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Application of a Chemical Degradation of Coenzyme Q

to Problems of Biosynthesis®

Ronald Bentley, Virginia G. Ramsey, Cecile M. Springer, G. Hossein Dialameh, and Robert E. Olson

ABSTRACT: The chemical degradation of certain pro-
tected derivatives of coenzyme Q with nine (CoQjy)
and ten (CoQy,) isoprene residues on the side chain
has been investigated. Ozonolysis in glacial acetic acid
at room temperature gave low and variable yields of
the desired 3',4’,5',6'-tetramethoxy-2’-methylphenyl-
acetic acid or 3’,6’-diacetoxy-4',5 '-dimethoxy-2’-meth-
ylphenylacetic acid. In an improved procedure, the di-
acetate of CoQ hydroquinone in ethyl acetate was
treated with damp ozone at low temperature. After
separation of levulinaldehyde as the 2,4-dinitrophenyl-
hydrazone, the aromatic aldehyde was oxidized with

Bential precursors of both aromatic and iso-
prenoid portions of CoQs,! such as phenylalanine and
acetate, respectively, are incorporated into this com-
pound by the rat in significant amounts (Olson et al.,
1961). To determine the extent of incorporation of
these precursors into the benzoquinone ring and iso-
prenoid side chain of CoQ, a chemical degradation of
the molecule, adaptable to the small amounts available
from biological studies, was necessary.

When the dimethyl ethers of CoQ hydroquinones were
treated with aqueous alkaline KMnO, at 100°, Wolf
et al. (1958) obtained tetramethoxyphthalic anhydride;
with KMnO, in acetone, they isolated 3’,4’,5’,6'-
tetramethoxy-2’-methylphenylacetic acid. In addition,
levulinic and succinic acids were identified. Since we
encountered great difficulty in repeating this work on a
small scale, we investigated the ozonolysis of the di-
acetates of CoQ hydroquinones (Morton et al., 1958).
Again, the originally described conditions gave poor
yields in our hands.

This paper is devoted to a report of the development
of reliable semimicro methods for the ozonolysis of

* From the Department of Biochemistry and Nutrition,
Graduate School of Public Health, University of Pittsburgh,
Pittsburgh, Pa. Received August 27, 1964. This work was sup-
ported, in part, by the following grants-in-aid from the U.S.
Public Health Service: Institute of General Medical Sciences
(08477), Institute of Arthritis and Metabolic Diseases (03737);
and a general support grant (1 SOI FR 05151) from the General
Research Support Branch, Division of Research Facilities and
Resources. This is contribution No. 14 from this laboratory on
the subject of coenzyme Q.

t The abbreviation CoQ is used for coenzyme Q (ubiquinone).
CoQ, indicates coenzyme Q with x-isoprene residues in the side
chain.

neutral permanganate to 3’,6’-diacetoxy-4’,5’-dimeth-
oxy-2’-methylphenylacetic acid with a 25-407%; yield.
Appearance and disappearance of intermediates in
the ozonolysis reaction and subsequent oxidation were
followed by gas-phase chromatography.

The vitamin A-deficient rat was found to in-
corporate 0.005% of administered L-[U-1‘C]phenyl-
alanine into CoQ, Degradation of the [1C]-
CoQ; hydroquinone diacetate by the method out-
lined revealed approximately 80%; of the ra-
dioactivity in the ring fragment and 209 in the
side chain.

14C-labeled CoQ derivatives and their application to
the study of distribution of radio carbon among ring
and side chain of the molecule after administration of
[U-14C)phenylalanine to rats. Improved methods for
the identification of degradation products and the
synthesis of various intermediates and reference ma-
terials are also described. A preliminary report has ap-
peared (Bentley et al., 1961).

Experimental Procedure

Animals. Young male albino rats of the Sprague-
Dawley strain (Charles River Breeding Laboratories,
Brookline, Mass.) were used. Vitamin A deficiency
was induced to increase the incorporation of precursor
radioactivity into hepatic CoQy (Gloor and Wiss,
1959). Weanling rats 50-60 g in weight were fed the
diet of Mayer and Krehl (1948) for 2-4 weeks, at which
time they weighed 140-180 g and had approximately
doubled their hepatic CoQ content from 111 =+ 11
ug/gto 276 £ 45 ug/g.

Chemicals. All solvents were redistilled except ana-
lytical grade diethyl ether (peroxide-free). L-[U-14C]-
Phenylalanine, 10.6 mc/mm, was obtained from Nuclear-
Chicago, Desplaines, Ill. Its radiochemical purity was
attested to by carrier dilution with authentic L-phenyl-
alanine, by paper chromatography in 1-butanol-
water-acetic acid, and by paper electrophoresis. Syn-
thetic CoQ, was a generous gift from Dr. O. Wiss,
Hoffmann-La Roche and Co. Ltd., Basle. Dr. Wiss
also provided us with a sample of 3’,6'-diacetoxy-4',5’-
dimethoxy-2’-methylphenylacetic acid. We are grateful
to Dr. K. Folkers, Merck, Sharp & Dohme Research
Laboratories, Rahway, N.J., for gifts of CoQ,, and
3’,4°,5',6'-tetramethoxy-2'-methylphenylacetic acid. A
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sample of rubrogliocladin was kindly provided by
Dr. P. W. Brian, Akers Research Laboratories, Imperial
Chemical Industries Ltd., The Frythe, Welwyn, Herts.
Ozonized oxygen was prepared with a Welsbach
Ozonator, Model T 23, equipped with a Welsbach ozone
meter, H 30 (The Welsbach Corp., Philadelphia, Pa.).

Isotope Experiments. Nonfasted, vitamin A—deficient
rats were injected intraperitoneally with 100 uc of
L-{U-1‘C]phenylalanine and killed in 3 hours. Coenzyme
Q was isolated from both liver and carcass (less head
and intestinal contents) and purified separately to con-
stant specific radioactivity and spectral purity on
Brockman grade III alumina as previously described
(Olson et al., 1961). At this point, the two samples
were combined and CoQ, (809077 of the total CoQ)
was isolated by preparative reverse-phase paper chro-
matography, using paraffin oil-impregnated paper and
1-propanol-water, 4:1. Paper chromatography was re-
peated (at least once) to obtain constant specific radio-
activity of the CoQ Rechromatography on alumina
sufficed to remove the paraffin and the spectrally
pure [1*C]-CoQ, was then crystallized to constant
specific radioactivity with 4-8 times its weight of
authentic cold CoQs. The diacetate of CoQy hydro-
quinone was prepared by reductive acetylation (Lester
et al., 1959), and recrystallized to constant specific
radioactivity prior to ozonolysis as subsequently de-
scribed. Acetone from the terminal isopropylidene
group was isolated as the 2,4-dinitrophenylhydrazone
in preliminary experiments and found to agree in
specific activity with that predicted from the levulinalde-
hyde moiety assuming consistent labeling of the side
chain in agreement with established pathways for poly-
isoprenoid molecule biosynthesis (Bloch, 1957).

The radioactivity of CoQ, and its derivatives was
determined in toluene by liquid scintillation counting
using diphenyloxazole as a phosphor. Samples were
routinely checked for quenching and corrected if neces-
sary. The bis-2,4-dinitrophenylhydrazone of levulin-
aldehyde was counted as an infinitely thick sample
against a calibrated standard.

Analytical Methods. IDENTIFICATION OF AROMATIC
ACIDS BY GAS CHROMATOGRAPHY. A Barber-Colman
Model 10 instrument (Barber-Colman Co., Rockford,
Il.) and a Chromalab instrument (Glowall Corp.,
Glenside, Pa.) were used. In each case, glass columns
were pretreated with a 1% solution of dichlorodimeth-
ylsilane in chloroform, then rinsed with methanol and
dried prior to packing (Sweeley and Chang, 1961).
The standard liquid phases finally adopted were 4%
silicone rubber gum, SE-30 (Silicone Products Div.,
General Electric Co., Waterford, N.Y.) or 4% nitrile
silicone, XE-60. The inert support was acid-and-alkali-
washed Chromosorb W (Johns-Manville), 80-100 mesh.

Solutions of the various acids or aldehydes were pre-
pared in redistilled benzene. Samples of from 0.5 to
2.0 ul were injected into the instruments. For prepara-
tion of the methyl esters of the acids, the compound
was dissolved in 2-3 ml of anhydrous ether containing
10%, methanol and was treated with diazomethane as
described by Schlenk and Gellerman (1960).

ASSAY OF TETRAMETHOXYPHTHALIC ANHYDRIDE. Ap-
propriate aliquots of a stock solution of freshly sub-
limed tetramethoxyphthalic anhydride dissolved in
water were diluted to 3 ml with 0.05 M HCI-KCI buffer,
pH 2.4. The final solution used for assay had a pH of
2.6. The fluorescence spectrum obtained in the Aminco-
Bowman spectrophotofluorometer, using an excitation
wavelength of 300 mu, showed one major peak at 420—
400 mu, a minor peak at 340 my, and a small peak at
300 mu from the excitation wavelength. There was a
linear relationship between concentration and the re-
corded peak height at 430440 mu over the range 5-30
K8

Preparation of CoQ Derivatives. DIMETHYL ETHERS OF
CoQ; aAND CoQ;o HYDROQUINONES. 2 To a stirred suspen-
sion of 2.0 g of either CoQ; or CoQyq in 20 ml of ab-
solute ethanol was added 20 ml of freshly distilled di-
methyl sulfate at room temperature (N, atmosphere),
followed by ten 40-mg portions of KBH,. After 20
minutes, a further 120 mg of KBH, was added to the
now colorless reaction mixture followed by 309, NaOH
added dropwise (over 2.5 hours) to slight excess. The
mixture was refluxed under N, for 1.5 hours. After
cooling and dilution with 50 ml H;O, the mixture was
extracted three times with 125 ml of ether. The com-
bined ether extracts were washed three times with
saturated NaCl solution, dried over MgSQ,, filtered,
and evaporated to dryness to yield about 2.2 g of a
viscous oil. The oil crystallized on standing overnight
at 4°, The total solids were chromatographed on a 10-
mm X 20-cm column of acid-washed alumina packed
in Skellysolve B. Elution was carried out with 100 ml
of each of the following: Skellysolve B, isooctane, 5%
diethyl ether-95 % isooctane (v/v), and ether.

The dimethyl ether of CoQs hydroquinone isolated
from the ether-isooctane fractions was recrystallized
from ether-ethanol-isooctane (1:1:1), yielding 1.35 g
of white plates, mp, 32-35°; A2 275 my; E1% =
9.5.

Anal. Calcd for CssHgO4: C, 81.49; H, 10.75; CH;0,
15.07%. Found®: C, 80.76, 80.98; H, 10.58, 10.49;
CH;0, 14.47,14.73 %,

The dimethyl ether of CoQ:, hydroquinone, also iso-
lated from the corresponding ether-isooctane fractions,
crystallized spontaneously on evaporation, mp 36-37°.
It was recrystallized from anhydrous ethanol to con-
stant mp of 37-38.5°; A2l 275 my; EX% = 8.0.

Anal. Calcd for C51H9504: C, 8201; H, 10.83;
CH;0, 13.909%,. Found: C, 81.98; H, 10.64; CH;0,
13.97%.

Preparation of Substituted Benzoic and Phenylacetic
Acids. TETRAMETHOXYPHTHALIC ANHYDRIDE. Tetra-
methoxyphthalic acid (17.3 mg), prepared from rubro-
gliocladin (Vischer, 1953), was added to 2.0 g of

2 We are indebted to Dr. Karl Folkers for sending us details
of his preparation of the dimethyl ether of CoQuo hydroquinone
which was modified in regard to conditions for reduction and
methylation.

3 Microanalyses were by Dr. Carl Tiedcke, Teaneck, N.J.,
and the Microanalytical Laboratory, Mellon Institute of Indus-
trial Research, Pittsburgh, Pa,
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Celite impregnated with 8 drops of 27 N H,SO4. The
mixture was added to a standard column of Celite
(12 g) wet with 8 ml of 0.5 N H,SO, (Phares et al.,
1952), which was eluted with chloroform. Fractions
were collected every 30 minutes. Fractions 3-6 con-
tained 15.4 mg of a tan solid, mp 138-140° (93
yield). The anhydride was sublimed at 95-105° (bath
temperature) and 1 mm pressure to obtain 11.7 mg
of pure tetramethoxyphthalic anhydride, mp 138-139°;
literature (Vischer, 1953) mp, 136-137°.

3',4',5",6’-TETRAMETHOXY-2 '-METHYLPHENYLACETIC
acip. This compound was prepared by the general
method of Shunk ef al. (1960). 3,4-Dimethoxytoluqui-
none (500 mg) (Anslow et al., 1938), in 5 ml ethanol and
5 ml dimethyl sulfate, was treated under stirring with
100 mg of KBH, in a N, atmosphere. The initially red
solution became faintly yellow after 15 minutes, Six
ml of 30 %, NaOH was then added dropwise (30 minutes)
with cooling. After stirring for an additional hour at
room temperature, the mixture was heated at 90° for
1 hour. After cooling and dilution with 25 ml H;0,
the mixture was extracted three times with 125 ml of
ether. The combined ether extracts, after being washed
several times with saturated NaCl solution, were dried
over MgSO,, then filtered and concentrated to dryness
to obtain 1.15 g of 2,3,4,5-tetramethoxytoluene as a
light-yellow oil. This compound was added to a mixture
of 25 ml concentrated HCI and 1.0 ml of 37 % formal-
dehyde and was stirred while HCI gas was added for 2.5
hours at 45°. The reaction mixture, diluted with water
(25 ml), was extracted three times with 100 ml of ether.
The combined ether extracts, after being washed with
water, were dried over MgSO, and concentrated to
dryness to yield 1.5 g of 2-methyl-3,4,5,6-tetramethoxy-
benzyl chloride.

To 0.69 g of KCN dissolved in 8 ml of H;O was added
1.5 g of 2-methyl-3,4,5,6-tetramethoxybenzyl chloride
in 40 ml of ethanol. The mixture was stirred under re-
flux for 4.5 hours. After removal of ethanol in vacuo
and addition of water (25 ml), the mixture was extracted
three times with ether (50 ml). The combined ether ex-
tracts were washed with water, dried over MgSO,,
filtered, and concentrated to yield 1.2 g of 2-methyl-
3,4,5,6-tetramethoxybenzyl cyanide. This latter ma-
terial was refluxed with 200 ml of 50%; methanol con-
taining 30 g of KOH for 15 hours. Ammonia was
evolved. After concentration in vacuo, the residue was
extracted four times with chloroform (50 ml). The com-
bined chloroform extracts were dried over MgSQO,,
filtered, concentrated to dryness, and dried in vacuo.
The residual yellowish oil (270 mg) was sublimed at 1
mm Hg to yield 213 mg of 3’,4’,5’,6’-tetramethoxy-2’~
methylphenylacetic acid as a white crystalline solid,
mp 70-72° (literature mp 75-76°). The acid (25 mg)
was purified by chromatography on a standard Celite
column, 11 mm X 32 cm (Phares et al., 1952). Elution
with chloroform saturated with 0.5 N H.SO, yielded
the pure white, crystalline acid, mp 74.5-76°.

PREPARATION OF 2,5-DIACETOXY-3,4-DIMETHOXY-0-
TOLUIC AcID. Small portions of zinc dust were added to
1.1 g of resublimed 3,4-dimethoxytoluginone in glacial
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acetic acid (4.0 ml) until the solution was colorless.
Chloroform (50 ml) was added and the mixture was
filtered through glass wool. The filtrate was washed
with saturated NaCl and the chloroform solution then
dried over Na,SO,. Vacuum evaporation of the solvent
gave a yellow oil which was dissolved in pentane (50
ml), seeded, and allowed to stand overnight at 4°.
There was obtained a 759 yield of white, crystalline
hydroquinone (833 mg) with mp 73.5-74°. After puri-
fication by sublimation at 0.01 mm Hg (bath tempera-
ture, 45-60°) and two recrystallizations from ether-
pentane (1:5), 3,4-dimethoxytoluhydroquinone had
mp 74.5-75.5°%; A2l 289 my; EX% = 177.

Anal. Caled for C¢H.0,: C, 58.68; H, 6.579.
Found: C, 58.70, 58.51; H, 6.01, 6.179.

3,4-Dimethoxytoluhydroquinone (833 mg) and zinc
cyanide (790 mg) (Vogel, 1956), both dried overnight
over P;O; were mixed with dry ether (15 ml). Dry
HCI gas was rapidly passed into the mixture for 50
minutes, with stirring. A yellow oil separated. After
the ether layer was decanted the oil was heated with 5 ml
of H,O at 90° for 3 minutes. Gas was evolved and a
yellow solid precipitated. After standing overnight at
4°, the precipitate was filtered to yield 647 mg of ma-
terial with mp 105°. By heating of the filtrate at 100°
for 5 minutes, then cooling at 4° for 2.5 hours, an addi-
tional 35 mg of crude aldehyde was obtained.

The first crop of aldehyde was washed successively
with one 2-ml, two 1-ml, and two 0.5-ml portions of
H;0. The residue, dried over P;Os overnight, weighed
247 mg, mp 125-129°, The second crop was warmed
at 60° for a few minutes with 1 ml of H,O. After the
solution had stood overnight at 4°, there was obtained
25 mg of aldehyde, mp 129-130°. The combined yield
was 289, of the theoretical. Aldehyde (247 mg), dis-
solved in 5 ml of ether at 40°, was treated with 11 ml
of pentane. After the solution had remained at 4° for
2 days, yellow needles of 3,4-dimethoxytoluhydro-
quinone-6-aldehyde (197 mg) were obtained by de-
canting the supernatant fluids and washing with pen-
tane, mp 130-131°. A further 24 mg was obtained
from the mother liquor.

Anal. Caled for C,H;:05: C, 56.59; H, 5.70%.
Found: C, 56.46, 56.60; H, 5.15,5.27 7.

The infrared and ultraviolet absorption spectra of’
3,4-dimethoxytoluhydroquinone-6-aldehyde were simi-
lar to those of the hydroquinone aldehydes studied by
Quilico and Cardani (1953). In the infrared spectrum,
determined by the KBr pellet technique, a carbonyl
stretching absorption was observed at 1625 to 1620
cm~1, A similar value was also determined for orsellinic
aldehyde. This absorption appears at slightly lower
frequency than those commonly reported for aromatic
aldehydes. The following peaks were observed in the
ultraviolet absorption spectrum of 3,4-dimethoxy-
toluhydroquinone-6-aldehyde: shoulder at 233 my,
EI%. = 427; Nl 290 mu, Ei7, = 562; ASthew!
376 myu, E1% = 181.

The foregoing aldehyde (172 mg), 1.5 ml freshly dis-
tilled acetic anhydride, 0.5 ml freshly distilled triethyl-
amine, and 5 ml of sodium-dry ether were allowed to
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stand at room temperature for 17 hours. After dilution
with 25 ml ether, the mixture was extracted with small
portions of saturated aqueous NaCl solution. The
residue, obtained on evaporation of the ether in a
stream of N, gas at 40°, was stirred with 12 g of crushed
ice. A white solid (214 mg; 899 of theoretical) sepa-
rated, mp 91-92°. Recrystallization from ether by addi-
tion of pentane gave 169 mg of colorless needles of 2,5-
diacetoxy-3,4-dimethoxy-o-tolualdehyde, mp 92-94°,
After sublimation at 0.01 mm Hg (bath temperature,
55-80°), the compound had mp 93-94°, \:iheeo!
269 mpu; Ei %, = 35.8.

Anal. Caled for CuHi0;: C, 56.75; H, 5.44%.
Found: C, 56.90; 56,98; H, 5.71,5.73 7.

Sublimed 2,5-diacetoxy-3,4-dimethoxy-o-tolualdehyde
(88.5 mg dissolved in 80 ml of acetone) was oxidized
with 400 mg each of KMnO,; and MgSO; in water (8
ml) added dropwise with stirring, at room temperature.
After 2.5 hours the mixture was cooled to 0° and
treated with SO. gas until colorless. Following removal
of acetone by vacuum evaporation at 45°, the aqueous
solution was extracted with ether. The combined ether
extracts were extracted with one 10-ml and four 5-ml
portions of 59 aqueous sodium bicarbonate, and then
with two 2-ml portions of water. The aqueous extracts
were acidified to Congo red with concentrated HCI,
saturated with NaCl, and extracted with one 20-ml
and five 5-ml portions of chloroform. The combined
chloroform extracts were washed with saturated NaCl,
dried over sodium sulfate, then evaporated to an oily
residue (93 mg, 999 vyield) which crystallized slowly on
standing.

The crude solid, recrystallized from ether (2.5 ml)
by careful addition of pentane (12 ml), yielded 74 mg
of 2,5-diacetoxy-3,4-dimethoxy-o-toluic acid, mp 120-
121.5°.

Anal. Calcd for C14H1aOs: C, 5384; H, 517%.
Found: C, 54.02, 54.20; H, 5.35,5.37%.

The same toluic acid was also prepared from rubro-
gliocladin. Rubrogliocladin (200 mg), 200 mg of zinc
dust, 5 ml of acetic anhydride, and 1 ml of freshly dis-
tilled triethylamine were heated for 4 minutes at 95°.
After addition of 25 ml of cyclohexane and filtration of
the solution through glass wool, the cyclohexane was
washed with three 15-ml portions of 0.3 N HCI and
water. The colorless oil obtained on evaporation was
then crystallized from 8077 ethanol to yield 112 mg of
the diacetate, mp 91-92°. A 25-mg portion of this di-
acetate in 10 mg of acetone-water (1:1) at 70° was
treated dropwise for 15 minutes with 5 ml of water
containing 280 mg each of KMnO, and MgSO..
After heating for an additional hour, all of the perman-
ganate had been utilized. A further 1 ml of the ox-
idizing mixture was then added and heating was con-
tinued for 30 minutes. The cooled reaction mixture was
treated with SO, gas until colorless. Most of the acetone
was then removed by vacuum evaporation. The aqueous
residue was extracted with ether and the combined
ether extracts were back-extracted with water. After
drying the extract over Na,SO,, the ether was evapo-
rated. The oily residue was found on gas chroma-

tography (see Analytical Methods) to contain 46
of the starting material and 54 % of the acid. The oil,
dissolved in ether, was separated into neutral and acid
fractions in the usual way. From the acid extract there
was obtained 12.5 mg of product. Following recrystal-
lization from acetone—petroleum ether, 2,5-diacetoxy-
3,4-dimethoxy-o-toluic acid had mp 117.5-118°, and
showed no mp depression in admixture with material
prepared from 3,4-dimethoxytoluquinone.

Anal. Caled for CiH,s0s: C, 53.84; H, 5.177.
Found: C, 53.54; H,5.16%.

Ozonolysis Technigues. OZONOLYSIS IN ETHYL ACETATE
AT LOW TEMPERATURE. The ‘‘standard’ conditions for
low temperature ozonolysis as developed in many ex-
periments are as follows. The diacetate of CoQ; hy-
droquinone (264 mg) was dissolved in ethyl acetate (7
ml) and 0.2 ml of water was added. After cooling in a
dry ice-acetone bath, ozonized oxygen (which had been
bubbled through water) was passed in at a rate of 0.01
standard cu ft/min. The voltage setting of the Welsbach
ozonator was 58, and 18 mg O; per minute was ob-
tained. The theoretical amount of O; would require 8
minutes of treatment. After 12 minutes a blue solution
was obtained, showing the presence of excess ozone.
The treatment with ozonized oxygen was continued
for a total of 60 minutes.

The solvent was removed by vacuum distillation at
30°, and the residue was taken up in 70 ml of ether.
The ether was extracted with five 20-ml and five 10-
ml portions of water and each aqueous extract was
in turn back-extracted with 5 ml of ether. The combined
aqueous extracts are termed fraction 1.

The combined ether extracts were dried over Na.SQO,,
filtered, and evaporated to dryness. The residual oil
(125 mg), dissolved in acetone, 90 mi, was treated at
room temperature with a solution of 250 mg each
of KMnOQO, and MgSO, in 5 ml of water. This was added
with stirring at the rate of 1 ml/minute and stirring was
continued for an additional 40 minutes after all the
oxidant had been added. The reaction mixture, cooled
in ice, was treated with SO, gas until it was colorless.
After vacuum evaporation of the acetone, the aqueous
residue was extracted with three 50-ml portions of
ether. The combined ether extracts were washed with
six 5-ml portions of 109, NaHCOQO; and two 5-ml por-
tions of H,O. The washed ether layer was concentrated
to obtain 18.9 of neutral material, fraction II (not
further investigated).

The combined basic aqueous extracts, cooled in ice,
were acidified to Congo red with concentrated HCI.
The acid solution was extracted with six 10-ml portions
of chloroform. The combined chloroform extracts were
washed with water (10 ml), dried, filtered, and con-
centrated. The residue, 44 mg, was termed fraction III.

Fraction 1. The combined aqueous extracts were
treated with 200 mg of 2,4-dinitrophenylhydrazine in
160 ml of 6 N H:SO,. The precipitate, obtained on stand-
ing, was filtered, washed with water, and recrystallized,
first from methanol, then from chloroform to yield 348
mg of levulinaldehyde bis-2,4-dinitrophenylhydrazone,
mp 228-232° (327 yield).
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Fraction III. This fraction was sublimed at 0.005 mm
Hg, and the following fractions were collected: bath
temperature 105-115°, 7.76 mg (yellowish oil); 115-
130°, 19.10 mg (colorless oil); 130-140°, 15.16 mg
(colorless oil). The fractions were separately crystal-
lized from ether-petroleum ether. After recrystalli-
zation, there was obtained 24.0 mg of 3’,6’-diacetoxy-
4',5’-dimethoxy-2’-methylphenylacetic acid, mp 132-
133°(24.5 %, of theory).

Higher yields of aromatic acid were frequently ob-
tained; e.g., from 140 mg of the diacetate of CoQ,
hydroquinone, the final yield of recrystallized aromatic
acid, mp 134-136°, was 17.8 mg (34.8 % of theory).

OZONOLYSIS WITH SUBSEQUENT OXIDATION OF BOTH
AROMATIC ALDEHYDE AND LEVULINALDEHYDE. CoQ,
hydroquinone diacetate (300 mg) was ozonized as
previously described. The residue obtained on removal
of solvent was immediately dissolved in acetone, 100
ml, and was oxidized with 400 mg each of KMnO, and
MgSO; in 8 ml of H,O under the usual conditions.

After the usual removal of ether-soluble neutral
materials, the alkaline extracts were made acid to Congo
red and extracted with one 10-ml and five 5-ml portions
of chloroform. The combined chloroform extracts
(containing aromatic acid) were washed with three 2-
ml portions of saturated NaCl solution (washing dis-
carded). The aqueous layer after chloroform extraction
contained levulinic acid, which was isolated as the
2,4-dinitrophenylhydrazone (210 mg, mp 188-195°),
On recrystallization from 7 ml of chloroform, the pure
derivative had mp 211-213°.

The aromatic acid extract was dried over Na.SO,,
filtered, and evaporated to yield 141 mg of a pale-
yellow oil which was sublimed and recrystallized as
previously described to give 53 mg of acid, mp 130-132°
(48 %% of theoretical).

Purification of 3',6'-Diacetoxy-4',5’-dimethoxy-2’-
methylphenylacetic Acid by Column Chromatography.
Crude acid (37.8 mg) was dissolved in a little benzene
and applied to a column (1.7 X 20 c¢cm) of silicic acid
(80-100 mesh). The column was prewashed with 100
ml benzene, 100 ml ether, and 100 ml benzene again.
The eluting solvents were 400-ml portions of the fol-
lowing ether-benzene mixtures: 10:90, 15:85, 20:80.
The combined 15:85 and 20:80 eluates were evaporated
yielding 23 mg of residue which, after sublimation and
recrystallization in the usual way, had mp 136-138°
(corr). This was the highest mp recorded for the phenyl-
acetic acid. On gas chromatography this material
showed a single peak, both as free acid and methyl
ester.

Results

Oxidation of Dimethyl Ethers of Coenzyme Q.
The dimethyl ethers of the hydroquinones of coen-
zymes Qo and Q.o were prepared and attempts were
carried out to degrade them oxidatively on a 0.5-mmMm
scale. These oxidation studies were facilitated by the
spectrophotofluorometric assay for the expected tetra-
methoxyphthalic anhydride. Permanganate oxidations
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FIGURE 1: The ozonolysis reaction. The reactions
shown are the reductive acetylation of the CoQ deriva-
tive, followed by cleavage of the double bonds with
ozone. The oxidation of the aromatic aldehyde to acid
is not shown as a separate step.

of preparations of the dimethyl ethers of CoQ, and
CoQ,¢ hydroquinones were carried out with either 1 M
KMnO, and 1 M KOH, or with 59, KMnO, and 1 M
KOH, and at temperatures in the range 45-100°.
The resulting solutions were then analyzed; although a
fluorescence peak at 420 mu was usually detectable,
only very small amounts of phthalate were present and
it was impossible to isolate any pure aromatic acid.
The tetramethoxyphthalic anhydride was found to be
destroyed to a considerable extent on treatment with
KMnO, under the oxidation conditions applied to the
dimethyl ether derivatives. Attempts to obtain the
required oxidation products by use of KMnQO, in ace-
tone, periodate-permanganate, OsO,-KClO,, or chromic
acid were equally unsuccessful.

Oxidation of Diacetates of Coenzyme Q. A detailed
study of the ozonolysis of the diacetates of either
CoQs or CoQy hydroquinone was then carried out,
starting with the conditions of Morton er al. (1958)
who used glacial acetic acid as solvent, at 15°. The re-
actions involved are shown in Figure 1. To avoid over-
oxidation, ozone in slightly less than the theoretical
amount was used with the aid of an ozone meter. Table
I gives the yields of two of the expected products (3,6'-
diacetoxy-4’,5’-dimethoxy-2 -methylphenylacetic acid
and levulinaldehyde as the bis-dinitrophenylhydrazone);
the yield of the third product, acetone, was not meas-
ured. The highest yield of the phenylacetic acid was ap-
proximately 13.59 in an experiment in which 789 of
the theoretical amount of ozone was used. The use of
more or less ozone apparently resulted in decreased
yields of the phenylacetic acid. The acid obtained in
this way usually had mp 119°, In these experiments,
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TABLE 1: Ozonolysis of Diacetate of CoQ, Hydroquinone Using Dry Ozone.*

Amount of  Amount Neutral Levulinaldehyde
Diacetate of Ozone Aromatic Acid Fraction (as 2,4-DNP)

Expt Used Used Yield Mp Yield Yield Mp
No. ® (% theory) (mg) ) (mg) (mg) )

1 1.08 90 15.4% e 7.65 770 225-228

2 1.01 98 17.9¢ 89.14 650 216-225

3 0.289 Excess? 46,2t 98.53 412 Crude, 205

4 0.290 78 14.4 116-118 16.76 600 216

5 0.500 93 22.0 117-119 43.35

6 0.254 81 10.5 112-114 55.5 315 233-236

7a 0.250 90 5.93 112-115

7b 0.250 80 6.36 110-114 116

7c 0.250 70 3.54¢ 105-108 22

« In these experiments, the diacetate was dissolved in glacial acetic acid and was treated with dry ozone at 15°.
Less than theoretical amounts of ozone were used as indicated, with the exception of experiment 3. The amount of
ozone in the gas stream was 39.7 mg/liter, or 0.67 g/hr. The ozone was metered into the solution on the basis of the
time needed for the required amount. The reaction mixtures were fractionated following the general procedure of
Morton et al. (1958); except as indicated, the aromatic acid was sublimed in vacuo, and further crystallized from

ethanol-ether (1:4). ? Determined as the crude oil, prior to sublimation. ¢ Not determined. ¢ Twice theory. ¢ This
includes a small amount, collected as a second fraction, having mp 134-136°,

we reduced the ozonide by zinc dust to obtain the cor-
responding phenylacetaldehyde, which was then oxi-
dized to acid with permanganate. We investigated a
number of other reagents without success for cleavage
of the ozonide, such as trimethyl phosphite (Knowles
and Thompson, 1960) and oxidation with H,0,, per-
acetic acid, and silver oxide.

Since it appeared that the highly O-substituted ring
was particularly labile to ozonolysis at 15-25°, we in-
vestigated ozonolysis at lower temperatures. With
ethyl acetate and damp ozone at —70°, it was possible
to isolate some of the phenylacetic acid immediately
following the treatment with ozone, and without a
reductive cleavage and subsequent KMnQ, treatment.
It appeared that the ozonide cleavage was brought
about by water and that the aldehyde was subsequently
oxidized either by excess ozone or the hydrogen per-
oxide formed in the hydrolysis. Following this, addi-
tional amounts of acid could be obtained by oxidation
of the residual aldehyde with KMnQ,. A series of ex-
periments with this technique is shown in Table II.
With the use of excess ozone, and in some cases of a
further quantity of oxygen, the amount of acid present
following ozonolysis increased, and, correspondingly,
that added by subsequent KMnQ, treatment declined.

Further investigations of this general system may be
summarized as follows: The addition of water to the
ethyl acetate solution was helpful in increasing the yield
of aromatic acid, while the addition of catalysts such
as acetic acid or triethylamine had little effect. An ex-
cess of ozone was desirable and further treatment with
oxygen could then be omitted. Despite the fact that
some phenylacetic acid could be obtained immediately

after ozonolysis, we concluded that extraction of the
aromatic aldehyde followed by KMnQ, oxidation was
the most useful routine procedure. This has been de-
scribed above as our “‘standard” procedure. Reproduc-
ible yields up to 40%; of theoretical have been obtained
under these conditions, as well as adequate amounts of
levulinaldehyde as the bis-2,4-dinitrophenylhydrazone.

It was also possible to oxidize the crude ozonolysis
mixture directly with permanganate, with isolation of
levulinic acid and the aromatic acid. Good yields of
aromatic acid, ranging from 47.7 to 56.7% of theory,
were obtained at the 0.3 mm level. The yields of levulinic
acid 2,4-dinitrophenylhydrazone were about 309 of
theoretical.

The low temperature ozonolysis was applied to the
dimethyl ether of CoQ, hydroquinone. The expected
aromatic product, 3’,4’,5',6’-tetramethoxy-2’-methyl-
phenylacetic acid, was obtained with mp 71-72° after
purification by column chromatography (literature mp
75-76°). In these experiments, however, yields of only
5-10% of the aromatic acid were obtained and the
procedure was not pursued further,

Identification of Products of Oxidation. Gas-liquid
chromatography provided a rapid method for the
identification of the aromatic fragments (both alde-
hydes and acids) obtained in the ozonolysis. From
studies using 3',6’-diacetoxy-4’,5’-dimethoxy-2’-meth-
ylphenylacetic acid and 3’',4',5’,6'-tetramethoxy-2’-
methylphenylacetic acid as reference compounds,
it was found that the silicone rubber gum, SE-30, at
170-180° was the best liquid phase. Further results
with various model compounds and expected products
from the ozonolysis experiments are shown in Table

171

CHEMICAL DEGRADATION OF COENZYME Q



BIOCHEMISTRY

A0 B PIqIIOSIP SB Pasn sem (<) SPIIYI-0M) JO)0 3Y) pUB ‘QINpId
-0l JejuawLadxyg Jopun Paqriosp Se ‘A[12IIp PIZIPIXO sem (i¢) pIryi-ouo (siied om] 0jur PIPIAIP SeM SISA[OU0ZO FUIMO[[o] UOTIN[OS AY) JUSWIIddXd SIY) U ,  ~paUINLISIIP
JON ; ‘[EONRIOAN] JO %091 , “19JeM Jo W g°( SUTUTEIUOD 91BIAIE [AUID PI[[NISIPII JO [UI £ SAIEIIPUI AJBINOR [AYIF » TRONAI0SY) JO Y 0F] - *Pasn sem duIplAd jo I ] Suture;
-U0D IPLIOIYD JUIAUIPIA ¢« 9[QB] SIJ} JO SUWIN|OI [BUY Y)Y UL SIONPOIJ UOTIBPIX( "OUN N, S USAIS dIe pUB ABMm [RNSN JY) UT PIUTULIZNOP 19M UONBPIXO SIY) WIOIJ [eLId) B
[eNnau Jo pue pe o1doe(Auayd Jo spaI£ ayy ‘oreueSururiad [RINOU YIM PIZIPIXO U SEM INPISAI SIUT, . 2PAUIP[E dNPWOIR,, 3U) JO 1YBom Y] ureiqo o} pajelodeas pue
‘paIaly ‘pPILIP SEM PIAOWIAI UIQ PRY PIOB UdIYM WOIJ UONNOS 19YJ0 Y, "Aem [ensn JY) Ul pIzi[|eISAI0a1 pUuB pPawijqns sem pIoe 3y} ‘JUIA[OS JO [BAOWAI 13)]y "WIOJOIO[Yd
01Ul PI)JOBIIXIAT SEM PIOB JREWOIR ) Pue ‘SUI[00d yum ‘PayIpIoR A[[njaIed sem 19BNXd snodnbe ayl fuonnjos *QDHEN % ¢ UM 3unjeys Aq Pjoenxd Uy} Sem [eLId)ew
JPIOY “IPAYIPIRUIINAI] JAOUIII 01 JANBM {JTM SOUIN) TRIOAS POYSEM SBM LOTINJOS 1019 3 ], "I9YID UL PIAJOSSIP SBM INPISIT 9y} pue N JOpUN SSIUAIP 0) PIIRIIUDUOD SEM 31N}
-XIUI UOI)9®al YY) ‘a19[dWiod sBm SISA|OUOZO I3}je A[2)BIPIWL] :SMO[[0] SE Palejost sem Juasdld proe oewole Aue ‘uagdixo yim Appuanbasgns sased swos Ul ‘pue ‘duozo yim
JUSUIEAT) SUIMO[[0 “J9jeMm YSnodyy pajqqnq 1siy sem (omnunw Jod £ Sw ('8 A[erewnxoldde) un/yy no prepuels 1970 JO MBI MOY B 18 U3ZAXO PIZIUOZO A} ‘sed YIed uJ ,

9°L 91 S8 S1Z-S0C 14 9°0C 09 09 deiaoe [Aulg 8°T¢ 9
LY e8¢l 0°sI S0z-<s61 1'bel 9°IT q¢
(189 vel-tel 1°91 0 09 eR0R [A1g 88 V1 Y
1I'¢ 01 $°6 012-50¢ 9°LL 6Cl ¢ 0l 09 3)E0e 1Ay 8°¢9 14
9'Y 8'C (AN LTI-¥T v6 0% 0C eyR0r JAylg £ 1e £
0's r'e Lel s (LR 0 SV #91E108 A1 108 [4
FIOFHD
6'S TE1-9¢1 zcl 0°8¢ CEC-8TC S LLT 0 0 9 -auIpAd L71ET I
(Bur) (o ‘du) (3u) (3w) (o *du) (Buw) (o ‘du) (3ur) (urw) (un) 1U3Aj0S (Buy "ON
[e1INaN apy IPAYIP|Y ANQA-C se SIsAjouoz(y e JUDWIBAL], JUIWIBAI]Y, eI 1dxg
dnEwoly APAYIPIRUINAT] PRV onewiory O 0 junowy

s1onpold uonepxO FOUAY

»"SJUDAJOS SNOLIRA UM pug axmeradwd], mo 18 suounboipAH o)) JO 9119081 JO SISA[OUOZ() :1I I14VL

172

G. DIALAMEH, AND R. OLSON

BENTLEY, V. RAMSEY, C. SPRINGER,

R.



VOL. 4, NO. 1, JANUARY 1965

TaBLE 11: Gas-Liquid Chromatography of Derivatives of Benzoic and Phenylacetic Acids.®

Retention Times

Aldehyde Acid Methyl Ester Mp of Acid
Structure of Parent Acid (min) (min) (min) °)

m-Methoxybenzoic 1.0 0.8 110
m-Methoxyphenylacetic 1.4 1.2 67
p-Methoxybenzoic 1.3 0.94 184
p-Methoxyphenylacetic 1.5 1.2 85-87
3,4-Dihydroxybenzoic 1.5,1.9, 2.8 199
3,4-Dihydroxyphenylacetic 1.9, 2.1 127
3,4-Dimethoxybenzoic 2.5 1.9 181
3,4-Dimethoxyphenylacetic 2.8 2.1 82
3,4,5-Trimethoxybenzoic 2.0 3.4 3,20 170
3,4,5-Trimethoxyphenylacetic 3.8 4.00 120
37,6’-Diacetoxy-4’,5'-dimethoxy-2'- 8.4 7.7 11.4 120-125

methylphenylacetic acide
37,4’,5’,6’-Tetramethoxy-2’-methyl- 3.1 6.2 4.4 Oil

phenylacetic acid®
3’.4'5',6’-Tetramethoxy-2’-methyl- 6.1 4.5 74.5-76

phenylacetic acid¢

* The samples were chromatographed on a 4% column of SE-30, operated at 180°, as described in the text. *1In
these cases, column temperature = 176°. < Obtained by ozonolysis of diacetate of CoQs hydroquinone. < Obtained

by ozonolysis of dimethyl ether of CoQ, hydroquinone.

¢ Synthetic.

III. When similarly substituted phenylacetate deriva-
tives were compared with benzoate derivatives on SE-
30, the phenylacetic acid derivatives had the longer
retention times. Generally, the esters moved more
rapidly than the acids themselves, but there were some
exceptions. For example, the methyl ester of 3°,6'-
diacetoxy-4’,5’-dimethoxy 2’-methylphenylacetic acid
had a longer retention time than the acid on SE-30
columns. When hydroxyaromatic acids were treated
with diazomethane, two or three peaks were usually
obtained indicating varying degrees of methylation.
The phenylacetic acid derivative, obtained from ozonoly-
sis experiments, which had a mp higher than 132°,
showed a single peak on the gas chromatograms,
both as free acid and as methyl ester.

When the mother liquors, from which pure phenyl-
acetic acid had been crystallized, or crude preparations
of this acid were examined on 47 nitrile silicone
columns (210-215°), a number of minor peaks were usu-
ally observed (see Figure 2). Suspecting that one of
these peaks might be the corresponding benzoate de-
rivative (2,5-diacetoxy-3,4-dimethoxy-o-toluic acid), the
latter was synthesized by the two procedures described
earlier. The authentic o-toluic acid, both as the free
acid and as the methyl ester, corresponded with one
of the peaks observed after ozonolysis. It appears likely
that the phenylacetic acid is oxidized to some extent to
the o-toluic acid during the KMnO, oxidation. In some
degradations, another minor peak has been tentatively
identified as the diacetate of CoQ, hydroquinone (2,5-
diacetoxy-3,4-dimethoxytoluene) by the same gas

1 2

1 2 i
AN :
|- —_— ~

S S T W T S S S S L I Y S Y S

FIGURE 2: Gas-liquid chromatography of aromatic
degradation products. The liquid phase was 3 77 nitrile
silicone; a coiled column 183 ¢m long (i.d., 6.35 mm)
was used in the Chromolab instrument at 214° In
each case, the marked time divisions are at intervals
of 1.5 minutes. (o) Free acids. The chromatogram was
obtained with the mother liquor residues after crystal-
lization of the crude phenylacetic acid from ozonolysis
of the diacetate of CoQ, hydroquinone. The numbered
peaks are identified as follows on the basis of com-
parison with standard compounds; the figures are the
retention times in minutes: 1 = 2,5-diacetoxy-3,4-
dimethoxy-o-toluic acid, 2.6; 2 = 3’,6-diacetoxy-4’,5'-
dimethoxy-2’-methylphenylacetic acid, 15.3. (8) Methyl
esters. The mixture analyzed in (a) was reacted with
diazomethane, and a larger aliquot was injected to
reveal other trace components. 1, 2, and 3, are unidenti-
fied peaks; 4 = methyl ester of 3’,6’-diacetoxy-4’,5'-
dimethoxy-2’-methylphenylacetic acid, 14.7; § =
methyl ester of 2,5-diacetoxy-3,4-dimethoxy-o-toluic
acid, 19.7.
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chromatographic procedure. This apparently represents -y
a further degradation product from the o-toluic acid —_ ﬁ z
derivative. Preparations of the latter acid, on standing 5 g Bl 28 ’E =
in benzene solution for long periods, have been ob- 5 = - g 3
served to undergo decomposition with the formation 3 S &
of 2,5-diacetoxy-3,4-dimethoxytoluene. g‘ § g é
Isotope Experiments. L-[U-'*ClPhenylalanine was 'g < 5 § a
incorporated into total rat body CoQ with an over-all = E ﬁ 38 o : . S
yield of only 0.005 %. Although low, this is of the same E g v 6 ~ © < Ea
order as that observed for [1-1*Clacetate (Olson et al., £ ,g 'g Té;
1964). 9 3 23
Table IV presents the results of degradation of the o] g = § 2
radioactive CoQg hydroquinone diacetate isolated in D.T. é & g @ S w0 i:
two experiments. The radioactivity reported for the s Z P8 R g 5
CoQs hydroquinone diacetate is the radioactivity of the Z i fo. g
sample which was degraded. The results indicate that .S = ED
between 72 and 88% of the radioactivity from uni- é . 'g =
formly labeled phenylalanine appears in the ring 2 2 E g o 2 %
fragment and from 0 to 33.5 9 appears in the side chain. ‘g % > — 4 E
This is consistent with two pathways of incorporation E " fﬁ SX|e _;é 2
of aromatic amino acid carbon into CoQ. One proceeds 5 ‘g 5 2
by way of homogentisate to acetoacetate and then S |38 ._g =
reincorporation via mevalonate into the side chain; 2 | & & % s N §
the other proceeds by direct incorporation of a nuclear g |g S2ES & 23
=] 5} . <« ©
fragment derived from the ring of phenylalanine into -§ = E ﬁ SX|e @ L
the ring of CoQs. ~ | B “ 85
o = e
S g’ g &
: : g i —~ A &
Discussion ':3 —E‘ Q3 E é T o @ 3
The report by Wolf er al. (1958) that the permanga- g £ § < E Xl - s
nate oxidation of the dimethyl ether of coenzyme Qo " A ~ - E
hydroquinone led to the isolation of tetramethoxy- = < °
phthalic anhydride and 3’4’,5’,6’-tetramethoxy-2’- E % o8
methylphenylacetic acid in unspecified yields stimulated e | & é g 3 é g o o - E
us to attempt the same procedure on a “semimicro” g 3 TEET°| o £3
scale. Our failure to duplicate their results seems less § T Sv‘é SX | é T;__!
surprising in retrospect. We have subsequently learned A 2 b=
that the permanganate oxidations of the dimethyl 1 2 . @ §
ethers of CoQi, hydroquinone reported by Wolf er al. ‘g 8 = o g e
(1958) gave very poor yields of aromatic fragments.4 2 = g E 2 S .g -
It may also be noted that Lester et al. (1959) were un- _g 53 5©
able to obtain any phthalate derivatives from the oxi- > = o2
T =
dation of 236 mg of CoQ,, with aqueous alkaline per- - c g
manganate. The original conditions described for the %’ . z 2 3
ozonolysis of the diacetates of CoQ hydroquinones 2 2 E e < é s
(Morton et al., 1958) have given variable results in = < g g
other laboratories. For example, Lawson er al. (1961) 2] o=
obtained only a poor yield of the phenylacetic acid E 2 2
even after conversion to the S-benzylisothiouronium ey o"}E
salt (which was “‘not easily crystallized”’). g = = 8 3
In glacial acetic acid at 15°, we obtained low yields E 2 E é 2 6 S
of the substituted phenylacetic acid from CoQ, hydro- ‘g g oSy, 8" §
quinone diacetate. The mp of the product was usually 8 < (:) E ? g E ¢ 9
120°, which agreed well with that of 121-124° reported = A=Y = £ g ug
originally by Morton er al. (1958). However, with the f T T 5 E o
low temperature ozonolysis, the mp of this acid was % ‘g 32
observed to be considerably higher, averaging about & o é__a
132° in many preparations. For one sample, purified ? - 2 é =
z S EeD
3 LI
174 ¢ Private communication from Dr. Karl Folkers. E ° .g :
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first by column chromatography on silicic acid, then
sublimed and crystallized, a mp of 136-138° was ob-
tained. Subsequent to our preliminary communication
(Bentley e al., 1961), Dr. Wiss informed us that an mp
of 136° had been obtained for the same phenylacetic
acid derivative in his laboratory.’ A sample of his
material showed no mp depression in admixture with
our preparations, and behaved identically on gas
chromatography.

Our “standard” low temperature method employing
moist ozone described here has consistently given yields
of pure phenylacetic acid in the range from 25 to 40%
of theory. Somewhat higher yields of the phenylacetic
acid, from 48 to 499 of theoretical, were obtained by
treatment of the entire ozonolysis mixture, directly with
KMnO,. A disadvantage of this latter technique, how-
ever, is that the C; units are obtained as the 2,4-di-
nitrophenylhydrazone of levulinic acid. This deriva-
tive is more soluble in the usual solvents than levulin-
aldehyde bis-2,4-dinitrophenylhydrazone, and hence
losses in crystallization of the levulinic acid derivative
are larger than in the case of the levulinaldehyde hy-
drazone. These losses would be of concern, however,
only if very small quantities of material were being
degraded.

With our standard conditions, some aromatic alde-
hyde remained unoxidized, so that we have routinely
preferred to include an oxidation step with neutral
permanganate. Our reason for the use of moist ozone,
and the actual addition of water to the ozonolysis sol-
vent, was that Dean es al. (1959) had shown that 3,4,6-
trimethoxy-2-propenylacetophenone formed an iso-
ozonide so stable that the corresponding 2-acetyl-3,5,6-
trimethoxybenzaldehyde could not be prepared. By
addition of water to the reaction mixture, it was found
that the aldehyde could be obtained in good yield.
The water apparently competed for the carbonium ion
center in an intermediate, and thus promoted fission
in the desired direction to aldehyde.

The incorporation of radioactivity from labeled
phenylalanine into CoQ, is unequivocally established
by these experiments. Wiss er al. (1961a) reported that
uniformly labeled phenylalanine orally administered
to rats yielded only traces (0.001 %) of radioactivity in
the nonsaponifiable fraction from liver after 2 hours.
In a later report (1961b) these same workers observed
that when tyrosine of higher radioactivity was admin-
istered per os to rats, 0.2% of the administered dose
was found in the nonsaponifiable lipids of the liver and
0.0008%7 of the dose was found in hepatic CoQ. No
degradations of this biosynthesized CoQ were re-
ported. Our chemical degradations of the radioactive
CoQy biosynthesized in the rat from L-[U-1¢C]phenyl-
alanine show that phenylalanine contributes carbon
largely to the nucleus and, to a lesser extent, to the
side chain of CoQ.

Additional preliminary work in our laboratory (Olson
et al., 1963) has suggested that, whereas the carbon from

5 Private communication from Dr. O. Wiss.

phenylalanine entering the isoprenoid side chain follows
the classical homogentisate pathway to acetoacetate,
the ring carbon appears to enter the coenzyme Q mole-
cule via a novel degradation to p-hydroxybenzoate
with subsequent loss of the carboxyl group. The details
of the biosynthesis of the aromatic ring of coenzyme
Q are under continuing study.
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1,6-Phenazinediol-5-oxide from Microorganisms”

Nancy N. Gerber and Mary P. Lechevalier

ABSTRACT: The isolation and identification of 1,6-
phenazinediol-5-oxide from Microbispora aerata, Pseu-
domonas iodina, and Streptomyces thioluteus is reported.
The title compound was also synthesized by the partial
reduction of 1,6-phenazinediol-5,10-dioxide (iodinin)
with sodium hydrosulfite. The antimicrobial activity of

Recently we reported the isolation of iodinin (1,6-
phenazinediol-5,10-dioxide), 1,6-phenazinediol, 2-ami-
nophenoxazin-3-one, and 2-acetamidophenoxazin-3-
one from Microbispora® aerata and Pseudomonas iodina
(Gerber and Lechevalier, 1964). In this paper we noted
the presence of an unidentified orange spot on certain
paper chromatograms. The orange material could be
obtained from either organism. Since in its color,
ultraviolet spectrum, solubility, and chromatographic
behavior the orange material was invariably inter-
mediate between iodinin and 1,6-phenazinediol we
suspected it had the intermediate, hitherto unreported
structure, 1,6-phenazinediol-5-oxide.

C INﬁ
y/
O o

H

The structure of the orange material was proved by
analysis and by reduction to 1,6-phenazinediol with
sodium hydrosulfite. Furthermore, when iodinin was
incompletely reduced with sodium hydrosulfite there
was obtained a mixture of iodinin, 1,6-phenazinediol-
5-oxide, and phenazinediol which could be resolved
(as was the naturally occurring mixture) by paper chro-

* From the Institute of Microbiology, Rutgers, The State
University, New Brunswick, N.J. Received July 30, 1964.
The U.S. Public Health Service (Al 06230-01) supported this
investigation.

L Microbispora = Waksmania. The former name has recently
been found to have priority.
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1,6-phenazinediol-5-oxide is intermediate between that
of iodinin and phenazinediol. Experiments with cell
suspensions indicate that 1,6-phenazinediol-5-oxide is
an intermediate both in the biosynthesis of iodinin
from 1,6-phenazinediol and in the microbial reduction
of iodinin.

matography, countercurrent distribution, or partition
chromatography on silica gel. 1,6-Phenazinediol-5-
oxide could not be prepared free of iodinin by re-
crystallization or adsorption chromatography. The
natural and synthetic products were identical in every
respect. In a typical fermentation (Gerber and Leche-
valier, 1964) from Ps. iodina 26, 12 and 3.8 mg/liter,
respectively, of 1,6-phenazinediol-5-oxide and phen-
azinediol were obtained; from M. aerata the yields
were much lower.

These three phenazines were also detected as minor
components in chloroform extracts of Strepromyces
thioluteus 123102 which had been grown on Pablum
medium. A strain of this organism has been reported to
produce aureothin (Hirata, 1961), 1,6-phenazinediol,
aureothricin, and thiolutin (Akabori and Nakamura,
1959). The phenazines were separated from other
metabolic products and partially from each other by
column chromatography on silica gel, eluting with
chloroform. Paper chromatography resolved the three
phenazines completely and they were found to be
identical with authentic specimens by paper chroma-
tographic and spectral comparisons. In two fermenta-
tions the yields were in the range of 0.3 to 1 mg/liter
for all three phenazines.

Antimicrobial assays of 1,6-phenazinediol-5-oxide
were carried out as previously reported (Gerber and
Lechevalier, 1964). The results are given in Table I.
In most cases the activity was intermediate between
that of iodinin and the phenazinediol. The static activity
of 1,6-phenazinediol-5-oxide against Hansenula anomala,
Saccharomyces cerevisiae, and Nocardia coeliaca

2 Strain designations are those of the Institute of Micro-
biology, Rutgers Uuiversity,



