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ABSTRACT

The structure of nidulin, the major metabolic product of

Aspergillus nidulans, is demonstrated beyond reasonable doubt to be

that which was set forth recently by other workers. In support of
the structure, a xanthene was isolated and characterised. It was
also discovered that nidulin suffered a remarkably facile dechlorina-
tion in the presence of hydrobromic acid and red phosphorous.
Preliminary tracer experiments with labelled acetate were
performed, and the expected pattern of incorporation was observed.
Isoleucine was likewise shown to be incorporated into nidulin. A
poseible biogenesis for nidulin is discussed which points the way

for future research.
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1. LITERATURE SURVEY

In 1945, Kurung reported (1) Aspergillus ustus as the fourth

species of fungus (see Note I) producing a substance which was active

in inhibiting in vitro the growth of Mycobacterium tuberculosis and

M. ranae. He found that the active principle could be extracted from
the culture medium with ether and other organic solvents.” The active
principle was quite stable once separated from the medium, and, in
spite of its high toxicity to certain bacteria, it could be tolerated by
mice at a high level of dosage.

Working with the same strain of mold, Hogeboom and Cralg in
!946 reported (2) the isolation of two crystalline compounds by the
technique of countercurrent distribution. Each contained covalent
chlorine and appeared to have a biological activity similar to that of
the ether extract of Kurung. Compound I, melting at i85-:87°, was
formulatedas C, H _O, Cl_, and compound 1II, melting at 214-216°,

2i 1763
as CZLH3806CIZ'
Using a simpler method involving bicarbonate and carbonate
extractions, Doering, Dubos, Noyce and Dreyfus (:946) (3) obtained

compound I, along with other uncharacterized metabolites, from the

mycelial felts and liquors of the same fungus. Concluding that it was



the major metabolite, they gave compound I the name ''ustin,'' and
assigned to it the presently accepted empirical formula CL9H1505C13'
The workers further characterized ustin by preparing mono- (mp 174")
and dimethyl (mp i147°) ethers and a2 monoacetyl derivative (mp 212°).
The field remained quiet for seven years until 1953 when Dean,
Roberts, Robertson and Raper (4) published a preliminary paper con-
taining a partial proposal of etructure without supporting evidence.

The writers asserted that the mold previously worked with was a

""non-ascosporic strain of Aspergillus nidulans' (see Note II), and that

the true major product of metabolism is a compound, mp 180°, for
which the name nidulin was proposed. It was shown that nidulin is an
Oe-methylester of ustin, and consequently ' nornidulin ' was suggested
as a replacement for ''ustin."

Shortly after the appearance of their preliminary paper, Dean,
Roberts and Robertson (5) published the details of the chemical data
which led them to postulate I as the partial structure of nidulin. The
following is a review of their data and deductions,

Nidulin ie a colorless, optically inactive compound, mp 180°,

which analyzes for C C_Cl It contains one methoxyl group (by

20t 179 13
analysis) and one hydroxyl group which is readily acetylated and
methylated. The compound gives no color with ferric chloride, is not

easily oxidized and does not react with the common carbonyl reagents.



In cold, agueocus alcohol, nidulin behaves as a monobasic acid
on titration. The acidic character was attributed to the presence of an
acidic hydroxyl rather than a carboxyl g;-oup. because under the same
conditioqs, O-acetylnidulin is neutral.

The behavior of nidulin as a dibasic acid under more vigorous
treatment with alkali, and the hydrolysis of nidulin to nidulinic acid
(C 1906(:1 ) without the loss of carbon disclosed the presence of a
lactone system. This was confirmed by the formatien of a hydroxyester,
methyl nidulinate, on the treatment of nidulin with methanolic potassium
hydroxide, and the production of nidulinic acid and decarbonidulin

(C " 9 o) C13). a dihydric phenol, when nidulin was boiled with alkali

19
in aqueous dioxan. Although nidulin reacts with hydroxylamine to form

a compound C NCI » this product does not give the expected

20 20 6
positive ferric chloride color. The product was assigned a hydroxamic
acid structure, for the lack of color in the ferric chloride test was
attributed to the bulkiness of the molecule interfering with the formation
of the iron complex.

The chlorine atoms in nidulin are stable to hydrolysis with
aqueous or alcoholic sodium hydroxide, hydrogenolysis over platinum
or palladium catalysts, or the action of Raney nickesl alloy and hot

alkali. All three chlorines thus appear to be aromatic halides.

Four of the five oxygen atoms in the molecule are in a lactone,



a methoxyl group and a hydroxyl group. The seemingly inert fifth
oxygen atom is apparently part of an ether system.

From its composition and properties, in conjunction with the
occurrence of known chlorine-containing depsidones in lichens, it
seemed probable that nidulin was a depsidone. This aassertion was
strongly luppoi'ted by the isolation of methyl 4, 6-dichloro-o-orsel-
linate (II) and methyl 4, 6-dichloroeverinate (I1II) as a result of de~
gradations (6) which were carried out by a sequence of chlorination,
reduction and methanolysis devised for the fission of the depsidone

diploicin, a product of the lichen Buellia canescens. The remarkably

facile fission of nidulin by nitric acid to give a high yield of methyl

4, 6-dichloroeverinate (II1) also supported the depsidene hypothesis.
The isolation of an A ring derivative in the above cases also served
to establish the nature and orientation of the A ring substituents in

nidulin,

The proposed depsidone structure implies the presence of a
second aromatic ring system in the nidulin molecule. Although they
were unable to isclate any fragment of nidulin through degradations
that demonstrated the existence of a second aromatic ring, the English
workers were able to put forth the following arguments in behalf of its
existence. First, all three chlorine atome are remarkably stable.
Since the isolation of the A ring fragment places two of them on that

ring, one remains for the rest of the molecule. The stability of the



third chlorine atom suggests its attachment to an aromatic ring.
Second, when O-methylnidulin is reacted with methanolic sodium
methoxide, methyl O-methylnidulinate is formed. The latter material
appeared to be phenolic, since it was insoluble in sodium bicarbonate
solution, yet readily soluble in sodium carbonate solution. Since the
hydroxyl group freed by the cleavage of the lactone cannot be attached to
the A ring, the fact that methyl O~methylnidulinate is phenolic is
evidence for a second aromatic system. Third, in the absence of a
second aronpatic system, nidulin would be highly unsaturated (in the
olefinic sense), and should be easily hydrogenated. However, nidulin
resisted attempts at hydrogenation with Adams' catalyst or Raney nickel
and hydrogen at 60 p.s.i. An additional item of evidence for the exist~
ence of 2 second aromatic system was given in a subsequent paper (7).
The ultraviolet spectrum of methyl O-methylnidulinate displays a
bathochromic shift when alkali is added to its methanolic solution. Such
behavior is characteristic of phenols, and since all hydroxyl groups of
the A ring are protected in methyl O-methylnidulinate, the presence of
a phenol in the compound implies the presence of a second aromatic
ring in nidulin. The existence of the ring is thereby assumed, and
henceforth it shall be referred to as the B ring.

Little, if any, evidence is available for the positioning of the
groups {chlorine, methoxyl, and a C H, residue) about the B ring.

510



One might consider that nornidulin's positive reaction in the bleaching
powder test implies the presence of 2 resorcinol system (necessarily
associated with the B-ring; nidulin gives no such test). This suggests
that the hydroxyl of ring B of nornidulin (and hence the methoxyl group
of nidulin) is meta to the lactone bridge, {.e. at positions 4' or 6'.
Frecedence in known depsidonesa favors the 4' position for that group.

With the above arguments, along with some reasoning on less
concrete evidence, Dean, Roberts and Robertson proposed Il as nid-
ulin's structure. Structure IV is a more valid conclusion from the
published evidence.

In their later paper (7), Dean,Erni and Robertson reported the
isolation of a metabolite deficient in chlorine and containing no methoxyl
group. The structure of dechloronornidulin was demonstrated as V by
the isolation of monochloro A ring fragments. Dechloronornidulin,
they said, appeared to be produced when the fungus was grown in a
medium deficient in chloride.

The above is a resume of the published literature concerning
nidulin and related substances up to 1957. In addition, D. 8. Noyce (8)
informed us of the successful hydrogenation of nidulin over Adams'
catalyst. It was with this information that the study of the structure

and biogenesis of nidulin was begun.
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NOTE 1

The three species previously found to have such activity were:

i. Streptomyces (Actinomyces) griseus, presently known as

the producer of streptomycin and actidione. Streptomycin (9) was

found to be especially active against Mycobacterium tuberculosis, but

actidione (i0), although posseasing a high and useful activity against
certain microorganisms, has not been reported to be inhibitory to

M. tuberculosis. A third antibiotic (i1) of important biological activity

(including the inhibition of M, tuberculosis) has been found in a strain

of S. griseus which does not produce streptomycin. It has been named
grisein, and is thought to be a peptide.

2. An uncharacterized species of fungus, probaly a Penicil-
lium, was found to thrive in the presence of, and inhibit the growth of
tubercle bacilli (12). While a suspension of the mold was quite effective

in the inhibition of M. tuberculosis, a filtrate of the suspension was

without effect.

3. Aspergillus fumigatus was also found to produce a sub-

stance active against M. tuberculosis (13). Later, it was discov ered

that A. fumigatus produced an antibiotic similar to (if not identical

with) gliotoxin (i4). The structure of gliotoxin has only recently been

demonstrated (15).
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NOTE U

Kurung's mold was identified as the species Aspergillus ustus

by C. Thom, while the later correction to a ''non-ascosporic strain

of Aspergillus nidulans' was made by K. B. Raper. Thom and Raper

are the co-authors of A Manual of the Aspergilli (16), which is the

major work relating to the genus; hence their classification must be
regarded as authoritative. Aside from the particular species they
describe, the names A, ustus and A. nidulans apply to two groups of
species within the genus; a group being a3 number of species having
characteristics in common. According to Thom and Raper (17), the

A, ustus and A. nidulans groups have five out of six diltiﬁguilhing
characteristics in common, supposedly differing only in that the

A. nidulans group possesses ascospores,® while the A. ustus group
does not. Yet the classification of non-ascosporic species (and strains)
to the A. nidulans group is not without precedent (cf. A. unguis and

A. caespitosus (18)). The system of claassification is somewhat

puzzling to the novice in this respect.

#(Greek: askos, bladder) -- spores contained in an ascus, a sac-like
cell, in addition to the conidia, or spores-on-a-stalk.



2. THE CONTRIBUTION OF N-M-R SPECTROSCOPY TO THE

STRUCTURE OF NIDULIN

The N-M-R Spectrum of Nidulin

The experimental results favoring IV as a partial structure
for nidulin were presented in the prccéding portion of this thesis.
Since the character of the alkyl residue on ring B is a major peint of
interest in the completion of the structural problem, nuclear magnetic
resonance (N-M-R) spectroscopy is uniquely endowed as a means of
approaching the problem.

The 60-mc N-M-R spectira (HR -60)* of nidulin, O-methyliso~
nidulin, and the product of the successful hydrogenation of nidulin,
dihydronidulin, are reproduced in figure 1. The nature of the alkyl
residue on ring B of nidulin may be determined by examining these
spectra.

The appearance of two unsplit methyl peaks in the aromatic
methyl (ca, 250 cps) region of the spectrum of each of these compounds
can mean only that in nidulin there are two aromatic methyl groups.
Previously, the existence of one such methyl group on ring A had been

demonstrated (5). Since this is the only methyl group on the A ring,

#See Experimental. Chemical shifts reported here are related to a
benzene external reference sample.
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the s@econd aromatic mathyl group must be attached to thc B ring.
Hence, the previously undetermined five-carbon residue consists of a
methyl group and a C 4}!7 fragment.

The presence of a doubls bond in the C &7 fragment, neces-
sitated by the single degree of unsaturation and the unlikeiihood of the
existence of a cyclic system, is substantiated by a quartet-of-quartats
signal, proportional to a single proton in area, in the vinyl hydrogen
region of the spsctrum. Although the fine structure of this signal can
be observed only on slow, high-gain sweeps, its position can be seen
in figure 1 below the chloroform spinning side-band in the O-methyliso-
nidulin spectrum. In agreement with the presence of an clefin are the
two three-proton signals in the vinyl methyl regions of the spectra of
nidulin (270 and 278 cps) and O-methylisonidulin (264 and 304 cps).
From the information given thus far, it ls deduced that the CQH'I residue
is 2 2<but-2-enyl system, and that the sole difference between nidﬁin
and O-methylisonidulin, aside from the methylated hydroxyl group of
the A ring, is that of a cis-trana isomerisation about the double bond in
the butenyl system. Further support for the presence of a secondary
butenyl side chain on nidulin's ring B is given by the N-M<R spectrum
of dihydronidulin which is clearly diagnostic of the presence of a
secondary butyl side chain.

Recent measurements (19, 20) on 2-butenyl systems have dis-

closed the generalization that the spin-spin coupling constants linking
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vinyl methyl groups across a double bond are greater in magnitude when
the methyls are trans- to one another than when they are cis-disposed.
Such spin-spin splittings were observed in the N-M-R spectra. of nidulin
and O-methylisonidulin, and were measured as they appear in the vinyl
maethyl doublet-of-quartets of the nidulin (278 cps) and O-methyliso-
nidulin (304 cps) spectra by averaging many sweeps through the signal.
The values for the splitting constant thus obtained were 1,11 ¢+ 0.04 cps
for nidulin and 1.52 + 0.05 cps for O-methylisonidulin. The major
(doublet) splitting constants for the two compounds were nearly identical:
nidulin, 6.77 + 0.08 cps; O-methylisonidulin, 6.76 + 0.08 cps. These
results may be viewed qualitatively in a slow sweep of the vinyl region
of each spectrum in figure I, For reasons which will be developed in
the next section of this thesis, the butenyl gide chain of the nidulin
molecule is assigned the g_i_g_-conﬁguration. and the structure of nidulin
is accordingly best represented by partial structure VI.

That the ultraviolet spectrum of nidulin remains unchanged upon
the saturation of a double bond (supposedly adjacent to a benzene system)
is easily justified on the grounds of the overwhelming steric require-
ments of the substituents ortho to the butenyl group in nidulin, making
it impossible for the olefin to become coplanar and therefore in con-
jugation with the aromatic B ring. Such a suggestion of steric inhibition

to resonance is not without precedent (21).
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3. A STUDY OF THE LONG-RANGE SPIN-SPIN COUFLINGS

IN 2-BUTENES

The isomerization of O-methylnidulin to O-methylisonidulin
was interpreted by means of N-M-R spectroscopy as a cis-trans
isomerization about the 2-but-2-enyl double bond. The remaining

problem was the assignmaent of cis and trans configurations to the

side chains of the compounds.

The complexity of the rest of the molecule eliminated the pos-
sibility of obtaining a reliable configurational assignment based on the
classical techniques of physical properties and reactivity (22). A new

technique for distinguishing between certain cis and trans isomers,

however, was developed.

The vinyl methyl doublets in the N-M-R spectrum of nidulin
and its methylated isomer were split secondarily into quartets. The
saecondary splitting can be explained only by an interaction through the
double bond with the protons of the a-methyl group. Since there was
a distinguishable difference between the splittings in nidulin (1.11 + .04
cps) and O-methylisonidulin (1.52 + .05 cps), it was advantageous to
ascertain the generality of this phenomenon in variously substituted

2-butenes, and perhaps to be able to assign a cis or a trans structure

to the 2-butenyl group in nidulin.
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The results of the N-M-R spectral measurements are presented
in tables 1, 2, and 3. In table 2 are the results of primary interest in
this work. JAB' the magnitude of the spin-spin interaction between
the a- and the p-methyl groups of the system, is astonishingly invariant
for each isomer among the compounds studied. The compounds them-
selves represent a wide variation of electronic and substituent effects
on the 2-butene system. If an electrostatic effect is to be observed,
it should have revealed itself among the measurements made on these
compounds. It can therefore be concluded from these results that the
five-bond splitting constant for the 2-butene system is a reliable in&ica-
tion of the molecular geometry.

The work of Frager (19) with the splittings in tiglic and angelic

acids (cis and trans 2-carboxy-2-butene, respectively) bear out the

assertion stated above. The splitting constants in these compounds

are reported as being:

JAB (cps)

2-carboxy-2-butene trans 1.46 + .06
cis 1. 17 +. 06

2-carbomethoxy-2- trans 1.51 + .05
P cis  1.20+ .04

J the four -bond splitting constant, on the other hand, ap-

AX'

pears to be sensitive neither to geometry nor to substitution. This



Table |. CHEMICAL SHIFTS
Compound
?H.?» trans
Br-C = C.!--!(.?.I“I3 (neat)
(HR -60)* cis
- Clll'ls trans
/ G 10%,CCl1
AT (10% n
- CHCH3 cis
(A-60)*
_— CIZH3 trans
Br G 10%,CC1)
N/AI ( 4
CHCH3 cis
(A-60)*
CIZHS trans
C
H3O@T[3 (10%,CC1 4)
\ZZI-!CH3 cis
(A-60)*
HR -60:

reference sample.

18

Vinyl proton

48 (348)
46 (350)
33}

347

334

349

329

343

Vinyl methyl protons

a g
262 (134) 296 (100)
266 (130) 300 (96)
121 95
i21 198..
121 96
121 109
121 97
120 108

Figures represent cps above the signal of an external benzene
Figures in parentheses represent cor-

responding numbers on the tetramethylsilane scale, assuming
that TMS (5% CC14) - benzene (neat) = 396 cps.*

A-60:
external standard.

*See Experimental.

Figures are in cps below tetramethylsilane (5% in CC14) as an
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Table 2. SPIN-SPIN SPLITTING CONSTANTS (cps)

X-C=CH, . CH
(X) 3(B)
CI-!3 (A)
Compound JAB | JAX JBX
CH, trans  1.59 + .03 .36+ .06  6.39+ .04
Br-C=CHCH, |
CH, trans 1,57 ¢ .0l 1.514.01  6.97+ .02
<>~C.MZHCH3
(A-60) cis 1.11 4 .01 1.42 ¢ .01 6.93 + .02
CI§H3 trans 1.561.01 1.48:.01 7.001.01
c1-130<(\/><-=cucm3
CH, trans  1.56 # .0i 1.514.01  7.084 .01
Br (JJ=CHCH3
A -60) cis 1.13 ¢+ .01 1.38 + .04 6.92 + .01

The measurements were made on neat samples. The values reported

are in cps.
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Table 3. SPIN-SPIN SFPLITTING CONSTANTS

Para substituent -Br -OCHS
Geometry trans cis_ trans cis
Solvent neat neat 50% CCI‘ neat
évo, Chemical shift 23.4 12.9 i€¢. 4 28.5
JAA'JBB 2.3 2.5 2.7 2.6
JAB 8.6 9.0 9. i 9.0
Solvent all 10% in (3(314

Chemical shift of the center of 435 437 416 418
the signal (cps below TMS3)

Positions of A and B absorp~ 447 443 424 432
tiona, in cps below TMS 423 431 408 404

Four types of splitting are possible: J

{ ] ]
I\ n (para). I (para) is assumed to be zero, and Jan

presumed equal,

and JBB are
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sort of invariance is also observed in the three-bond splitting constant,
JBX'
The chemical shift relationships between the isomers give

additional support to the assignment of the geometry about the double
bond.

In the bromobutene case, the cis isomer's vinyl hydrogen is
unshielded, as expected, due to its proximity to the bromine atom.
In the dimethylstyrenes, the cis isomer's vinyl hydrogen is also un-
shielded, but in this case the unshielding is due to {ts nearness to the
aromatic ring's =w-electron system.

The a-methyl group occurs in all instancese at a lower field
(less shielded) position than the S-methyl group, In the dimethyl-
styrenes, the chemical shift of the aemethyl group (observed in a 10%
solution in carbon tetrachloride) is independent of the substitution of
the aromatic nucleus. The chemical shift position of the £ -methyl
groups in the dimethylstyrenes appears to be anomalous, for the trans
isomer's j-methyl group falls at a higher field (more shielded) than
that of the cis isomer, in spite of the nearness of the trans isomer’'s
-=methyl group to the aromatic ring. If it is considered that the a-
methyl group is almost directly above the plane of the ring, however,

the ring current effect may be invoked to explain the shielding obssrved.

It will be noted that in the bromobutenes, where no bengene ring is
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involved, the B-methyl group of the trans isomer is shielded with
respect to the cis isomer. This may be explained easily on the basis of
its distance from the bromine atom.

The interpretation of the ring proton absorptions of the sub-
stituted a, P-dimethyletyrenes presents an interesting sideline to these
experiments. The various splitting parameters (table 3) are similar
to those observed in related systems (57). It is the chemical shift of
each type of ring proton which is enlightening.

The methoxyl group has a major effect on the chemical shift of
the B protons. By its electron donating resonance interaction with the
ring, it raises the electron density at the carbon atoms to which they
are bonded, and has a shielding effect on them. The bromine atom
also affects primarily the B protons. Being an electronegative atom,
it withdraws electrons from the ring, unshielding those atoms which
are closer to it.

The chemical shift of the A protons, in each case, is affected
primarily by the geometry of the Z'-bubz-cnyl group. When the
geometry is cis, the electronegative doubls bond exerts an unshielding
effect on these nuclei. When tiu group is trans, howsver, the f-methyl
group intervenes, and the A protons are effectively insulated from the
electronegative effects of the double bond (see figure 2).

1f the higher field absorption of the methoxyl systems (trans,
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408 cps; cis, 404 cps) is assigned to the B protons, the A protons'
absorption positions are in accordance with the predicted shielding
character of the cis olefin (t_r_':_r_x_g. 424 cps; cis, 432 cpe). Likewise,
if the lower field (unshielded) absorption of the bromo system (trans,
447 cpei cis, 443 cps) is assigned to the B protons, the A protons'
absorption positions are also in accord with the predictions (_t_x_'gﬁ.
423 cps; cis, 431 cps).

In agreement with the predicted unshielding effects of a cis-
2-but-2-enyl group with respect to the trans isomer, the ring hydrogens
of the unsubstituted a, p~-dimethylstyrenes are at lower fields in the cis_
isomer (434 cps) than in the trans isomer (430 cps). These chemical
shifts, of course, are measured at the central positions of the finely
split multiplet which represents all cf the ring protons, and do not
accurately reflect the true differences in environment of the two types

of ortho protons.
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H
H H 3 / H H
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FIGURE 2

The A protons are those nearest the butene side chain.
In the cis isomer, with the f-methyl group directed away
from t?x_e-ring, the A protons feel the full effect of the electro-
negative, unshielding w-electron system of the double bond.
In the trans isomer, the nearness of the B-methyl group to
the A protons mitigates the effect to some extent. Thus, all
other things being equal, the A protons of the cis isomer
should absorb at a lower field than those of the trans isomer.
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4. THE INFRARED SPECTRUM OF NIDULIN AND SOME OF

ITS PHENOLIC DERIVATIVES IN THE THREE MICRON REGION

With the disclosure of the nature of the alkyl groups on nidulin's
B ring, the only remaining particular that must be settled for an
establishment of nidulin's structure is the disposition of groups about
the B ring.

It has been known for some time that phenolic hydroxyl groups
are capable of interaction with neighboring electronegative centers (23).
The formation of a hydrogen bond between the hydrogen atom of 2 hydroxyl
group and a neighboring electronegative center effects a weakening in
the oxygen-hydrogen bond. This, in turn, is observed in a lowering
of the bond's force-constant as reflected in its stretching frequency in
the 3 u region of the infrared spectrum. More recently, the quantitative
aspects of such bathochromic shifts have been examined (24, 25, 26).
Consequently, it is reasonable to expect to gain information about the
structure of a complex phenol by examining its infrared spectrum.

Nidulin has a single, sharp hydroxyl band at 3516 cm'l. It
muset be assigned to the A ring phenolic hydroxyl group which is known
to be flanked by two ortho-chlorine substituents. That its frequency
is 15-20 a:mm1 lower than that expected (24) for O-chlorophenocls, is

undoubtedly the result of the acid strengthening lactone carbonyl group

in the para position (25).
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The spectrum of decarbonidulin has absorption maxima of
approximately equal intensity at 3532 c:m"1 and 3556 cm'l. The former
is due to the hydroxyl in ring A, raised to the normal frequency (24)
because of the loss of the lactone carbonyl group. The latter absorption
must be assigned to the new hydroxyl group in ring B which was freed
by the scission of the lactone bridge. Its frequency, 3556 cm'l. is that
expected for an o-phenoxy phenol (26). The spectrum of methyl O-
methylnidulinate has a single, symmetrical absorption at 3550 e
Because this compound has only the 2' hydroxyl, the aasignmaent of
bands in decarbonidulin is given added support. Since a chlorine atom
is at least as effective as an oxygen atom in the role of a hydrogen bond
proton acceptor,*® the absence of any appreciable OH...Cl absorption
(which should appear at ca. 3532 cm‘1 in the spectrum of methyl C-

methylnidulinate) excludes the possibility that a chlorine atom is at-

tached at the 3’ position in nidulin.

®*According to Badger's rule, the energy of a hydrogen bond increases
with the bathochromic shift of the frequency of the OH stretching
vibrations (23, 27). '
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5. A STUDY OF THE DECHLORINATION OF NIDULIN

Although the ability of hydrogen halide acids to cleave aromatic
carbon-chlorine bonds has been casually mentioned (28), there are no
examples in the literature of this event which could be attributed solely
to the action of these reagents.

It was, at one point, desirable to prepare a derivative of nidulin
possassing a 4'-hydroxyl group. Such derivatives of diploicin (XI) (6)
and gangaleoidir (XII)(29), which are depsidones originating in lichens,
have been prepared by Nolan and his co-workers by refluxing the dep-
sidone in glacial acetic acid in the presence of hydrobromic acid and
red phosphorous for sight or nine hours. Under conditions strong enough
to cleave the ether, hydrolysis of the lactone and decarboxylation of the
resulting acid aleo occur, as would be expected. Neither diploicin

nor gangaleoidin losee any chlorine under these conditions.

CH3 Q Cl

Clny NXC-O X (OCH5

HO \/&o \[/ I
Cl CHs

XI. DIPLOICIN XII. GANGALEOIDIN
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Dihydronidulin was decided upon as the starting point for the
preparation of the demethylated derivative because it was feared that
the olefinic group of nidulin might be capable of reacting under the
vigorous sther cleavage conditions. When the reaction was run for
the first time, an apparently pure solid which melted over a narrow
range was recovered and analyzed. The chlorine analysis gave 24. 6%
chlorine, which appeared convincing enough for the presence of three
chlorine atoms in the molecule that a structural argument was based
on the presence of a chlorine atom on the B ring of this compound.

In repeating the experiment, however, the chlorine aﬁalyoia for
an otherwise similar product revealed the presence of only 19.0%
chlorine. The first chlorine analysis was shown to be greatly in error,
and this fact in turn completely invalidated the previous structural
argument (56).

Certain information concerning the reactivity of the various
sites in dihydronidulin can be inferred from the experiments described
here. First, hydrolysis of the lactone and decarboxylation of the
resulting acid are quite complete within twenty minutes. Demethylation
is essentially complete within one hour. Dechlorination proceeds ata
considerably slower rate, being only one-half complete at a reaction
time of two hours.

Assigning a structure to demethyldecarbodihydronidulin is
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4 3
The lack of a methoxyl signal in ite N-M«R spectrum shows that it is

trivial. Its analysis implies an empitical formula of CIBHI')O Ci,.

unmethylated. Hence, its structure can be none other than XIII.

The assignment of a structure to dechlorodemethyldecarbodi-
hydronidulin, the analysis of which implies an empirical formula of
C18H2004C12. is more difficult. The problem is which of the three
chlorine atoms is removed. If the missing chlorine was originally one
of the A ring chlorine atoms, it would then be expected that after the
first chlorine of ring A was removed, the second chlorine would be even
easier to remove, because the presence of electronegative substituents
on a benzene ring lessens the system's vulnerability to slectrophilic
attack. Hence, a product containing only one chlorine atom on the A
ring would not be produced by any type of electrophilic substitution
reaction. Since the dechloro product contains two chlorines, they must
be the two chlorines of the A ring, and the chlorine atom that is removed
in the dechlorination reaction must be the B ring chlorine.

An independent argument for the identity of the missing chlorine
atom is as follows. Demethyldecarbodihydronidulin, judging from its
infrared spectrum, contains three hydroxyl groups; two of which are
hydrogicn bonded to chlorines (3534 cm°l). and one of which is hydrogen
bonded to an oxygen (3570 cm'l). Dechlorodemethyldecarbodihydro-
nidulin also has three hydroxyl groups; one hydrogen bonded to a

chlorine (3533 cm.l). one to an oxygen (3566 cm‘l) and one which is
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free (3616 cm'l). It can be safely assumed that no gross structural
change has occurred and that the positions of the three hydroxyl
groups are the same in each case. The net change in the formation of
the dechloro compound is that one hydroxyl group is no longer adjacent
to a hydrogen bonding proton acceptor. While the loss of one chlorine
from the A ring would not produce the observed change in the infrared
spectrum, the removal of the sole chlorine next to a hydroxyl group in
the B ring would.

The structure of dechlorodemethyldecarbodihydronidulin must

be XIV.
ChHy CHy CHs GH3
CLZ N HHO-Z S OH  ClyZ - H HONZ - OF
< i \[\ }‘ \[ j\ Mo J[
HO ™7 S0 Tl HO™X SO~ X H
Cl CH Cl CH
/N 7N\
CH5 CHoCH5 CH4 CH,CHy
X1 X1v

The dechlorination of nidulin is regarded as an electrophilic
attack of hydrogen ion at the ring carbon to which the chlorine atom is
bonded, followed by elimination of the positive chlorine species. The
positive chlorine species does not remain in the oxidized form, but is
soon reduced by the phosphorous. The process might be compared to

its antithesis: aromatic chlorination. The same features of nidulin
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that would favor its being chlorinated (the many hydroxyl groups it
containsg) aid in its dechlorination. Just as a hydroxyl activates the

positions ortho and para to it for chlorination, a chlorine atom on a

ring having ortho or para hydroxyl substituents is vulnerable to

electrophilic substitution. This is due, of course, to the stabilization

of the transition state common to both reactions:

/?H OKH /C1>H OH j)H
Q@ R ]

\/l:< \XJ ~ N

ﬂ

NN
H _ HCl H ClI H ClI J Cl
Figure 3

The presence of a second chlorine atom on the ring apparently

deactivates the system effectively enough that no dechlorination takes

place at all. Clearly, the attenuation of reactivity is due to the inductive

effect of the electronegative substituent (chlorine) withdrawing electrons

from the ring. In substantiation of this generalisation, the inertness
of the A rings of diploicin, gangaleoidin and nidulin, and the B ring of

diploicin is cited.



32

6. A STUDY OF THE FORMATION OF A XANTHENE FROM

NIDULIN

Dean, Deorha, Erni, Hughes and Roberts reported (28) the
isolation of ethylmethylmalonic acid from the amorphous substance
obtained by heating nidulin or O-methylisonidulin with hydriodic acid
in glacial acetic acid solution. Ethylmethylmalonic acid contains one
more carbon atom than can be accounted for solely in termas of the B
ring of nidulin. To account for the isolation of ethylmethylmalonic acid,
they proposed that in addition to the expected series of reactions
(hydrolysis, decarboxylation and demethylation), an acid catalyzed
internal Friedel-Crafte reaction is effected by the olefinic side chain
of the B ring at a vacant site on the A ring. This event would give rise
to a xanthene, which, although it was neither isolated nor character-
ized, could produce ethylmethylmalonic acid upon oxidation.

The English authors' ethylmethylmalonic acid isclation inspired
the investigation of the action of hydrobromic acid and phosphorous on
nidulin, with the hope of isolating compounds of the xanthene family.

From the reaction of nidulin for various lengths of time with
hydrobromic acid in the presence of red phosphorous in acetic acid
solution, the following observations concerning the relative reactivities
of the various sites in the molecule were made. Hydrolysis of the

lactone and decarboxylation of the resulting acid proceeded rapidly,
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being essentially complete within twenty minutes. Demethylation is
also quite rapid, being about two~thirds complete in twenty minutes
and totally finished within one hour. Both the loes of chlorine and the
xanthene formation proceeded at about the same rate, and were about
one-half and one-third complete, respectively, after three hours'
boiling.

The xanthene structure XV is assigned to the ultimate reaction
product, mp 171.5-173°, primarily on the basis of its NeM-R spectrum
and its microanalysis, which suggests an empirical formula of
C,gH g04Cl,. Outstanding features of its N-M-R spectrum (A-60)®
include the methyl protons of the 9-ethyl group, which fall as a 7 cps
triplet at 35 cps; the 9-methyl group, which falls at i 12 cps as an unsplit

peak; and the ! - and 6- aryl methyl groups which fall at 137 and 160 cps.

No attempt will be made to assign the latter signals specifically to the

CH CH
5N
C|\/ /C
By, )
HO \\If’ O
A

*Ses Experimental.
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methyl groups involved here. It is interesting to note that in the more
rigid systems (i.e., xanthene and depsidons), the aryl methyl signals
occur father apart (ca. 23 cps in xanthenes, ca. !2 cps in depsidone)
than they do in the dephenyl ether system (ca. 3 cps). Ailthough it
probably has little to do with the rigidity of the systems involved, the
relative chemical shifts of the aryl methyl protons do provide an aux-
iliary method of monitoring the amounts of the differeant systems in a
mixture. The infrared spectrum of the product also agrees with the
structural assignment. The three peake may be assigned to each of
the three different hydroxyl groups: to the 3-hydroxyl, the band at
3533 cm”' (OH...Cl); to the S5-hydroxyl, the band at 3567 cm”> (OH...O);
and to the 7-hydroxyl, the band 2t 3619 cm "' (free OH).

The diphenyl ether structure XVI is assigned to the intermediate

CH4 CH4
Cl HO~ =~ l OH
HO O \/\C\
Cl C
/N
CHy CHCH4
XVI

reaction product, mp i4:.5-143°, on the basis of its analysis, which
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suggests the empirical formula of C i81-1”04013; and its N-M-R

spectrum, which indicates the presence of two aryl methyl groups at

positions 3 and 3' by sharp peaks at :40 and i43 cps. The complex

signal of the vinyl methyl protonsindicated that the intermediate product

is actually a 2:! mixture of trans : cis isomers in the olefinic side chain.
Other products, such as the dechlorinated diphenylether XVII

or the chlorinated xanthene XVIII, might be expected to form under

these reaction conditions. Since chromatography separates so easily

the di- and tri-chloro species, the presence of eithes XVII or XVIII could

&

(aH H

CH3 CHy CH3\3 /2 CI

i+ HO~~" Xy OH <:1/l C— S OH
N =N

HO o A HO O CH3
Cl OH

Cl L
CH5 "CHCH4
Xvi XVl

easily be detected. The fact that neither were found in the reaction
mixture is significant. That no XVIII was observed indicates that the
olefinic side chain is so modified by the adjacent chlorine substituent
that no xanthene formation is possible, an event which might have been

anticipated., ThatnoXVIIwas observed meansitis converted as rapidly

4
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as it is formed into the observed xanthene (XV).The implication here is
that actual rate of the xanthene formation reaction is greater than the
actual xanthene formation rate. The rate of xanthene formation is
regulated by the progress of the dechlorination reaction, a much slower
process than the internal Friedel-Crafts alkylation. The discrepancy
between the extent of dechlorination as observed in the infrared and the
extent of xanthene formation as observed in the N-M-R spectrum might
be cited as an indication of the presence of XVIIL.The resliability of these
measurements, however, is poor, as they were intended only to indicate

in a general way the composition of the reaction mixture.
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7. THE STRUCTURE OF THE DIHYDROXYBENZOQUINONE

ISOLATED FROM NIDULIN'S B RING

Dean, Deorha, Erni, Hughes and Roberts have recently reported

(28) the isolation of a substance, Cl H 04, obtained from nidulin by

‘2
oxidizging the product of the action of hydriodic acid on nidulin in an
alkaline methanolic solution with air. They believe this material to be
a B ring residue because of ita empirical formula and its physical
resemblance to known dihydroxybenzoquinones.

The English authors assigned structure XIX to the compound

because its ultraviolet spectrum in ‘'neutral ethanol' bore a close

resemblance to that of 3-methyl-2, S-dihydroxybenquuinone.

O
HO CHo
H\
F=¢ >y or
CH5 CH50
XX

This structural assignment is premature. The data presented
do not eliminate the possibility of structure XX. The sole example of
a 2, 6-dihydroxybengoquinone (XXI) in the literature is apparently

quite similar to 2, 5-dihydroxybensoquinone in its physical properties.
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HO OH

CHo CHx
O

XX XX1

Furthermore, it dissolves in alkali to give a bright blue solution, a
reported property of the nidulin degradation product, but not a general
characteristic of 2, 5-dihydroxybensoquinones. Unfortunately, no ultra-
violet spectra are available in the literature for the 2, 6-system. It
would be expected, however, that structures XIX and XX would give

rise to similar ultraviolet absorption spectra.

Discussion

As classes of compounds, 2,5- and 2, 6-dihydroxybensoquinones
are distinguishable on the basis of their second acid ionization constants.
The 2, 5-dihydroxybenzoquinones, in going from the mono- to the di-
anion form, loose a proton from a system possessing resonance sta-
bilization of the vinylogous carboxylate type. This is the same type of
resonance stabilization that is invoked upon removal of the first proton
from either the 2,5~ or the 2, 6~ systems. Hence, the ionization con-

stante of & 2, 5-dihydroxybenzoquinone would be expected to be rather
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close together, and approximately the same as those of a dicarboxylic
acid such as phthalic acid. The second ionization constant of a 2, 6~
dihydroxybenzoquinone, however, is expected to be comparable to that
of a phenol. On loosing its second proton, the 2,6- systern does not
have available to it the vinylogous carboxylate resonance. The only

stabilization it can gain is an enolic resonance.

Figure 5

In order that the above conclusions might be verified, the second

fonization constants of 2, 5-dihydroxybensoquinone and 3, 5-dimethyl-
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2, 6-dihydroxybenzoquinone were determined by the procedure described
in the experimental part of this section. For the 2,5+ system, a value
of 5.2 was obtained as the PK, (2). This compared favorably with

the value of 5. 18 Schwarzenbach and Suter (30) obtained from redox
potential measurements, and was expected for the PKa. (2) from the
above analysis. For the 2,6- system, a value of 8.8 was observed for
PK_ (2) which was also in line with the prediction.

The compound C, H , obtained by degrading nidulin, was

12%
observed to have a pK_ (2) of 4.8. Hence, the question of its structure

is settled, for this measurement clearly assigns structure XIX, a

2,5- system, to the compound.

O
CH3\ OH
/H
Ho Ny e=c
O CH3 CHB



8. THE STRUCTURE OF NIDULIN

The previous sections of this theeis provide a sound basis for
accepting structure XXII for nidulin which was recently proposed by
Dean, Deorha, Erni, Hughes and Roberts (28). The study of splitting
constants in Z-buténe systems provides a solid basis for assigning a
cis configuration to the 2-but-2-enyl side chain of nidulin. The com-
pound C i 11—! i 2O 4’ obtained by the English workers by degrading nidulin,
is shown to be definitely a 2, 5-dihydroxybensoquinone, thus establishing
the relative orientation of the B ring alkyl groups. The isolation and
characterization of the xanthene resulting from nidulin has provided a
sound explanation for the isolation of ethylmethylmalonic acid from
nidulin and has fixed the position of the 2-but-2-enyl side chain as being
adjacent to the diphenyl ether oxygen.

Although structures XXII and XXIII cannof be distinguished on
the basii of the foregoing evidence, structurel is favored because of
the positive bleaching powder test (for resorcinol nuclei) that nornidulin
(XXV) has been observed to give (5). A second argument for preferring
XXII is based on precedent. Of all of the known depsidones, only one,
variolaric.acid (XXIV), bas a group other than hydroxyl or methoxyl at
 position 4'. It should be noted that even in variolaric aclid, the oxygen

function of the B ring is in the 6' position and meta to the lactone bridge.
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The structures of the other depsidone metabolites of A.
nidulans are now clear. Nornidulin (5) (ustin (3), or compound I of
Hogeboom and Craig (2)) must have structure XXV and dechloronor-
nidulin (7) (compound It of Hogeboom and Craig (2) must have structure
XXVI. It isi interesting to note that while earlier workers (2,3) iso-
lated large quantities of nornidulin and dechloronornidulin but no nidulin,
more recent workers (5,7) have observed increasing nidulin production
and a vanishing output of nornidulin and dechloronornidulin., The iso-
lation of the mixture nornidulin and dechloronornidulin reported in
the experimental section of this thesis establishes that the production
of these two metabolites is less than one percent of the production of

nidulin. FPerhaps this reflects a slow mutation of the fungal strain.
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9. A PRELIMINARY STUDY OF THE BIOGENESIS OF NIDULIN:

A. The Acetate Experiment

Although in 1907 (31) Collie firat introduced the idea that the
biosynthesis of many phsnolic plant products may occur by the head-
to-tail linkage of acetic acid units, this concept remained dormant
until within the past decade it has been vigorously advanced by Birch.
After setting forth a rather comprehensive treatise on the scope of the
acetats theory (32), Birch immediately demonstrated its value by
selecting probable structures for many phenolic natural products (33).
In most instances, he supported the predictions by synthesis.

In 1955, the acetate theory gained considerable stature when

Birch (34) showed that Penicillium griseofulvum, when fed sodium

acctatc-uc. produced 6-methylsalicylic acid which contained the radio-
carbon label only in the positions which are predicted by the acetate
theory. Birch has subsequently traced the biogenesis of other metabolites

of P. griseofulvum (35), and has established the coexistence of poly-f-

keto acid and isoprenoid pathways within the same organism.
In 1958, Birch (36) published the results of a study of the incor-

poration of labelled acetate into penicillic acid by the organism Penicillium

cyclopium. From the observed distribution of the label, he suggested
that the biosynthesis of penicillic acid proceeded through orsellinic acid

via an oxidative ring opening:
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Figure 6

Confirming the prediction of the intermediacy of orsellinic acid,
Bently and Keil (37) successfully isolated orsellinic acid from cultures

of P. cyclopium by paper chromatography. They also showed by label-

ling experiments that the methoxyl carbon atom of penicillic acid can be
derived from formate or methionine S-methyl. Furthermore, they
demonstrated that while penicillic acid is formed from four acetate units,
their experiments with Z-C14 malonate show that only three units of
malonate are incorporated, position 7 being found to be inactive.

Recent thinking on the biogenesis of fatty acids (58) has favored the idea
that the chain extension actually takes place with malonate, not acetate,
as the nucleophilic reagent which attacks the coenzyme A thiol ester end
of the chain. The terminus of the chain , however, is acetyl
coenzyme A thiol ester. Although the incorporation of acetate into all
parts of such ehains implies a ready conversion of acetate to malonate, *

the reverse route apparently does not occur to any great extent. The

*Iq certain systems, an enzyme has been shown to be present (by iso-
lation) which performs the carboxylation function in the presence of
adenosine triphosphate and manganous ion (58a).
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biogenesis of orsellinic acid is quite similar, then, to that of fatty acids.
They differ in principle only in that the fatty acid biosynthesis involves

a reduction of the many keto groups along the chain perhaps by the
reversal of the 3-oxidation cycle (58b).

The end group hypothesis was fortified by the recent work of
Bu'lock and Smalley (38). Orsellinic acid was obtained from the organ-
ism P. urticae which was fed either sodium acetate-l-uc or diethyl
malonate-z—uc. Kuhn-Roth C-methyl oxidations were performed on
the orsellinic acid from each of these sources. That which arcose from
labelled acetate produced acetic acid of a specific activity of one-fourth
of that of the original orsellinic acid. That which arose from labelled
malonate gave acetic acid which was inactive.

The end group hypothesis has led to the proposal for the bio-
genesis of orsellinic and 6-methylesalicylic acids which is presented
in figure 7.

Sodium acetate-l—cm was incorporated into the nidulin produced

by A. nidulans to the extent of 1. 6%. This value, although slightly lower

than is customarily observed in similar systems, strongly implies a
direct biosynthetic pathway between the substrate and the metabolite.

In oxfder to check the incorporation of activity into the A ring,
the degradations outlined diagrammatically in figure 8 were performed.
Decarbonidulin was found to have 84% of the activity of nidulin, indicating

that 16% of nidulin's activity is located in its lactone carbon atom. The
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activity located in the A ring carbon atoms was determined by isolating
the ring as methyl 4, 6-dichloroeverinate. It was determined that 49%
of the molecule's activity was located in the A ring.

Although the observed lactone carbon activity is more than the
expected value of one-fourth that of the entire A ring, the values ob-
teined do indicate that the orsellinate syatem is formed by the same
route present in the related systems discussed earlier in this section.
Since the value of 16% observed for the lactone carbonyl was determined
by subtracting the activity of decarbonidulin from the activity of nidulin,
it could be greatly in error. Assuming a 3% error in each measure-
ment, the lactone carbonyl activity is 16 + 4%, while the activity in the

A ring is 49 + 2%.
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B. The Isoleucine Experiment

The acetate experiment of the preceding section of this thesis
leaves little doubt that ring A of nidulin, an orsellinic acid system,
arises Bioaynthetically by the condensation of four acetate units. The
origin of the remainder of the molecule, especially of the 2-butenyl side
chain, is not, however, immediately apparent.

A 2-butenyl side chain on an aromatic system has no precedent
in nature. There are, h‘;wcver, certain examples of secondary four-
carbon side chains in nature that might suggest a possible biogenetic
pathway for the novel side chain in nidulin.

Aspergillus flavus produces an acidic nitrogen-containing

metabolite that has been given the name aspergillic acid (39). This
substance (XXVII) will be readily recognized as an oxidized form of
the mixed amino acid anhydride (diketopiperazine) (XXVIII) of iso-
leucine (XXIX) and leucine (XXX). Identified as one of the metabolites
produced simultanecusly with aspergillic acid is hydroxyaspergillic acid
(X0)XI) (40). 1If the latter substance were to loose one mole of water
from its secondary four-carbon side chain, a system resembling that
found in nidulin would result. Unfortunately, no such metaﬁolite of A,
flavus has been characterized.

Because isoleucine is almost certainly the precursor of a
potential 2-butenyl side chain in the aspergillic acid series, the in-

corporation of isoleucine into the nidulin skeleton by Aspergillus nidulans

was investigated.
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It is observed in this experiment that when uniformly labelled

iz;ol«mc:ine-c’“4 is fed to the mold Aspergillus nidulans, the nidulin that

is produced by the mold is efficiently labelled (4% incorporation of
activity). Thus isoleucine is shown to be a biogenetic prccursor of
nidulin. Furthermore, the isolation of ring A of the nidulin so produced
as methyl 4, 6-dichloroeverinate having a specific activity of 13% of

that of the ériginal metabolite demonstrated that 87% of the molecule's
radioactivity is concentrated in the B ring.

If isoleucine's role in the biogenesis of nidulin were solely to
provide the basis for a 2-butenyl side chain on ring B, there would be
no activity in ring A. However, isoleucine can be degraded in vivo into
acetate, which the previous experiment has shown to be a precursor of
the orsellinic acid A ring of nidulin. It is well known that the metabolism
of isoleucine is both glycogenic and ketogenic (41); in other words, that
it produces both pyruvate and acetate fragments, which are capable of
being transformed by the standard biochemical routes into glucose and
acetoacetate, respectively. A study of the enzymic extracts of pig
heart and rat liver (42) has disclosed several of the intermediates in
the metabolism of isoleucine, along with the fact that acetyl coensyme
A thiolester is one of the metabolism end products.

In figure 9 is presented diagrammatically the interrelationships

of leucine, acetates and nidulin as detected by this experiment. If it is
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assumed that all of the carbons of nidulin's skeleton come from either
acetate or isoleucine, and furthermore that all carbons coming from
the same source are equally labelled, then with the further assumption
that only one isoleucine unit is incorporated in the B ring skeleton, it
is calculated that the carbon atoms which arise from isoleucine are
approximately nine times more radioactive than those arising from
acetate.

In their most recent publication (28), Dean,Deorha, Erni,
Hughes and Roberts set forth some thoughts concerning how the B ring
of nidulin might be assembled in nature. They cited structural simi-
larities between nidulin's side chain and parts of the metabolites

citrinin (XXXI1) (44) and calophyllolide (XXXIII) (45), and proposed that

XXXI1 XXXII

the 2-butenyl systems in each of these metabolites might arise from

acetate plus a2 cne-carbon unit, such as is diagrammed in figure 9.
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The results of the isoleucine experiment, however, suggest a
different kind of biogenesis for nidulin. In the following discussion an
overall biogenetic pathway is suggested for the purpose of inspiring
future biosynthetic work. The discussion is intended to indicate gener-
ally what sort of intermediates are thought to be involved in the bio-
synthesis of nidulin, but is not to be taken as a mechanism for the
transformation.

Isoleucine may be incorporated in the form of its corresponding
aldehyde, 2-methylbutyraldehyde. The formation of the B ring might
proceed as diagrammed in figure 10 by the condensation of 2-methyl-
butyraldehyde with three acetate units, followed by an oxidation prepar-
atory to ring closure. With the loss of one mole of water, the ring
becomes aromatic.

The source of the 3' methyl group should be a one-carbon unit
such as ""formaldehyde'' or methionine's S-methyl. C-Methylation might
occur either before or after aromatization (59).

The double bond in the side chain n;ight be formed in at least two
ways. After the aromatic nucleus is fo;'mod. an oxidation to an alcohol
might occur at the tertiary carbon of the side chain followed by elimin-
ation of water to form the olefin. This appears to be the route to
hydroxyaspergillic acid. Alternately, the isoleucine unit used in the
initial condensation might have been tiglic acid (cis-2-carboxy-2-butene)

or tiglaldehyde. The latter proposal is not without support. Tiglic acid
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Coenzyme A thiol ester has been identified as an intermediate in the
metabolism of isolcucine‘by the encymic extracts of rat liver and pig
heart (42).

A molecule of orsellinic acid, synthesized from acetate units
at another site, would esterify the 2' hydroxyl group, forming a depside
which would be capable of coupling via a one-electron oxidation to form
the depsidone diphenylether linkage (60).

Chlorination of the system at this stage would proceed quickly -
under very mild laboratory conditions, 80 it is not unreasonable to
propose that chloride ion, in the presence of an oxidizing ensyme,
would provide nidulin with its chlorine atoms. When o-hydroxybenzoic
acids are treated with chlorine at room temperature in wat?r. carbon
dioxide is liberated quantitatively, and chlorophenols are formed.
Kolthoff used the quantitative gas evolution with bromine-water as a
basis for a determination of salicylic acid in the presence of other

phenols (45). Thus the presence of a B ring chlorine atom is explained.



Aromatic chlorination is retarded by the presence of electronegative
substituents on the nucleus to be chlorinated. Therefore, if a dichloro
compound is formed, the missing chlorine will be absent from the A
ring.

The methylation of the hydroxyl groups is apparently one of
the last steps of the biosynthesis. It is interesting to note that the least
acidic hydroxyl group of nidulin is the one that is methylated. When
nornidulin 8 treated with precisely one mole of diazomethane, the A
ring hydroxyl group is methylated while the B ring hydroxyl group is
untouched. The mechaniam of biochemical methylation in A. nidulans
must therefore be quite unlike that of the diazomethane methylation .

It is of great interest at this point to test the above bio-
genetic scheme against the acetate sxperiment already performed. The
biogenesis of isoleucine has been worked out for the organism

Escherichia coli (56). It is assumed that the same scheme (outlined in

figure 11) holds also for the biocaynthesis of isoleucine in A. nidulans.

The conclusion one must come to concerning the distribution of the
radicactive label in nidulin grown on sodium acetateol-uc is that both
rings should be equally labelled. This deduction agrees well with the
observed value of 49% of the activity in the A ring. Further experi-
ments, including the incorporation of '"formaldehyde' into nidulin and

degradations of the B ring of nidulin are now in order.
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FIGURE 12

Biogenesis of isoleucine:
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Special Services and Equipment. The microanalyses reported here

were performed by either Dr. Adalbert Elek, Elek Microanalytical
lLaboratories, Los Angeles, California (E); the Schwarzkopf Micro-
analytical Laboratories, Woodside, New York (S), or the Spang Micro-
analytical Laboratories, Ann Arbor, Michigan (Sp). All melting points
are uncorrected.

The infrared spectra were observed on a Beckman grating
spectrometer, Model IR-7. The ultraviolet absorption spectra were
obtained using a Cary recording spectrophotometer, Model 1IM.

The nuclear magnetic resonance spectra (N-M+R) were observed
at 60 Mc on either of two Varian Associates machines. Data marked
HR -60 were obtained with the Varian Model V4300D spectrometer
equipped with a Super Stabilizer, constant-temperature magnet cooling
and, in all but the spectra for the first structural interpretations on
nidulin, field homogeneity controls and an integrator. Chemical shifts
were measured by the audio sideband technique with a Hewlett-Packard
Model 521 C frequency counter and Model 200 AB audio oscillator.
Chemical shifts are gquoted in cyéles per second (cps) upfield from the
signal of an external benzene reference sample. Data marked A-60 were
observed on a Varian A<60 analytical N-M-R spectrometer. Chemical
shifts were measured directly from the recorder chart, and were re-

ported in cps downfield from the signal of an external reference sample
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of a five percent sclution of tetramethylsilane in carbon tetrachloride.
For purposes of comparing the two scales, the benzene signal is
observed at 396 cps downfield from the tetramethylsilane signal. The
recorder chart positions, when checked with the calibration apparatus
mentioned above, were found to be reliable to within one percent at
the 50 cps sweep width position.

Vapor phase chromatographs were obtained with a Perkin-Elmer
Vapor Fractometer, Model 154-B, All preparative runs were made on

a Beckman Megachrom.,
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Isolation of Nidulin.

Stock cultures of Aspergillus nidulans, NRRL No. 2006, obtained

from the U, 3. Department of Agriculture, 1815 N. University St.,
Peoria 5, Illinois, were kept on malt agar slants. For long-term stor-
age, the stock cultures were wrapped in a water-tight Saran Wrap and
aluminum foil jacket and kept in the freezing compartment of a refiger-
ator. 