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Abstract—Tri-o-cresyl phosphate is metabolized in rats by hydroxylation and cycliza-
tion of the hydroxymethyl derivatives. Indirect evidence was obtained for two interme-
diates, di-(o-cresyl) mono-o-hydroxymethylphenyl phosphate and di-(o-hydroxymethyl-
phenyl) mono-o-cresyl phosphate. These intermediates cyclize spontaneously. The
principal cyclic phosphate formed was 2-(o-cresyl)-4H-1:3: 2-benzodioxaphosphoran-
2-one, as ascertained by isolation and synthesis. Evidence is also presented for 2-(o-
hydroxymethylphenyl)-4H-1:3:2-benzodioxaphosphoran-2-one and  2-(o-hydroxy-
benzyl)-4H-1:3:2-benzodioxaphosphoran-2-one, as either metabolites or products
formed on spontaneous cyclization. The primary cyclic metabolite (see above) hydro-
lyses in mild alkali or reacts with chymotrypsin by cleavage of the cyclic phosphate at the
P—O-aryl bond. The deleterious biological activity of tri-o-cresyl phosphate appears
to result from esterase inhibition by these cyclic phosphate metabolites.

INTRODUCTION

TRI-0-CRESYL PHOSPHATE (TOCP) is an undesirable impurity in the tri-cresyl phos-
phates prepared for a variety of industrial uses.! The ortho-isomer causes a poly-
neuritis which progresses to paralysis of the extremities in man and certain other
animals,2-¢ and potentiates the toxicity of the insecticide, malathion (O:O-dimethyl
S-(1 : 2-dicarbethoxyethyl) phosphorodithioate),® ¢ and certain ester-containing
drugs.” Aldridge® in 1954 and Myers and co-workers? in 1955 reported that TOCP
is metabolized to form potent esterase inhibitors. The chemical nature of these
metabolites was not elucidated in their studies, nor was the contribution of these
metabolites with antiesterase activity to the biological activity of TOCP.

A preliminary report on the present investigations dealing with the relation of the
metabolism of TOCP to its biological activity has appeared.l® The following report
considers the experimental evidence for the hydroxylation and cyclization reactions
involved in the metabolism of TOCP.

EXPERIMENTAL
Production of metabolites
Male and female rats (from 200 to 400 g) were treated with tri-o-cresyl phosphate
(Eastman Kodak Co., Rochester, N. Y.) via a stomach tube. One milliliter of tri-o-
cresyl phosphate per kg was injected into the tube and followed by a corn oil rinse
of 1 ml per kg before the tube was withdrawn from the stomach. At varying times after

* Project associate. Permanent address: Department of Agricultural Chemistry, Kyushu Univer-
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administration (2 hr optimally), the small intestine and liver were removed and frozen.
The frozen tissues were sliced and homogenized in three volumes of acetone with a
Lourdes blendor. After filtration of the homogenate, the residue was re-extracted
with acetone. The combined filtrates were concentrated with an air jet at room tempera-
ture. An equal volume of saturated aqueous sodium chloride was added to the evapor-
ated residue and this mixture was extracted three times with a large volume of benzene;
the extract was dried with sodium sulfate, stripped of benzene under reduced pressure
and subjected to adsorption column chromatography.

Rat liver microsomes also were used to form the metabolites. The organophosphate
substrate in ether was evaporated on the bottom of a 50-ml Erlenmeyer flask. Micro-
somes, prepared by a described procedure!! from 2 g of liver, were added in 4 ml of
0-05 M potassium phosphate, pH 7-2, and the flasks were shaken for 2 hr in air at
37°C. In some studies, reduced diphosphopyridine nucleotide (DPNH) was also added.
The final concentration of the organophosphate substrate was always 1 x 103M.
Immediately after incubation, 10 vols. of acetone were added to the flasks, the resulting
precipitate was filtered, the filtrate assayed for antiesterase activity and prepared for
column chromatography with benzene as indicated above.

Chromatography

Adsorption column chromatography. A mixture of 80 g of silicic acid and 40 g of
celite was heated at about 150° for 2 hr, cooled, slurried in n-hexane and packed to
yield a column of 4 X 40 cm. Less than 5 g of benzene-soluble extractives from tissues
were added to the column and elution was accomplished with a gradient of 500 ml of
benzene to 500 ml of absolute ether. In certain cases this gradient was followed by
200 ml of ether to complete the elution of the compounds under investigation; fractions

of 15 ml were collected.

Partition column chromatography. Two partition columns with aqueous methanol
coated on celite as the stationary phase were utilized. With the n-hexane column the
stationary phase was 909, methanol saturated with hexane, and hexane saturated
with 909, methanol was used for elution; in a similar manner, carbon tetrachloride
and 809, methanol were utilized. These 1-8 x 18 cm columns were prepared with
10 g of dried celite and 10 ml of aqueous methanol.

Paper partition chromatography. Whatman no. 1 paper was used with and without
pretreatment with silicone (Dow-Corning 550). Impregnation was accomplished by
dipping the paper in 5%, silicone in hexane and air-drying. Lack of reproducibility of
Ry-values with silicone-impregnated papers, due to variation in the amount of sili-
cone retained, necessitated direct comparison of known with unknown compounds on
the same paper strip. Chromogenic reagents were utilized as follows: phosphorus
phenolic esters and free phenols were sprayed with 1 N potassium hydroxide in
ethanol followed by diazotized sulfanilic acid;!? mono- and di-aryl phosphates were
detected under short wavelength ultraviolet light and by spraying with bromophenol
blue or ammonium molybdate-perchloric acid mixture;'? and free phenols were
detected by spraying with 0-08°%;, aqueous 4-aminoantipyrine and overspraying with
0-089, potassium ferricyanide in phosphate buffer, pH 7-7.
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Anticholinesterase assay

Cholinesterase activity was assayed potentiometrically, using human plasma, by a
slight modification of a described procedure.'® Human plasma (1-0 ml of 25 per cent)
plus 1-0 ml buffer (0-036 M sodium barbiturate, 0-008 M potassium dihydrogen phos-
phate, 1-20 M potassium chloride, pH 8-:0) was incubated with the organophosphate
for 30 min at room temperature, 0-20 ml of an 0:66 M solution of acetylcholine
chloride were then added and the mixture was incubated at 37° for 50 min, after which
time the change in pH was determined. Varying amounts of organophosphate were
assayed to determine the level effecting 50 per cent inhibition of cholinesterase. Results
are expressed as units of cholinesterase inhibitor or antiesterase agent per mg. One
unit is defined as the amount of inhibitor necessary to cause an inhibition of the esterase
to the extent of 50 per cent. Thus, an inhibitor effective at the level of 1-0 ug had
1000 units per mg. One drop of the fractions from column chromatography was used
to ascertain the position of eluted anticholinesterase agents. In certain cases, paper
chromatograms were cut into sections, the sections extracted with 809/, methanol and
the extracts assayed to determine the approximate R;-values for anticholinesterase
agents. Studies of the stability of metabolites of TOCP were made by incubating the
metabolites in barbiturate-phosphate buffer, pH 8-0, for varying periods of time prior
to adding the cholinesterase for residual inhibitor assay.

Synthesis of hydroxymethyl-TOCP

Di-o-cresyl mono-o-hydroxymethylphenyl phosphate (hydroxymethyl-TOCP) was
prepared by slow addition at room temperature of the potassium salt of o-hydroxy-
benzyl alcohol to a chloroform solution of di-o-cresyl phosphoryl chloride. After
18 hr at room temperature the chloroform solution was washed with water, dilute
aqueous sodium bicarbonate and again with water, dried with sodium sulfate, the
solvent evaporated and the residue purified by adsorption chromatography. A product
obtained in 369, yield, with an infrared spectrum almost identical with that of TOCP,
except for a strong associated OH-stretching vibration at 3-00 u, was considered to be
di-o-cresyl mono-o-hydroxymethylphenyl phosphate. Chromatography of this material
on silicone-impregnated paper showed it to be free of o-hydroxybenzyl alcohol.

Synthesis of a cyclic phosphate

2-(0-Cresyl)-4H-1 : 3 : 2-benzodioxaphosphoran-2-one was prepared by adding
triethylamine (16-7 ml) dropwise to a mixture of o-hydroxybenzyl alcohol (7-3 g) and
o-cresyl phosphoryl dichloride (13-3 g) in chloroform with stirring and cooling in an
ice-bath. The reaction mixture was kept at 5° for 12 hr, washed with cold water,
dilute hydrochloric acid, dilute aqueous sodium bicarbonate, and water; finally the
chloroform was dried with sodium sulfate. The crude product (11 g) recovered by
evaporation of the solvent was purified by adsorption column chromatography to
give 5-8 g of a light brown oil. Distillation in vacuo yielded a colorless oil, b.p. 159-
161° (0-09-0-1 mm), »p 24-5° = 1-5584. Anal. caled. for C,,H,;,O,P : C, 60-87%;
H, 4-74%,; and P, 11-:22%,. Found: C, 59-17%,; H, 4-67%,; and P, 10-86%,. Since this
compound was subsequently found to be identical to a metabolite of TOCP designated
as M-1, the synthetic material was called SM-1.

The infrared spectrum, degradation products and chromatographic characteristics
of this cyclic phosphate, as discussed later, were as anticipated for the proposed
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structure. Attempts to distil this product prior to chromatographic purification always
resulted in decomposition, probably through polymerization. Even after chromato-
graphy the pressure during distillation had to be 0-1 mm or below in order to minimize
decomposition.

Reaction of a cyclic phosphorus ester with chymotrypsin

The esterase activity of a-chymotrypsin (salt-free from ethanol, Nutritional Bio-
chemicals Corp., Cleveland 28, Ohio) was assayed colorimetrically with p-nitrophenyl
acetate as the substrate.’* To the enzyme solution in 5 ml of 0:067 M phosphate
buffer, pH 7-0, was added 0-1 ml of a solution of the substrate in isopropanol at
8 x 103 M. Absorbance at 400 myp was measured with a Spectronic 20 spectro-
photometer after 20 min at room temperature. The absorbance was proportional to the
amount of enzyme from 0-3 to 2-5 mg.

The rate of reaction of the cyclic phosphorus ester with chymotrypsin was studied
by mixing 100 mg of chymotrypsin in 2-0 m! of phosphate buffer, pH 7.0, with 0-2 ml
of isopropanol containing 1%, inhibitor. After various incubation times at room
temperature, aliquots of 0-05 ml were taken for assaying residual esteratic activity,
and of 0-2 ml for analysis of free phenolic groups with 4-aminoantipyrine.

Other methods

4-Aminoantipyrine was used for analysis of free phenolic groups!*-!® in phenolic
phosphates. TOCP was hydrolysed, probably to monocresyl phosphate, by incubation
with 1 N aqueous potassium hydroxide for 20 min at 100°. The liberated o-cresol was
determined colorimetrically. The metabolites, either natural or synthetic, were
hydrolysed at pH 7-0 to 7-7 prior to color development with aminoantipyrine. The red
dye formed could be completely extracted into chloroform if it was derived by coupling
with a free phenol, but the color remained in the aqueous phase if the phenolic deriva-
tive contained an ionized phosphate grouping.

Infrared spectra were made from 109, chloroform solutions with the Baird model
4-55 or the Beckman model IR-5 infrared spectrophotometer with sodium chloride
optics.

Conversion of TOCP to antiesterase metabolites

Tri-o-cresyl phosphate (5 g) was subjected to adsorption column chromatography.
Anticholinesterase assays on one drop of the eluted fractions failed to detect any
inhibitors. The chromatographically pure TOCP was distilled (195° at 0-1 mm) to
yield an activity of 1 x 102 units/mg (i.e. 100 mg for 50 per cent inhibition of
cholinesterase).

The antiesterase activity increased markedly shortly after administration to rats
(Fig. 1). The activity of an acetone-soluble fraction of intestine, 2 hr after treatment,
was 20,000 times greater than that which would have resulted from the TOCP per se.
assuming a uniform distribution of TOCP and metabolites in the rat. The material
in the liver was considerably less active. Control rats administered only corn oil were
devoid of antiesterase activity in similar extracts.

A preliminary study with tissue slices showed that the liver, but not the intestine,
was active in converting TOCP to agents with antiesterase activity. Liver microsomes
in the presence of DPNH converted the chromatographically purified, distilled TOCP
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to derivatives 113,000 times more active than the substrate. Thus, the activity with
DPNH-fortification was 1130 units/mg of TOCP and without DPNH-fortification
was only 35 units/mg of TOCP; accordingly, the antiesterase metabolites are derived
from TOCP per se and not from impurities in the technical material.
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Fi1G. 1. Antiesterase activity units in rat tissues following oral administration of TOCP (1 ml/kg).
Units expressed per mg of TOCP administered, assuming uniform distribution of TOCP and metabo-
lites in the rats; details as in text.

Evidence for three major antiesterase metabolites
Column adsorption chromatography resolved three major metabolites with anti-
esterase activity, all of which were more polar than TOCP (Fig. 2). These were
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Fi1G. 2. Separation of derivatives of TOCP by adsorption chromatography on a silicic acid—celite

column with a benzene to ether gradient; details as in text. This composite chromatogram based on

cholinesterase inhibition by M-1, M-2 and M-3 from intestine, SM-1 from synthesis and M-3d from

decomposed M-3 previously separated from liver and intestine; and on absorption at 510 my follow-
ing hydrolysis and reaction with 4-aminoantipyrine for TOCP.
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designated, in the order of their elution, as M-1, M-2, and M-3. A fourth minor
metabolite, consistently present in the in vivo-studies, was eluted just after M-1. Be-
cause of its low relative activity, no attempt was made to purify this fourth minor
metabolite. The proportion of the total antiesterase activity made up by each of these
components varied with the experimental conditions. In the liver and intestine, 2 hr
after TOCP administration, the ratio was 100 : 1--1-5 : 4 for M-1 : M-2 ;: M-3, respec-
tively. With rat liver microsomes and DPNH, three metabolites chromatographing
in the same positions were detected and their activity ratio was 100 : 1-6 : 6. A typical
experiment illustrating the recovery of these antiesterase metabolites from liver and
intestine is presented in Table 1.

TABLE 1. ANTIESTERASE ACTIVITY OF METABOLITES OF

TOCP IN RAT LIVER AND INTESTINE 2 HR AFTER THE

ORAL ADMINISTRATION OF A TOTAL OF 44-6 ML oF TOCP
TO 140 RATS (COMBINED WEIGHT, 446 KG)

Total weight Antiesterase activity

Tissue and fraction (g) (units/mg)
Liver 1695 —
Acetone extract 54 13
Benzene extract 38 17
Col. Adsorp. Chrom
M-1 -2 520
M-2 017 57
M-3 0-22 109
Intestine 1730 —
Acetone extract 193 47
Benzene extract 191 48
Col. Adsorp. Chrom
M-1 182 318
M-2 28 19
M-3 1-7 146

Rats were treated with diphenyl o-cresyl phosphate and the liver and intestine
extracted and chromatographed on the adsorption column in a manner similar to that
employed in the studies with TOCP-treated rats. A single esterase inhibitor was
detected and this chromatographed in the approximate position of M-1. Based on this
study it appeared likely that the additional metabolites with TOCP might result from
attack on the two other methyl groups present in TOCP.

The stability of the three major metabolites of TOCP, and a degradation product
of M-3 designated as M-3¢ which is discussed later, was compared in barbiturate-
phosphate buffer of pH 8:0. M-1, M-2 and M-34 were much more labile than M-3,
which appeared to be a mixture of components (Fig. 3).

Several column chromatographic systems were tested for their efficiency in further
purification of metabolites M-1, M-2 and M-3. Considerable activity was lost with
alumina and florisil columns. Partition chromatography with either n-hexane or
carbon tetrachloride and aqueous methanol proved to be the most effective.

Nature of M-1

M-1 from rat liver and intestine was highly purified by repeated adsorption and
partition column chromatography. Purification of the material from the intestines of
490 rats yielded, after the first adsorption chromatogram, 24-5 g with a specific
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FiG, 3. Stability of TOCP metabolites in pH 8-0 barbiturate-phosphate buffer, based on loss of
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FiG. 4. Infrared spectra of M-1 as purified from liver and intestine, synthetic M-1 as designated by
structural formula, and M-34¢ or degraded M-3 from combined liver and intestine. Spectra for M-1
and M-34 were prepared at final stage of purification.



344 Morirusa Eto, JouN E. Casipa and Tabpako Eto

activity of 320 units/mg. Two further adsorption chromatograms increased the
specific activity to 1100 and 3600 units/mg, respectively, at which time 2-6 g remained.
Three partition chromatograms with n-hexane—aqueous methanol increased the specific
activity to 60,000, 120,000 and 120,000 units/mg, respectively, at which time only
26-6 mg were recovered. An infrared spectrum of this last material is shown in Fig. 4,
together with a spectrum obtained with 11 mg of material from liver purified in a simi-
lar manner. The specific activity of the purified liver metabolite was 90,000 units/mg;
this finding, in conjunction with the infrared spectrum. indicated that the material
from liver was less pure than that from the intestine.

M-1 did not appear to have a reactive aldehyde grouping, since it did not lose its
anticholinesterase activity on standing with potassium permanganate in acetone
solution for 20 hr, and was not extracted from organic solvent with an aqueous solu-
tion of sodium bisulfite. A negative result with the ferric chloride-pyridine test!¢
indicated no free phenolic hydroxyl. The antiesterase activity was lost on incubation
in 1 N HCI, the rate of loss approximating the first-order reaction anticipated from
hydrolysis, with half-life values of 20 min at room temperature and 1-5 min at 100".
An ether extract of M-1, following hydrolysis in | N hydrochloric acid for 1 hr at
room temperature, gave positive spot tests with the following phenolic reagents:
Gibbs’ reagent, 4-aminoantipyrine, diazotized sulphanilic acid, diazotized nitroaniline
and ammoniacal silver nitrate.’? These spot test reagents were tested with o-cresol,
o-hydroxybenzyl alcohol, salicylaldehyde, salicylic acid, methyl salicylate and tolu-
hydroquinol; of these, o-hydroxybenzyl alcohol most closely resembled the phenol
formed on acid-degradation of M-1. Paper chromatography further indicated that
o-hydroxybenzyl alcohol is the degradation product (Table 2).

TABLE 2. PAPER CHROMATOGRAPHIC EVIDENCE FOR 0- HYDROXY-
BENZYL ALCOHOL AS A PRODUCT OF THE ACID HYDROLYSIS OF
M-1. RESULTS AS R;-VALUES*

n-Butanol, NH,OH 99¢ Methanol saturated
5:2

Phenols with Skelly C
M-1, acid hydrolysate 0-76 077
o-hydroxybenzyl alcohol 076 0:76
o-cresol 0-94 0-83
salicylaldhyde 0-70 0-64
methyl salicylate 0-41 —

* Prior to use, the chromatographic paper was washed with the solvent to
remove impurities which gave an orange color with diazotized sulfanilic
acid and ran at the front to interfere with o-cresol analysis. Diazotized sul-
fanilic acid gave a yellow-orange color with the first three materials and a
pale yellow color with methyl salicylate. Salicylaldehyde was detected by
yellow fluorescence in ultraviolet light after spraying with ethanolic po-
tassium hydroxide. Known phenols and M-1 hydrolysate were spotted on
the same paper and developed for direct comparison.

Exposure of M-1 to ammonia vapors yielded mono-o-cresyl phosphoric acid and
o-hydroxybenzyl alcohol (Table 3); thus, M-1 appeared to be an ester of these two
products.

The infrared spectrum of purified M-1 (Fig. 4) showed no free hydroxyl group, but
showed a band at 9-7 x which was not present in triaryl phosphates such as TOCP.
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The similarity of this band position with that of P-O-C(alkyl) led to synthesis of a
cyclic phosphorus ester derived from o-hydroxybenzyl alcohol. The product from the
reaction of o-cresyl phosphoryl dichloride with o-hydroxybenzyl alcohol, 2-(o-cresyl)-
4H-1 : 3 : 2-benzodioxaphosphoran-2-one, was identical to M-1 in respect to infra-
red spectrum (Fig. 4), chromatographic characteristics (Fig. 2, Table 4), and anti-
esterase activity.

TABLE 3. R;-VALUES FOR HYDROLYSATES OF M-1, M-2 AND M-34, AS COMPARED WITH
THOSE OF KNOWN COMPOUNDS*

Mobile phase Detection
Sample n-Butanol, isoPropanol, U.V. ab- Diaz. sulf-
NI}‘IOH NH,OH sorptiont BPB Molybdate anilic acid
: 3:1
Known compounds
Di-o-cresyl phosphate 0-79 0-89 + -
Mono-g-cresyl phosphate 013 0-48 + + + -
o-Hydroxybenzyl alcohol 0-80 0-87 - — — Y
Hydrolysates
- 0-13 — + + + —
0:80 — — — — Y
M-2 — 019 i by § Y§
— 0-87 b be - Y
M-3d — 026 + b + P
— 0-87 — b — Y

* Samples were hydrolyzed by exposure to ammonia vapor on the paper for 3 hr before the chroma-
tograms were developed. Y and P are yellow and purple colors with diazotized sulfanilic acid. BPB
is bromophenol blue reagent.

t Sensitivity for detection of aryl phosphates was greater than for o-hydroxybenzyl alcohol, al-
though the latter could be detected in large amounts.

} Amounts available for testing were too small for meaningful results.

§ Phosphorus content was too small for detection on paper but molybdate test was positive after
elution of the R, 0-19 component and complete digestion with perchloric acid. Partial hydrolysis on
the paper to yield a free phenol resulted in the detection of this mono-ester phosphate with the diazo-
tized sulfanilic acid reagent.

TABLE 4. R;-VALUES FOR CERTAIN DERIVATIVES OF TOCP ON SILICONE-IMPREGNATED

PAPER
Hydroxy- o-Hydroxy-
Mobile phase methyl synthetic M-3d  benzyl alc.

TOCP TOCP M-1 M-1  M-2

Benzene, hexane, methanol, water 0-00 0-54 0-07 007 054 064 0-78
(3:6:2:7)-lower phase

Benzene, hexane, methanol, water 0-00 0-79 0-41 — —_ — 0-82
(4:5:4:5)-lower phase

Chloroform, ethanol, water — — 0-48 0-48%* — 0-90 —
(10:10:8)-upper phase

Acetone, acetonitrile, water — — 0-67 067 — — —_
(12:1:20)

Acetone, dioxane, water — — 0-85 0-85 — — —
(2:2:5)

* The area corresponding to the yellow-orange spot with diazotized sulfanilic acid was extracted
with 809 methanol and found to be the only region on the chromatogram with strong antiesterase
activity.
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The antiesterase activity of M-1 diminished rapidly on standing in aqueous solu-
tions of pH 8 at room temperature and a free phenolic hydroxyl was released. Most of
the colored derivative formed by reaction of this mild hydrolysate after 30 min with
4-aminoantipyrine was not extractable into chloroform, in contrast to the derivative
from o-hydroxybenzy! alcoho! released in T N potassium hydroxide. Thus, the
product from mild hydrolysis appeared to have a free phenolic hydroxyl and a strong
hydrophilic group in the same molecule. These combined observations indicate the
following structure for M-1 with the P-O—C(aryl) as the reactive site:

CHy H

Nature of M-2

M-2 appears to be a further oxidation product of M-I, rather than an intermediate
in the formation of M-1. Rat liver microsomes and DPNH effected partial conversion
of synthetic M-1 to M-2. Injection into rats of SM-1, 100 mg/kg in corn oil, and assay
of the liver and intestine after 1 hr, showed both M-1 and M-2 in ratios similar to those
resulting from treating rats with TOCP. In contrast to the TOCP-treated rats, however,
the only antiesterase agents evident in SM-I-treated rats were the administered com-
pound and M-2. Partial purification of M-2 formed in vivo from synthetic M-1 and
TOCP was effected by chromatographing twice on the adsorption column followed by
three times on the partition column, using carbon tetrachloride and aqueous methanol.
The final specific activity was 24,000 units/mg, with a yield of 6-2 mg, as compared
with a specific activity for pure M-1 of 120,000 units/mg. An infrared spectrum of the
purified M-2 indicated that it was 5-10 per cent pure, based on the absorbance bands
associated with the phosphorus ester groupings (9-74 and 10-30 ). The presence of
the 9-7 p P-O-C (alkyl) band was indicative of a cyclic phosphate structure, as was its
similar hydrolysis rate to M-1 (Fig. 3).

Further support for the cyclic phosphate structure was derived from a considera-
tion of the hydrolysis products. Prior to hydrolysis, M-2 did not contain a free phenolic
hydroxyl group, since it failed to form a chloroform-soluble derivative on reaction
with 4-aminoantipyrine at pH 7-7. Mild hydrolytic conditions (pH 7-7, 30 min, room
temperature) yielded a derivative with a free phenolic group which coupled with
4-aminoantipyrine to form a red dye that was not extracted into chloroform. Hydro-
lysis in 1 N potassium hydroxide prior to reaction with aminoantipyrine yielded a
chloroform-soluble dye.

M-2 was spotted on filter paper, exposed to ammonia vapor and the chromatogram
developed with isopropanol : ammonium hydroxide (3 : 1); this chromatogram was
then sprayed with alkali and diazotized sulfanilic acid. Two yellow spots appeared at
R; 0:19 and 0-87 (Table 3). The higher R-value was that of o-hydroxybenzyl alcohol.
The colored derivative of R, 0-19 was extracted from the paper with ethyl acetate for
comparison with the diazotized sulfanilic acid derivative of o-hydroxybenzyl alcohol.
These two derivatives were compared by paper chromatography with two systems.
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Paper impregnated with 29, sodium carbonate and developed with n-butanol saturated
with 2%, aqueous sodium carbonate (1 : 1) yielded an R, for both derivatives of 0-03.
Non-impregnated paper developed with the upper phase from n-butanol : ethanol :
water (5 : 1:75 : 5) yielded an R; of 0-52 for both derivatives. Thus, alkaline hydrolysis
of the material with an original R; in isopropanol : ammonium hydroxide of 0-19
appeared to yield o-hydroxybenzyl alcohol. This 0-19-region from a chromatogram,
prior to hydrolysis by potassium hydroxide, was eluted with 909, methanol and tested
for the presence of phosphorus with perchloric acid-molybdate reagent. A positive
test indicated that the material of R; 0-19 was an ester of o-hydroxybenzyl alcohol and
phosphorus. This relatively low R,-value, compared with those of mono- and di-o-
cresyl phosphate (Table 3), suggests a monoester structure. These combined observa-
tions indicate that M-2 is the o-hydroxymethyl derivative of M-1.

Attempts to prepare this o-hydroxymethylphenyl cyclic phosphate by reaction of
o-hydroxybenzyl alcohol or its potassium salt with phosphorus oxychloride under a
variety of conditions failed to vield a product comparable with M-2.

Nature of M-3 and M-3¢

Isolation of M-3 was not possible, since it decomposed during the purification
procedures. This was evidenced by the disappearance of the chromatographic peak
associated with M-3 and the appearance of a new peak, M-34, eluting from the adsorp-
tion column after M-3 (Fig. 2). Decomposition of M-3 to M-34 occurred on storage
in benzene at — 10° and on the adsorption columns during chromatography. Other
compounds with antiesterase activity also were formed, and these chromatographed
in the positions of M-2 and possibly M-1. The ratio of the various agents with anti-
esterase activity, formed on M-3 decomposition, varied with conditions; for example,
the products which formed on refluxing M-3 in benzene chromatographed almost
entirely in the position of M-2.

M-34 was purified by repeated adsorption and partition (carbon tetrachloride-
aqueous methanol) column chromatography to yield 4-6 mg of product with a specific
activity of 75,000 units/mg of the purity indicated by the infrared spectrum in Fig. 4.
Paper chromatography (Table 4) showed this material to be more polar than M-1 or
M-2 and to be free of contaminating phenols, as detected by diazotized sulfanilic
acid. Reaction of M-34 with 4-aminoantipyrine at pH 7-7 prior to hydrolysis yielded a
chloroform-soluble red dye, a finding which indicated the presence of a free phenolic
hydroxyl group in the molecule. On hydrolysis, by incubation at pH 7-7 for 30 min at
room temperature, a further phenolic group was released; this, on reaction with 4-
aminoantipyrine, yielded a water-soluble red dye. The latter observation, in combina-
tion with the infrared spectrum, suggests a cyclic phosphate structure for M-3d,
Hydrolysis on paper with- ammonia vapor yielded o-hydroxybenzyl alcohol and a
second phenolic material. This second hydrolysis product gave a purple spot with
diazotized sulfanilic acid and contained phosphorus, based on perchloric acid oxida-
tion and the ammonium molybdate reagent. Reaction of this hydrolysis product on a
chromatogram with 4-aminoantipyrine gave a red dye which did not shift in position
on developing the chromatogram with chloroform. Attempts to hydrolyze this
monoester phosphate with alkali or alkaline phosphatase were unsuccessful. These
combined observations support the hypothesis that the hydrolysis product is o-
hydroxybenzyl phosphate and that M-3¢ is the cyclic ester of this phosphate and
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o-hydroxybenzyl alcohol. Synthesis of the structure proposed for M-3¢ was not
successful.

M-3 appears to be a triaryl phosphate which can spontaneously cyclize to yield
three different cyclic phosphates. If the proposed structures for M-2 and M-3¢ are
correct, then M-3 must be di-o-hydroxymethylphenyl mono-o-cresyl phosphate.

Metabolism of hydroxymethyvl-TOCP

A theoretical intermediate metabolite in the formation of the cyclic phosphates
would be di-o-cresyl mono-o-hydroxymethylphenyl phosphate or hydroxymethyl-
TOCP. Since this material was not detected in rat tissues, it was synthesized in order
to study its properties. Paper chromatography (Table 4) showed that the synthetic
hydroxymethyl-TOCP contained no more than trace amounts of o-hydroxybenzyl
alcohol or synthetic M-1. On adsorption chromatography, hydroxymethyl-TOCP
eluted just prior to M-1. The antiesterase activity of hydroxymethyl-TOCP was about
90 units/mg, as compared to 120,000 units/mg for M-1. Even if hydroxymethyl-
TOCP were present in rat tissues as an intermediate metabolite, its chromatographic
position close to M-1 and its low antiesterase activity relative to M-1 would have
precluded its detection. A TOCP-metabolite with relatively low antiesterase activity
chromatographing on the adsorption column just after M-1 (Fig. 2) could not have
been hydroxymethyl-TOCP and its identity remains unknown.

Synthetic hydroxymethyl-TOCP in corn oil was injected at 150 mg/kg into a rat,
from which the liver and intestine were removed after ! hr. The antiesterase activity
in the intestine was negligible, but that in the liver was four times the total activity
originally administered the rat. A liver extract was chromatographed on the adsorption
column. The antiesterase activity was almost entirely attributable to a material
chromatographing in the identical position of M-1. Thus, it appears that hydroxy-
methyl-TOCP is a precursor of M-1 and possibly the other metabolites of TOCP.

Reaction with chymotrypsin

Synthetic M-1 reacted readily with chymotrypsin to inhibit its esteratic activity.
By assuming a molecular weight of 22,500 for the a-chymotrypsin used, it was found
that 0-68 M equivalents of synthetic M-1 was necessary for 509, esterase inhibition at
pH 7-0, with a reaction-time of 30 min. Under the same conditions, diisopropyl
phosphorofiuoridate (DFP) gave a value of 0-50 M equivalents. Free phenolic hydroxyl
groups, as detected with 4-aminoantipyrine, were liberated on the reaction of chymo-
trypsin with synthetic M-1 (Fig. 5), but not on reaction with DFP. Dialysis of the
chymotrypsin following reaction with synthetic M-I failed to remove the major
aminoantipyrine-positive component. When the inhibited enzyme was reacted with
aminoantipyrine to yield a red pigment and then dialyzed or precipitated by addition
of ammonium sulfate (0-8 saturation, 0°), the majority of the pigment remained with
the protein. Thus, it appears that the initial reaction involved with the esteratic site
of chymotrypsin is a phosphorylation involving opening of the cyclic phosphate
structure at the P-O-C(aryl) bond. About 30 per cent of the total phenolic hydroxyl
released on reaction with chymotrypsin appeared to be due to free o-hydroxybenzyl
alcohol, but the mechanism was not examined further in order to determine if the
release occurred prior to phosphorylation or was a rapid “aging” type phenomenon
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subsequent to phosphorylation. Diphenylphosphoryl chymotrypsin has been shown
to undergo a shift from a di-esterified to a mono-esterified phosphoryl enzyme.’?

DISCUSSION

A proposed metabolic pathway for the hydroxylation and cyclization reactions
involved in the metabolism of tri-o-cresyl phosphate by rats is presented in Fig. 6.
These appear to be the critical reactions in relation to the biological activity of TOCP.
The hydroxylated tri-aryl phosphates (hydroxymethyl-TOCP and M-3) were not
isolated as metabolites because of their cyclization during purification. The cyclic
phosphates were present in only small amounts, a finding which probably is
attributable to either their rapid hydrolysis in vive. or to excretion, or both. The
reactivity of the o-hydroxymethyl group can lead to artifacts during isolation, such
as the formation of M-34. This pathway does not consider the hydrolytic reactions nor
the fate of the hydrolysis products. Studies with 32P-labeled TOCP have shown that
hydrolysis leads to the rapid excretion in the urine of diaryl phosphates, monoaryl
phosphates and phosphoric acid.!® The in vivo-distribution and excretion of the cresol
from TOCP also has been studied extensively.!®: 1® The o-cresol presumably would be
conjugated as a sulfate or glucuronide, with a minor portion undergoing ring
hydroxylation prior to excretion. Salicyclic acid is probably the main product
derived from further metabolism of o-hydroxybenzyl alcohol, although small amounts
of the unmetabolized compound and ethereal sulfates have also been reported with
rabbits. !

Several cyclic ribonucleotides with the phosphate in both five- and six-membered
rings, either have been isolated from biological material or synthesized.?- 26 Many
neutral esters of heterocyclic phosphoric and phosphorothioic acids have been pre-
pared by Lanham.?” The insecticidal activity of certain of these compounds, such as
the experimental insecticide P-chloro-2 : 4-dioxa-5-methyl-P-thiono-3-phosphaticyclo
(4 : 4 : 0) decane, presumably results from the inhibition of cholinesterase in rivo.
Although many other cyclic phosphites and phosphates have been prepared, the cyclic
phosphate esters of o-hydroxybenzyl alcohol have not previously been reported. This
also appears to be the first report of spontaneous cyclization of a phosphate ester
which results in displacing an alcoholic or phenolic group and yielding a stable
derivative. Transitory cyclic phosphates have been considered as intermediates of
non-cyclic phosphate esters during certain hydrolytic and phosphorylation reactions
(reviewed by O’Brien®®), but such cyclic phosphate intermediates have not been
isolated.

The metabolic pathway of TOCP is of interest with respect to the conversion of this
and similar compounds to antiesterase agents and the relation of structure to a delayed
neurotoxicity or ataxia. Many o-cresyl phosphate esters are metabolized to more
potent esterase inhibitors in vivo and in vitro.” The activation mechanism is probably
similar to that with TOCP, involving hydroxylation and subsequent cyclization of
the o-hydroxymethyl derivatives. Activation of o-ethylphenyl and o-n-propylphenyl
phosphate esters” might similarly involve hydroxylation of the a-alkyl carbon and
subsequent cyclization to yield the cyclic phosphates of o-hydroxy-a-(methyl or ethyl)
benzyl alcohol. Other mechanisms must be involved in the metabolism of such tri-aryl
phosphates as tri-p-ethylphenyl phosphate,” 2® which cannot form six-membered
heterocyclic compounds comparable to that formed from TOCP.
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TOCP effects a polyneuritis progressing to paralysis of the extremities in man and
certain other species. The chicken provides the best laboratory animal for investigating
this phenomenon, since rats, mice and many other convenient organisms fail to yield
a polyneuritis similar to that in man. Since rats respond differently to TOCP than do
chickens, and the metabolite studies were made with rats, it appeared of interest to
determine if the chicken also formed the same metabolites of TOCP. Chickens were
treated orally at 1-0 ml/kg and the feces collected for the first 3 days following treat-
ment. Extraction of the chicken feces and chromatography of the extract on the adsorp-
tion column yielded three metabolites similar in chromatographic characteristics to
those formed by rats. The principal antiesterase metabolite, 2-(o-cresyl)-4H-1 : 3 : 2-
benzodioxaphosphoran-2-one, effected ataxia and demyelination in hens following
the injection of 4 to 8 mg/kg.!® Other triaryl phosphates with one or more o-cresyl
groups also yield neurotoxicity with hens?®-3% and are metabolized to more potent
esterase inhibitors in the hen.® 2% Accordingly, the neurotoxicity with o-cresyl phos-
phates would appear to result from metabolites analogous to the cyclic phosphates
formed from TOCP. Other types of biological activity associated with TOCP?: 1° also
appear to result from these cyclic phosphate metabolites.
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