed to give a small quantity of
the alkylation product as a yellow oil (6%), & 2.7 (2H, m), 3.0
t6H, s), 4.0 (3H, t), 5.0-6.0 (3H, m). Attempted purification by

p.l.c. (CHCl;) resulted in loss of material.

Attempted alkylation of l,6—dimethyl-2,S—dioxopiperaZine. -

To a solution of 1,6-dimethyl-2,5-dioxopiperazine (0.10 g,
0.7 mmole) in dry THF at -25° was added dropwise with stirring a
solution of n-butyl lithium in hexane (0.75 ml of 0.87M solution,
1.4 ~mmole). After stirring for 40 min, S—bromopropyl—l—tetrahydro-
pYranyl ether (0.15 g., 0.7 mmole) was added. The slurry was

allowed to warm to room temperature, and stirring was continued
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’overnight, after which time, t.l.c. showed no reaction. Workup

by pouring the mixture into cold, dilute acetic acid, extraction
with ethyl acetate, and column chromatography (Alea, grade I11)
of the residue from the organic extrécts, afforded unreacted

alkylating agent.

Attempted alkylation of 1—methy1—2,S—dioxopiperazine. -

As above, ‘the dioxopiperazine (0.10 g, 0.78 mmole) was
suspended in dry THF and treated with n-butyl lithium (1.56 mmole)
and 3-bromopropyl-l-tetrahydropyranyl ether (0.78 mmole). Workup
yielded the unreacted alkylating agent and a decomposition product

thereof.

Attempted preparation of i;4—diformyl—2,S—dioxouigerazine. -

(a) In formic acid

Glycine anhydride (1.0 g; 8.7 mmole) was heated in
refluxing 90% formic acid (25 ml) for 20 h. The solvent was
removed under reduced pressure to leave a deep yellow oil. 6(D20)
3.7 (4H, s), 8.2 (2H, s), Vax 3420-3220, 3190-3000, 2760, 2450,
1710-1610, 1600-1440,. 1360, 1260, 985, 920-890 cmfl, M 142, 133, 144,
104, 103, 86, 75; 59, 58, 46, 45; thus the highest ion corresponded

to a mono-formylated product. This was not characterised further.

(b) In formic-acetic anhydride
Glycine anhydride (1.0 g, 8.7 mmole) was dissolved in
90% formic acid (25 ml), and the solution was heated to 50°.

Acetic anhydride was added at a rate such that the temperature did
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‘not rise above 60°. The solution was allowed to cool and then
stirred overnight at room temperature. The solution was diluted
with water (30 ml), and the solvents removed. No evidence for
reaction was observed, the product resembling (t.l.c. and physical

properties) starting material.

1,4-Di(trifluoro)acetyl-2,5-dioxopiperazine. -

To cold glycine anhydride (1 g, 8.7 mmole) was added
trifluoroacetic anhydride (TFAA) (3 ml). The suspeﬁsion was
heated at reflux for 1 h, during which time the dibxopiperaziﬁe
© went into solution. After cooling to room temperature, TFA and
excess TFAA were removed under vacuum to leave a Viscous yellow
0il which crystallised on‘trituratioﬁ with organic solvents or on
scratchingm.p. 120° (dec.), § (TFA) 4.38 (4H, 3), Vpax (ujol)
3200-3140, 1760-1640, 1440, 1340, 1210-1160, 1105, 1005, 925,
840, 810, 750 cm“l, M 306(7), 209(8), 181(8), 134(6), 133(5),
126(28), 109(4), 97(5), 96(7), 78(9), 69(100). (Found: M 306.0072.

CgHyN,04,F¢ Tequires 306.0075).

Hydrolysis of 1,4-di(trifluoro)acetyl-2,5-dioxopiperazine. -

(a) With methanolic potassium hydroxide -

The trifluoroacetyl dioxopiperazine (0.25 g) was stirred
at room temperature in 25 ml of -IM methanolic potassium hydroxide
for 23 hr. The slurry was neutralised with IM sulphuric acid
(25 ml). The precipitate was filtered and washed with ethanol,

and the combined alcoholic layers were concentrated .to a semi-
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solid residue, not consisting of the desired dioxopiperazine

(i.r. spectroscopy).

(b) With ion exchange resin

The trifluorcacetyl dioxopiperazine (0.1 g) was suspended
in ethanol (10 m1) and stirred with basic ion exchange resin (0.1 g)
for 3-4 h at room temperature. The slurry was filtered, and tﬁe
solids washed with water to dissolve glycine anhydride. The
combined filtrates were concentrated to dryness, giving an
off-white solid identical to an authentic sample of glycine

anhydride (i.r. spectroscopy).

Alkylation of 2,5-dioxopiperazine. -

(a) With dimethylsulphate -

To a slurry to glycine anhydride (0.5 g, 4.3 mmole) in
dry dichloromethane was added dimethyl sulphate (1.4 ml, 8.6 Jnmble).
The reaction was stirred at room temperature under a drying tube.
After stirring overnight, no reaction had occurred (t.l.c.).A The
volume of the mixture was increased, and the slurry was then
refluxed overnight. As no reaction had occurred after this time,

50% aqueous potassium carbonate (1.5 ml) was added, and the mixture
stirred at room temperature. No. reaction was observed (t.l.c.;

no change in physical properties).

(b) With methylfluorosulphonate
' To a suspension of glycine anhydride (0.5 g, 4.5 mmole)
in dry dichloromethane under a drying tube was added methylfluoro-

sulphonate (1.25 g, 9 mmole). The mixture was stirred at room
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~temperature for 24 h. Unchanged starting materials were

recovered.

(c) With trimethyloxonium fluoroborate

1. In dichloromethane

To a suspension of glycine anhydride (2.04 g, 18 mmole)
in dry dichloromethane under nitrogen was added, with stirring, a
slurry of trimethyloxonium. fluoroborate(12.3 g, several fold
excess) in dry dichloromethane.r The resulting slurry was stirred
at room temperature for 3 days.b‘The mixture was washed with
saturated aqueous sodium hydrogen carbonate solution (20 ml) and
water (3 x 15 ml). The organic layer was dried and concentfated
to give impurities from the Meerwein salt. Unchanged dioxopiperazine
was recovered from the aqueous phase.

2; In nitromethane

To a solution of trimethyloxonium fluoroborate (16 g, 36
mmole) in dry nitromethane was added glycine anhydride (1.0 g,
9  mmole)}. The mixture was stirred at room temperature undér dry
nitrogen. After 3 h, the solids had dissolved and a precipitate
began to collect. After stirring overnight, the mixture was
worked up as above. Concentration of the aqueous layer afforded

2,5-dimethoxy-3,6-dihydropyrazine (19a) as an intractable, inhomogeneous

residue with organic salts, §(D20) 4.0 (6H, s), 4.08 (4H, s).

Alkylation of 3,6-dimethyl-2,5-dioxopiperazine. -

To a solution of trimethyloxonium fluoroborate (2.0 g,

14 mmole) in dry nitromethane under nitrogen was added alanine



anhydride (0.5 g, 3.5 mmole). The reaction was stirred at room
temperature for 2 days, a second portion of trimethyloxonium
fluoroborate (2.0 g,vl4 mmole) was added, and stirring was
continued for a further 3 days. After workup as above,
concentration of the aqueous layer afforded 2Z,5-dimethyl-3,6-

dimethoxy-2,5-dihydropyrazine (19b) contaminated with inorganic

salts, §(D20) 1.59 (6H, d, J=4Hz), 3.86 (6H, s), 4.22 (4H, q,
J=4Hz) .

General procedure for alkylations and condensations on é,S—di—
ethoxydihydropyrazines.51’52 -

To a cooled (—780), stirred solution of dry diisopropyl-
amide (1.1 eq.) in dry THF under dry nitrogen was added n-butyl
lithium (1.1 eq). The soiﬁtion was stirred 30 min. The imino
ether (1 eq.) was then added as a solution in dry THF and stirring
was continued for a further 90 min. The alkylating agent, aldehyde,
or ketone (1 eq.) was then injected, and stirring was continued at
-78° for up to 3 h, at which time the mixture was allowed to wamm
to room temperature to stir 4-21 h. The reaction mixture was next

poured into diethyl ether. The organic layer was washed with

saturated aqueous sodium chloride solution, dried and concentrated.

2-Allyl-3,6-diethoxy-2,5-dihydropyrazine (20a). -

3,6-Diethoxydihydropyrazine (0.2 g, 1.2 mmole) was
metalated with lithium diisopropylamide and alkylated with allyl
bromide (0.14 ml, 1.2 mmole). After stirring overnight, t.l.c.

showed incomplete reaction. After workup and purification by

111
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p.l.c. (CHCl;), the title compound was obtained as a yellow oil,
(52%), §1.24 (6H, t, J=3 Hz), 2.48 (2H, t, J=3 Hz), 4.0(7H, m),
4.9-5.84 (3H, m), vy, 2970, 2920, 1690, 1435, 1365, 1340, 1240,
1135, 1090, 1030, 910 cm , M" 228(25), 227(33), 210(8), 169(100),
153(25), 141(58), 113(58), 85(100), 57(42), 55(33). (Found: M’

228.1468. C31H1sN202.H20 requires 228.1474).

3,6—Diethoxy—2,S—dihydro—Z—methailylpyrazine (Z0b). -

Using the standard procedure, the diethoxydihydropyrazine
(0.5 g, 3 mmole) was alkylated with methallyl bromideg6. After
workup and chromatography (Aizog, grade IIT; 20 g) eluting with
pet. eth., the product was obtained as a nearly colourless oil
(70%), 6.1.24 (6H,.t, J=3 Hz), 1.72 (3H, s), 2.38 (ZH,Ad, J=2 Hz),
3.88-4.08 (7H, m), 4.68 (ZH, d, J=4 Hz),‘vmaXvSOOO—ZSOO, 1690, 1440,.

1365, 1340, 1240, 1140, 1090, 1030, 890 cm -

, MY 224(42), 222(7),
170(9), 169(100, 141(45), 113(38), 85(45), 56(10), 55(9). (Found:

M' 224.1524, C1,HooN,0, Tequires - 224.1525).

3,6-Diethoxy-2, 5-dihydro-2 - (3-tetrahydropyranyloxypropyl)pyrazine (20c) . -
The diethoxydihydropyrazine (0.2 g, 1.2  mmole) was alkylated
with 3-bromopropyl-l-tetrahydropyranyl ether (0.3 g, 1.2 mmole). The
alkylated pyrazine was isolated as an oil after column chromatography
(A1,0;, grade 3; eluted CHCl;) (67%), 6 1.Z(6H, t, J=3 Hz), 1.4-2.1
(10H, m), 3.3-3.8 (4H, m), 3.9-4.2 (7H, m), 4.5(1H, bs), v ..
2980-2860, 1690, 1480-1440, 1370, 1345, 1240, 1135, 1120, 1030, 9CO,
815, 755 cm'l, M 312(7), 229(9), 228(77), 227(1C0), 211(31), 119(27),

183(45), 181(20), 169(47), 155(10), 154(11), 153(39), 85(84), 84(13),
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71(12), 70(13), 67(12), 55(27). (Found: M' 312.2053. Cj¢HaeN20s

Trequires 312.2050).

2,5-Diethoxy-3- (3-tetrahydropyranyloxypropyl)pyrazine (21). -

The dihydropyraziné (1 g, 3.2 mmole) was heated at
reflux in dry benzene with dichlorodicyanobenzoquinone (DDQ; 0.73 g,
3.2 mmole) overnight. The mixture was cooled, filtered,rconc—
entrated, and chromotographed (A1203; grade III; 70 g, eluting
with CHCl;) to give the title pyrazine as an oil. Further
purification was effected by distillation in vacuo (83%), b.p. 103°
(2 mm Hg),yﬁ 1.3(6H, t, J=3 Hz), 1.4-1.6 (6H, m), 2.06 (2H, t, J=2 Hz),
3.3-3.9(6H, m), 4.2 (4H, q, J=3 Hz), 4.5 (1H, bs), 7.6 (IH, S),
Vo 2840, 2860, 1630, 1440, 1340, 1260, 1200, 1130, 1115, 1070,
1030, 980 cm ', Ao 345, 245 (e 3125, 8750), M* 310(9), 226(81), 195(57),
182(100), 167(33), 153(48), 149(29), 126(33), 97(29), 85(90), 68(29),

57(43). (Found: M" 310.1896. CysH2¢N204 Tequires 310.1892).

2,5-Diethoxy-3- (3-hydroxypropyl) pyrazine (22). -

The (tetrahydropyranyloxypropyl)pyrazine (0.46 g) was
hydrolysed by stirring with acidic ion exchange resin. (0.26 g)
for 3 h at room temperature in ethanol. The resultant slurfy was
filtered, concentrated, and chromatographed (Alzog, grade IIT; 10 g)
eluting successively with pet. eth. and chloroform. Concentration

. of the chloroform extract afforded the pyrazine (0.08 g) as an

-

orange oil (21%), § 1.38 (6H, t, J=3 Hz), 2.0 (2H, m), 2.84 (2H, t,

,y

J=2 Hz), 3.68 (2H, t, J=2 Hz), 4.28 (4H; m), 7.56 (IH, s), v,

3500-3200, 2990-2860, 1580, 1540, 1440, 1380, 1330, 1310, 1270,
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1170, 1150, 1130, 1040, 920, 880 cm , M" 226(44), 195(46), 182(100),
167(29), 154(24), 153(27), 139(22), 126(24), 125(24), 97(12), 68(12),

57(17). (Found: M 226.1314. C11H13N203 requires 226.1317).

3,6-Diethoxy-2,5-dihydro-2-(1-hydroxybenzyl)pyrazine (23a). -

Diethoxydihydropyrazine (0.2 g, 1.2 mmole) was condensed
with benzaldehyde (0.15 ml, 1.2 mmole). The aldol ihtermediate
was obtained as white needles after workup and recrystallisation
from pet. eth. (51%), m.p. 121-122°, & 1.26 (6H, t, J=3z), 2.88-
4.56 (8H, m), 5.12 (1H, bs, sharpens on D,0 exch.); 7.15 (5H, m),

Voo 3420, 1685, 1370, 1250, 1130, 1090, 1080, 1060, 1030, 725,

695 am ', A 208 nm (e 8585). (Found: C, 65.61; H, 7.46; N, 10.11.

CisH20N203 requires C, 65.21; H, 7.24; N, 10.14%).

3,6-Diethoxy-2,5-dihydro-2-(1-hydroxy-2-methylallyl)pyrazine (23b). -

Using the procedure detailed above, the diethoxydihydro-
pyrazine (0.2 g, 1.2 mmole) was condensed with freshly distilled
methacrolein (0.1 ml; 1.2 mmole). The residue, after workup,
was chromatographéd (A1203, grade III; 20 g) eluting with CHCl;
Subsequeﬁtv p-l.c. (CHC13/2% MeOH) afforded one major condensation
product as a dgep yellow oil (45%), ¢6.1.28 (6H, t, J=3 Hz), 1.84
(3H, s), 2.40 (1H, bs, exch.‘Dzo), 4.2 (8H, m), 4.9 (2H, d, J = 2
Hz), v 3600-3100, 2970, 2930, 1690, 1445, 1370, 1340, 1250,

1140, 1090, 1030, 940, 900, 890, 755 cm . M' 240(3), 170(40), 169(35),
142(100), 141(40), 114(60), 113(54), 85(43), 70(54), 57(19).

(Found: M’ 170.1047. Ci2HsoN203-CuHeO Tequires 170.1055).
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3,6-Diethoxy-2,5-dihydro-2-(1-hydroxy-1-methylallyl)pyrazine
(230). -

Following the standard procedure, methyl vinyl ketone
(0.05 ml; slight excess) was condensed with diethoxydihydropyrazine
(0.1 g, 0.6 mmole), and the crude product was purified by p.l.c. : _ ‘
(CHC13/29% MeOH) to give the title compound as a yellow oil (47%),
§1.28 (6H, ©), 1.4 (3, s), 4.08 (7H, m), 5.5 (3H, m), v .. 3450,
2970, 1685, 1440, 1370, 1340, 1240, 1135, 1085, 1030, 920, 755 cm ',
M" 2400.3), 224(2), 170(28), 169(7), 141(9), 113(8), 87(9), 85(67),

83(100), 48(9). (Found: M’ 240.1473. Cy,H,oN,0; Tequires 240.1474).

Oxidation of 3,6-diethoxy-2,5-dihydro-2-(1-hydroxybenzyl)-pyrazine. -

The dihydropyralzine (0.1 g, 0.4 mmole) and DDQ (0.18 g,
0.8 mmole) were heated in refluxing dry benzene for 4} h. The ‘ *
mixture was cooled overnight, filtered, concentrated., and the DDQ
residues removed by p.l.c.(CHCls/1% MeOH). Further purification
by p.l.c. separated two products. The less polar compound was

2,5-diethoxy-3-benzoylpyrazine (25), obtained as an oil, § 1.3

(6H, m3, 4.24 (4H, m), 7.1-7.8 (6H,m), v, 3060-2840, 1675, 1597,

ax
1580, 1460, 1440, 1380, 1345, 1300, 1165, 1155, 1130, 1090, 1040,

910, 815, 760, 715, 700 em >, A___ 207, 220, 253, 329 (¢ 12000, 11000,

max
5857, 5230), M" 212(19), 243(12), 215(6), 149(12), 122(114), 105(100),

77(45). (Found: M’ 272.1160. CisHyeN20; Tequires 272.1161).

The more polar product was identified as the desired alcohol (24),
also as an oil, 6 1.24-1.52 (6H, m), 4.2-4.6 (5H, m), 5.8 (1H, d,

collapses to singlet on D,0 exch), 7.16-7.28 (5H, m), 7.56 (1H, s),
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Voax 3600-3300, 3100-2800, 1440, 1210, 1050, 920, 755, 665 an”t, M7 274(69), ?
246(51), 217(14), 169(100), 141(33), 105(31), 83(20), 77(27). (Found:

M 274.1818. CisH;gN,0; requires 274.1317).

3,6—Diethoxy—2,5—dihydro¥2,S—di(1—hydroxybenzyl)pyrazine (26) .-

- The usual procedure was followed to condense the mono-
addition product of the diethoxydihydropyrazine with benzaldehyde
(0.08 g, 0.3 mmole) with a second molecule of benzaldehyde. The
initial deep yellow colour of the solution of the mono-condensation
product with lithium diisopropylamide (2 eq) was discharged on i

addition of benzaldehyde (0.06 ml, 0.3 mmole). Workup as usual

afforded, after chromatography (Al:0s, grade III) eluting with pet.
- eth., an isomeric mixture of the éondensation products as an oil |
which slowly crystallised 6ﬁ:standing (52%), ¢ 1.28 (6H, t, J=4Hz),
3.60-5.16 (6H, m), 7.00-7.32 (10H, m), v__
1685, 1440, 1370, 1340, 1250, 1140, 1080, 1030, 960, 730, 7C0 cmfl,

3350, 2980-2880, 2240,

M -PhCH,OH 274(5), 258(5), 243{2), 170(100), 142(39), 141(37), 114(26),
113(32), 106(47), 105(58), 85(21), 77(58). (Found: M' 274.1318.

C1sH;gN20; requires 274.1317).

3,6-Diethoxy-2,5-dihydro-2-(1-hydroxy-1-methylethyl)pyrazine (27). -

Following the standard procedure, the diethoxydihydro-
pyrazine (0.5 g, 2.9 mmole) Qas éondensed with acetone (0.2 ml,
2.9 mmole) using lithium diisopropylamide (3.2 mmole) as base.
After elution through a colum of Al,0, (grade IIT, 10 g)
with 40-60° petroleum ether, the (hydroxymethylethyl)pyrazine was
obtained as a pale yellow oil (51%), 6-1.16 (12H, t and s), 3.44

(1H, exch. D,0), 4.04-4.3 (7H, m), v_. 3440, 2970, 2930, 2900,
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1685, 1460, 1370, 1335, 1240, 1140, 1080, 1030, 910, 820, 790,
760 cmfl, M 228(3), 213(6), 170(100), 169(50), 142(28), 141(44),
113(39), 87(17). (Found: M 228.1468. C11H20N203 Tequires

228.1474).

3,6—Dieth0xy—2—(l—hydroxy—1—mefhy1ethy1)pyrazine (28). -

The dihydropyrazine (27) (0.42 g, 1.9 mmole) and DDQ
'(0.43 g, 1.9 mmole) were heated in refluxing dry benzene for 1h.
The mixture was cooled, filtered, concentrated, ahd the résidﬁe
eluted through Al203 (grade III; 10 g) with'40-600 petroleum ether.
The pyrazine was obtained as an orange oil (52%), § 2.16 (6H, t,
- J=4 Hz), 1.46 (6H, s), 3.60 (1H, bs), 4.2 (4H, m), 7.6 (1H, s),
Voax 3450, 2970, 1450, 1370, 1335, 1260, 1160, 1095, 1040, 920, 880,
780, 750 am t, M 226(31),'211(1003, 183(62), 155(46j, 137(23), 93(15),
72(15), 59(23), 57(23). (Found: M+ 226.1316.> Ci1:HygN203 Tequires
226.1317). |

2,S—Diethoxy-S-isopropenylpyrazine (29). -

The pyrazine (28) (0.089 g) was heated in refluxing dry
benzene for 1 h with a trace of toluene-p-sulphonic acid and molecular
sieves. The mixture was cooled, filtered, and concentrated.
Purification by p.l.c. (CHCl3/1% MeCH) afforded the dehydration
product as the major component, & 1.46 (6H, t, J=4 Hz), 2.2 (3H, s),
4.2-4.4 (4H, q, J=4 Hz), 5.9 (ZH, d, J=15Hz), 7.76 (IH, s), v .
2980, 1430, 1380, 1340, 1310, 1190, 1110, 1040, 1030, 920 cm ',

M 208(100), 194(19), 182(25), 181(13), 166(25), 154(31), 151(25),

150(25), 125(25), 108(19), 92(63), 73(25), 69(31), 57(69). (Found:




118 -

M 208.1214. Cy1H;eN20; requires 208.1212).

Attempted alkylation of 2,S—diethoxy—Sfisopropenylpyrazine (28). -

Using the standard procedure for alkylations, a solution
of the substituted pyrazine (28) (0.064 g, 0.3 mmole) in dry THF
was added to a cold, stirred solﬁtion of lithium diisopropyiamide
(0.4 mmole) in dry THF. An intense red colouration was produced.
After stirring for 90 min, redistilled chloromethylmethyl ether
(0.03 m1, 0.3 mmole) was added. Stirring was continued overnight.
Workup afforded unchanged starting material as the only compoﬁent

isolated from the organic layer (n.m.r. spectrum).

3,6—Dietho§X—2,S—dithro—Z—(1-hydroxy-l-methylpropyl)—S—methylallyl—

pyrazine (30). - v

Using the normal procedure, the methylallyldihydropyrazine
(20b) (0.20 g, 0.9 mmole) was reacted with ethylmethyl ketone (0.1 ml,
0.9 mmole). After stirring for 33 h, the solution was worked up as
usual. The fluid, yellow oil.so obtained was chromatographed (A120s,
grade ITI; 20 g), eluting successively with pet. eth. and CHC1; to
give the title compound (0.17 g) as a mixture of isomers (61%), -
§ 0.8-1.4 (14H, m), 1.68 (3H, S), 2.45 (2H, ™), 3.9-4.4 (7H, M),
4.7 (2H, d, J=17 Hz}, v 3560, 3480, 2980, 2920, 1690, 1440, .1370,

1240, 1140, 1090, 1030, 890 cm™

, M" 296(2), 267(8), 224(30), 195(8),
169(100), 141(88), 113(32), 85(34), 73(22), 55(44). (Found: 296.2102.

CistgNzO3 requires 296.2100).
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2,5-Diethoxy-3-methylallyl-6-(1-hydroxy-1-methylpropyl)pyrazine (31). -

The starting material (30) (0.12 g, 0.4 mmole) and DDQ
(0.10 g, 0.4 mmole) were heated in refluxing dry benzene for 11 h.
The mixture was cooled, filtered and concentrated. After purification
by p.l.é. (CHC13), the product (31) was isolated as an orange oil
contaminated with the diethoxymethylallylpyrazine, ¢ 0.7 (3H, t,.
J=3 Hz), 1.36 (6H, t, J=4 Hz), 1.52 (3H, s), 1.76 (3H, S), 1.96
(24, q, J=3 Hz), 3.44 (2H, s), 4.36 (44, m), 4,76 (2H, d, J=6 Hz),
4.90 (IH, exch. D;0), v 3460, 2960, 1650, 1420, 1380, 1340, 1190,
1090, 1040, 890 cm—l, M 294(5j, 266(32), 265(100), 237(29), 222(35),
221(31), 207(27), 193(19), 165(21), 82(18), 55(20). (Found: M'

294.1939 , C1 eHz 5N203 requi}"es 294. 1943) .

2,5-Diethoxy-3-methylallylpyrazine. -

The corresponding dihydropyrazine (20b) was heated in
refluking dry benzene with DDQ (0.19 g) for 13 h. After workup as
above and chromatography on Al20s (grade III), eluting with pet.
eth., the title pyrazine was obtained as an orange oil, § 1.40
(6H, t, J=3 Hz)}, 1.80 (3H, s), 3.46 (2H, s), 4.3 (4H, dq), 4.76
(2H, d, J=4 Hz), 7.58 (IH, s), v .. 2970, 2920, 1440, 1380, 1350,
1310, 1280, 1260, 1215, 1155, 1130, 1090, 1040, 890, 740 cmfl, M 222(100},
221(85), 207(77), 193(46), 179(38), 165(62), 151(30), 82(38), 55(46).

(Found: M 222.1362. Cy.H;sN202 requires 222.1368).

3,0-Dibenzyl-2-ethoxy-5-hydroxypyrazine (32). -

The 3,6—dibenzy1—2,5—diethoxypyrazine46 (0.2 g, 0.6 mmole)

in dry dichloromethane was added dropwise and with stirring over a
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period of 40 min to a cold (—780), stirred solution of boron
tribromide (0.1 ml, 1.2 mmole) in dry dichloromethane. The
resultant slurry was allowed to warm gradually to rOOm-temperature,‘
and stirring was continued overnight. The orange slurry was stirred
with water for 20 min. The organic layer was separated, dried

and conéentrated.' Chromatography (Al.0s, grade III; 60 g) eluting
consecutively with 40-60° petroleum ether and 10-60° petroleum
ether/chloroform afforded the title compound (20 mg) as pale yellow
clusters of fine needles after recrystallisgtion from pet. eth.
(103), m.p. 155-157°, § 1.36 (3H, t, J=4 Hz), 3.96 (2H, s), 4.04
(2H, s), 4.28 (4H, q, J=4 Hz), 7.12-7.4 (10H, m), v_. 3700-3000,

1

1630, 1440, 1420, 1330, 1260, 1170, 1120, 1040, 900 cm ', M' 320(100),

305(11), 292(26), 291(31), 263(8), 214(10), 187(8), 146(11), 119(35),
118(54), 105(18), 91(90), 85(18), 82(29), 77(16). (Found: M  320.1519.
C2oH20N202 Tequires 320.1525).

Treatment of 2,5-diethoxy-3-methallylpyrazine with boron tribromide. -

The pyrazine (0.1 g, 0.45 mmole) in dry dichloromethane
was added dropwise and with‘stirring to a cold (-780) solution of
boron tribromide (0.1 ml, 0.9 mmole) in dry dichloromethane. The
resultant yellow slurry was allowed to warm gradually to room
temperature, during which time the precipitate dissolved. After
stirring overnight, the solution was washed with two portions of
saturated aqueous sodium chloride solution, dried, and concentrated
to give a complex mixture of pyrazinoid compounds (t.l.c. and

n.m.r. spectrum) as a solid residue.
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3,6-Dihydro-5-ethoxy-2-oxo-1(H)-pyrazine (33). -

3,6-Diethoxy-2,5-dihydropyrazine (0.10 g, 0.6 mmole)

was added as a solution in dry dichloromethane dropwise and with
Stirrihg to a cold (-780) solution of boron tribromide (0.11 ml,
1.2 mmole) in dry dichloromethane. A white precipitate formed
during the addition. The mixture was allowed to warm gradually
to room temperature and was stirred ovérnight. Extraction with
saturated aqueous sodium chloride solution and concentration of
the aqueous layer afforded the mono-dealkylated compound as a
white solid (50%), m.p. 168-171° (subl.), & (D:0) 1.32 (3H, t, J =
3 Hz), 3.96 (4H, s), 4.32 (2H, q, J=3 Hz), v . 3400-3200, 1740,
1610, 1230, 1090, 1040, 1000, 900, 850, 800 cm .

| Treatment of the diethoxydihydropyrazine with 4 equivalents
of boron tribromide, under the same conditions, again resulted mainly

in mono-dealkylation.

Singlet oxygen oxygehations.

All singlet oxygen additions were performed in dichloro-
methane (10 ml) with a dye sensitiser. This sensitiser was most
frequently methylene blue (1-2 mg), but polymer-bound rose bengal

: .. 97,98
and eosin

were also used. Oxygen was bubbled through the.
solution during overnight irradiation with a 350 watt tungsten
lamp. The solution was water cooled. Polymer-bound sensitisers

were removed by filtration; methylene blue was removed chromatogra-

phically. The peroxides were purified by p-1l.c.



122

3,6-Dibenzyl-2,5-diethoxy-3,6-epidioxy-3,6-dihydropyrazine (49). -

A solution of 3,6-dibenzyl-2,5-diethoxypyrazine (0.06 g)
and methylene blue (1 mg) was photooxygenated. After 19 h, t.l.c.
showed complete conversion of starting material. The mixture
was purified by p.l.c. (CHCl3) to give the title peroxide in
virtually quantitative yield as a colourless oil, & 1.34 (6H, t,
J=6 Hz), 3.36 (4H, s), 4.24 (4H, q, J=6 Hz), 7.34 (10H, m), v_.
3140-2820, 1745, 1630, 1500, 1375, 1325, 1225, 1080, 1040, 1020,
865, 800, 750, 695 cm ‘. (Found: C, 69.29; H, 6.23; N, 7.18,
C22HouN20y requires C, 69.47; 6.32; N, 7.39%). |

-

Control experiments

(a) Dibenzyldiethoxypyrazine (20 mg) in dichloromethane and under
oxygen was irradiated for 19.h with external cooling. Traces of

the peroxide were observed (t.l.c., n.m.r. spectroscopy).

(b) The pyrazine (20 mg) in dichloromethane with methylene blue
was irradiated for 19 h. Traces of the peroxide were observed

(t.1.c., n.m.r. spectroscopy).

Photooxygenation of 3-methylisoquinolinium methiodide (50). -

3-Methylisoquinolinium methiodide (0.05 g) wés photo-
oxidised as above. A dichloromethane solution of the residue was
washed with aqueous 10% sodium hydroxide solution (3 x 20 ml). The
organic layer was dried, concentrated, and purified by p.l.c.
(CHC1;/MeCH, 10:1) to yield the isoquinolone (51).99 For
ldentification, the isoquinolone was prepared by shaking the

methiodide salt (0.1 g) with aqueous 10% sodium hydroxide




solution, extracting with dichloromethane, and purifying by .

p.l.c., 82.4 (34, s), 3.6 (34, s), 6.4 (IH, s), 7.2-8.4 (4H, m).

Attempted photooxygenation of 2,6-dimethylpyrimidone (52). -

The pyrimidone (0.03 g) was photooxidised. After
irradiation, the solution was washed with 10% aqueous potassium
jodide solution, dried, and the solvent removed. T.l.c. (CHCI1s)

showed a complex mixture of highly coloured products.

4,6-Diethoxy-2-methylpyrimidine (54). -

4,6-Dihydroxy-2-methylpyrimidine (53) (0.1 g, 0.8 mmole)
was suspended in dry dichloromethane and a solution of triethyl-
oxonium fluoroborate(1.0 g) in drydichloromethane. was added. The
resultant slurry was heated at reflux until the solids dissolved
(41 h). The solution was cooled, washed successively with
saturated aqueous sodium hydrogen carbonate sclution, dried and
concentrated. Purification by p.l.c. (CHCls/1% MeCH) afforded-
the alkylation product (20 mg) as an oil. The small quantity of
material isolated is a reflection of the volatility of the
dialkoxy pyrimidine (123), & (CCls) 1.0 (6H, t, J=3 Hz), 2.08
(3H, s),’3.94'(4H, q, J=3 Hz), 5.30 (I, s), v_ 2980, 2920,
2900, 2860, 1600-1530, 1380, 1350, 1340, 1300, 1240, 1170, 1070,
1020, 990 cm-', M* 182(6), 177(35), 154(11), 139(23), 121(29),

119(100), 117(S7), 84(45), 72(29), 68(23), 49(45).

4,6-Diethoxy-2,5-epidioxy-2-methyl-2,5-dihydropyrimidine (55). -

The dihydroxypyrimidine (53) (0.11 g) was heated at

123
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reflux with triethyloxonium. fluoroborate (1.0 g) overnight'in.dry
dichloromethane under nitrogen. The solution was cooled, filtered,
and photooxidised for 8 h. After this time, the solution was
poured into saturated aqueous sodium hydrogen carbonate solution,
washed with water, dried, and purified by p.i.c. (CHCij3) to affoni
the endoperoxide (55), in high yield as an unstable solid meliting
below room temperature, ¢ 1.33 (6H, t, J=6 Hz), 2.50 (3H, s), 4.33
(4H, q, J=6 sz, 5.8 (1H, S), V.. 2940, 1585, 1420, 1385, 1347,

1250, 1155, 837 cm .

2,6-Dimethyl-4-ethoxypyrimidine (56). -

2,6-Dimethyl-4-hydroxypyrimidine (52) (0.07 g, 0.5 mmole)
was dissolved in dry dichloromethane, and a solution of triethyl-
oxonium fluoroberate (2 gj:was added. The resultant solution was
heated at refliux for 2 h. After this time, the solution was cooled,
washed with saturated aqueous sodium hydrogen carbonate solution
and water, dried, and concentrated. Purification by p.i.c. (CHC13/
1% MeOH) afforded the title compound as an oil in low yield.
Considerable material was lost during workup due to evaporation
(123),61.0 (3H, t, J=3sz), 1.96 (3H, s), 2.08 (3H, s), 3.96 (2H,
q, J=3 Hz), 5.80 (iH, s), Vnax 2980, 2920, 2860, 1730, 1590, 1440,
1400, 1380, 1365, 1340, 1170, 1070, 1030, 960, 840 cm , M" 152(9),
137(20), 124(17), 121(30), 118(86), 117(100), 86(29), 84(51),
82(17), 67(17), 49(37).

2,6-Dimethyl-2,5-epidioxy-4-ethoxy-2,5-dihydropyrimidine (57). -

'To a-solution of the pyrimidine (52) (0.1 g) in dry



dichloromethane was added a solution of triethyloxonium fluoro-
borate (2 g) in dry dichloromethane. The solution was stirred at
room temperature under nitrogen for Z h and'then irradiated
overnight in the presencé of oxygen and methylene blue. The
photooxidation mixture was poured into saturated aqueous sodium
hydrogen carbonate solution and shaken gently until vigorous gas
evolution ceased. The organic layer was separated, washed with
water, dried, and the solvent removed. The residue was purified
by p.l.c. (CHC1l:/1% MeCH) to give the endoperoxide (57) as an
unstable oil, § 1.4(3H, t, J=6 Hz), 2.4 (3H, s), 2.6 (3H, s),
4.43 (2H, q, J=6 Hz), 6.55 (IH, s), v, 2950, 1605, 1355, 1187,

1090, 750 cm .

Photooxygenation of 5-but?1—4,6—dihydroxy—Z-methylpyrimidine (58).

A suspension of the butylpyrimidine (0.042 g) was treated
with singlet oxygen. After overnight irradiation, no evidence of
addition was observed (physical properties, t.l.c.). A sample of
the pyrimidine (0.044_g) was then heated at reflux in dry
dichloromethane with ethyl Meerwein salt (0.41 g) under nitrogen.
Workup with saturated aqueous sodium.hydrogen carbonate solution
and purification by p.l.c. (CHC1l3/1% MeCH) as before gave three

eroxidic products, which were not characterised further.
P s

Attempted photooxygenation of c-pyridone (59). -

a~Pyridone (0.10 g) was subjected to the singlet oxygen
addition conditions overnight. After workup and purification

by p.l.c., unchanged starting material was recovered (n.m.r.
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-spectroscopy).

Attempted photooxygenation of 3-hydroxy-1-methylpyridinium betaine

(60). -

3-Hydroxy-1-methylpyridine methiodide (0.05 g) was stirred
overnight with basic ion exchange resin (0.20 g) in dry acetonitrile
at room temperature. After filtration, the ﬁale violet solution was
irradiated overnight in the presence of oxygen and methylene blue.

No reaction was detectable by t.l.c. (MeCOH).

2,S—Diethoxy—S,6—dimethyl—3,6—epiiioxy—%6—dihydropyra21ne (61). -
. The pyrazine was prepafed by the published'route46.
Subjection to the singlet oxygen conditions,-as above, led to the
quantitative formation ofzthe.endoperoxide, purified by p.l.c.
(CHC13), m.p. 81O(dec.), §.1.33 (6H, t, J=7 Hz), 3.63 (6H, S),
4.23.(4H, q, J=7 Hz), Voax 1625, 1320, 1275, 1140, 1012, 905, 730,

647 cm

, M" 228(3), 196(100), 181(43), 168(31), 140(45), 112(20),
111(21), 86(30), 70(25), 71(33). (Found: C, 52.48; H, 7.13;

N, 12.30. Cyoll1sN20y Tequires C, 52.63; H, 7.02; N, 12.28%).

Control Experiments

(a) A sample of diethoxydimethylpyrazine was irradiated in di-
chloromethane for 19 h under a stream of oxygen in the absence of

a sensitiser. No peroxide was detected (t.l.c., starch-iodide

test).

(b) A sample of the pyrazine was stirred in the dark in dichloro-

methane under a slow stream of oxygen in the presence of methylene




blue. Traces of peroxide were observed (t.l.c.).

3,6—Dibenzz1—3,6—epidioxy—2,S—dioxopiperazine (62). -

The‘dibenzyldihydroxypyrazineloo(0.1 g) was suspended
in a mixture of dimethylsulphoxide and dichloromethane (1:10).
The suspension was photooxygenated for 45 h. The mixture was
filtered and concentrated to give the 3,6-peroxide (62) as an
insoluble yellow solid. & 2.9 (4H, $), 7.3 (10H, m), v_, . 3600-
2650, 1690, 1640, 1370, 1290, 1135, 1020, 1000, 760, 700 cmfl,
Ay 313, 220 (¢ 3.1 x 10%, 7.7 x 10%), M" 324(0.6), 306(2.6),
290(4.2), 105(44), 94(39), 91(36), 84(100), 79(76), 77(32), 66(100),
46(69).

3,6-Dibenzyl-3,6-dihydroxy-2,5-dioxopiperazine (63). -

The dibénzylperoxide (62) (0.03 g) was stirred with an
excess of sodium borohydride in ethanol at room temperature for
1 ﬁ. The solution was neutralised with 10% hydrogen chloride
solution, filtered, and concentrated to leave the dihydroxydioxo-
piperazine (63) as a pale yellow, high melting solid. Attempted
purification by p.l.c. (MeOH) resulted in decomposition, § 1.03
(44, s), 7.3 (10H, m), v _ . 3700-3000, 1650, 1400, 1185 em’,
Apax 287, 210 (e 2.52 x 10°%, 5.14 x 102),..M+ - H202 292(29), 290

m
(34), 276(18), 201(34), 153(18), 118(34), 117(28), 103(13), 91(100).

3,6-Dibenzylidenyl-2,5-dioxopiperazine (64). -

The dihydroxydioxopiperazine (63) was refluxed in

methanolic benzene with toluene-p-sulphonic acid and molecular
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sieves. After refluxing overnight, the benzylidenyldioxopiper-

azine was isolated, and was identical to an authentic samp1e24’85’86
(i.r. and m.s. spectroscopy), m.p. 298° (dec.).
Attempted oxygenation of 2,5-diethoxypyrazine. -

46

The pyrazine was prepared by the literature method ~.
The pyrazine (0.09 g, 0.5 mmole) was dissolved in dichloromethane
and irradiated under a slow stream of oxygen in the presence of
polymer-bound rose bengal (0.08 g). After overnight irradiation
and standard workup, no starting material remained, but a mixture
of products had been produced. This mixture was not examined

further.

Attempted oxygenation of 2-S-diethoxy—S—(S-hydroxypropyl)pyrazine
(22). -

The hydroxypropylpyrazine (22) was dissolved in dichloro-
methane and irradiated under a slow stream of oxygen in the nresence
of polymer-bound rose bengal (0.08 g) overnight. The mixture was.
filtered, and the filtrate washed with saturated aqueous potassium
iodide solution until evolution of yellow colouration ceased and
the starch-iodide test was negative. After drying, concentrating,
and purifying by p.l.c. (CHCls/ 1% MeCH), no starting material
remained, but a mixture of products was formed which was not

investigated further.

3,6-Diethoxy-2,5-epidioxy-2-methallyl- 5- (1-hydroxy-1-methylpropyl) -

2,5-dihydropyrazine (65). -
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The pyrazine (31) (0.058 g) was photooxidised with
polymer-bound rose bengal (0.08 g) in dichloromethane under a
slow stream of oxygen for 631 h; all starting material had, by
then, been consumed. The mixture was filtered to remove the
polymer-bound sensitiser, filtered again through silica to
remove dye residues leéched into solution, and concentrated to
give the peroxide as a yellow oil, 6'1.0‘(3H, t, J=3 Hz), 1.28-
1.44 (9H, m), 1.92 (3H, s), 1.72-2.04 (2H, q, J=3 Hz), 2.8
(2H, d, J=2 Hz), 4.14-4.28 (4H,m), 4.96 (2H,s), v . 3540,
2980, 2920, 1720, 1600, 1440, 1380, 1240, 1020, 890 cm ‘., M'-02
294(5), 265(100), 237(20), 222(43), 221(38), 207(29), 193(20); 165(20),
128(14), 110(12), 84(20), 83(Z5), 56(54). '(Found: Mf'294.i939.
Ci1sH26N,03 requires 294.1943).

Attempted photooxidation of l-acetyl-3-isobutylidenyl-2,5-dioxo-

piperazine (70). -
The isobutylidenyl derivative (70) was prepéred by the

26’27. The derivative (0.03 g) waS»freated over-

published route
night with singlet oxygen. After reduction with aqueous 10%
potassium iodide solution and purification by p.1l.c. (CHCls/MeCH,

10:1), starting material was recovered (n.m.r. spectroscopy).

Reaction of the peroxide (61) with triphenylphosphine. -

To a solution of 2,5-diethoxy-3,6-dimethyl-3,6-epidioxy-
3,6-dihydropyrazine (0.035 g, 0.15 mmole) in dry benzene was
added a solution of triphenylphosphine (0.80 g, 3.0 mmole) in
dry benzene. After stirring overnight at room temperature, the

reaction product (73) was isolated by p.l.c. (CHCl3). Attempts to




reproduce this experiment were of limited success, the product
ether (73) evidently being very unstable, § 1.7 (6H, t, J=7 Hz),
2.06 (6H, s), 4.07 (4H, q, J=7 Hz).

Reduction of 2?S-diethoxy—S,6—dimethy1—3,6-epidioxy—3,6—dihzdro—
~ pyrazine (61). -
| (a) With potassium iodide

The peroxide (0.09 g) was dissolved in a saturated
ethanolic potassium iodide solution, and the resulting solution
was stirred at room temperature for 30 min. The solution was then
neutralised with aqueous hydréchloric acid, filtered, and
concentrated. The residue was dissolved in chloroform, washed
with water, dried, and concentrated. After p.l.c. (CHClg) a
crystalline solid was obtéined, formulated originally as the
diol (74) but later as the triethoxy compound (75), m.p. 76-770,
§ 1.2-1.96 (1SH, m), 2.0 (1H, bs,exch. D,0), 3.4 (6H, q, 5=6 Hz),
Voax 3000-2500, 1625, 1440; 1365, 1320, 1270, 1210, 1145, 1100,

m
895, 860, 805, 745 cm .

(b) With sodium borohydride in ethanol

To a solution of the peroxide (0.07 g, 0.5 mmole) in
ethanol was added sodium borohydride (0.0l g). The mixture was
stirred at room temperature for 1 h, by which time starting
material had been consumed (t.l.c., CHCl;). The mixture was
neutralised with. 10% aqueous hydrochloric acid, filtered, and
concentrated. The residue was dissolved in chloroform, washed
with water, dried, and concentrated to give the reduction product

in good yield.
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(c) With sodium borchydride in aqueous THF

The diethoxydimethylpyrazine peroxide (0.10 g) was
stirred in aqueous, peroxide-free THF for 55 h with excess
sodium borohydride at room temperature. The solution was
neutralised with 2N aqueous hydrochloric acid, filtered, and
concentrated to give the reduction product, formulated as a
cis, trans mixture of the diols (74) as a pale yellow oil, § 1.30
(64, t, J=4 Hz), 1.56 (3H, s), 1.62 (3H, s), 2.16 (2H, bs, exch.
D20), 4.08-4.32 (4H, m), v . 3390, 3320, 2980, 1740, 1670, 1440,
1360, 1340, 1270, 1200, 1140, 1100, 1020, 960, 900,>8SO, 780, 750,
710 em., M 215(41), 174(47), 142(100), 128(21), 114(26), 112(32),
87(21), 61(38).

Reduction of 2,5-diethoxy-3,6-epidioxy-3-(1-hydroxy-1-methylpropyl)

~-6-methallyl-3,6-dihydropyrazine (65). -

(a) With potassium iodide.

The peroxide (0.08 g) was dissolved in aqueous acetone
and stirred with potassium iodide for 30 h (shorter reaction times
left the starting material largely unchénged). The solution was
poured into ethyl acetate, and washed with water, 2 x with aqueous
sodium thiosulphate solution, and again with water. The organic
layer was separated, dried, and concentrated. Only decomposition

products were observed in the residual oil.

(b) With sodium borohydride.
The peroxide (0.09 g) was dissolved in freshly distilled

THF. Water and excess sodium borohydride were added, and the




mixture was stirred at room temperature for 1 h (monitored by
starch~iodide tests and t.l.c.). The mixture was neutralised
with 2N hydrochloric acid, filtered, and poured into dichloro-
methane. The organic layer was separated, dried, and concentrated

to yield a minute quantity of starting material (n.m.r. evidence).
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