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INTRODUCTION



Hypertension afflicts over 24 million Americans, most

of whom do not realize that they have it. Each year it is the

primary cause of 60,000 deaths and is a significant etiological

factor in more than 1.5 million heart attacks and strokes suffered

by Americans. (S)-O-Methyldopa (O-MD) is one of the most widely

used antihypertensive drugs in the world. The majority of

experimental evidence shows that the antihypertensive activity of

the drug is mediated centrally and depends on the formation of its

metabolite O-methylnorepinephrine in the brain. Both C-MNE and

its precursor, O-methyldopamine (Q-MDA), elicit dose-dependent

hypotensive responses when administered centrally. However, only

ol-MDA levels in whole brain appear to correlate with the hypotensive

effect of (S)-O-MD.

The present study was undertaken to determine if the

hypotensive effect of (S)-o-MD correlated with levels of C-MDA or

Cº-MNE in regions of the brain associated with blood pressure

regulation, namely the brain stem and hypothalamus. The corpus

striatum, usually associated with motor control, was included in

the analyses to determine the effects of (S)-O-MD on endogenous and

O-methylated catecholamines in a region considered not important in

blood pressure regulation. In these experiments the blood pressure

was monitored via an indwelling cannula in the carotid artery. Levels

of (S)-di-MD, C-MDA, O-MNE, DA, and NE in regions of the brain

following steady-state i.v. infusion of (S)-O-MD in conscious,

normotensive rats.



For the chemical analysis sensitive methods are required

to measure the nanomolar amounts of these compounds present in the

20 - 100 mg brain tissue samples. At the time this work was

initiated only mass spectrometric techniques had the required

sensitivity and selectivity for the quantitative analysis of mixtures

containing endogenous catecholamines along with the O-methylated

amines derived metabolically from (S)-O-MD. A reverse isotope dilution

analysis employing chemical ionization mass spectrometry (CIMS) in the

determinative step was developed. Side-chain deuterated internal

standards [(s)-a-MD-da, a-MDA-de, O-MNE-d DA-da, and NE-dal were5”

prepared for use in these analyses. Following an ion exchange

chromatographic clean-up of tissue extracts, the samples were treated

with pentafluoropropionic anhydride and ethanol-boron trifluoride

etherate to convert the amines (DA, o MDA) to their tris-pentafluoro

propionyl (PFP) derivatives the aminoalcohols (NE, Q-MNE) to their

tris-PFP 8-ethyl ethers, and G-MD to its tris-PFP ethyl ester. The

derivatized amine and amino acid fractions then were analyzed by CIMS.

Chapter I reviews the literature on the pharmacology and

mode of action of (S)-O-MD. The review of methods for catecholamine

analysis in Chapter II indicates why a stable isotope dilution - CIMS

was used in these studies. The choice and synthesis of the deuterated

internal standards also is described in this chapter. The metabolic

and pharmacological studies are described in Chapter III*, *.

1. The reference section at the end of this dissertation is divided
into three parts, one for each chapter.

2. The numbers assigned to compounds and structures apply only in the
chapter where they appear.
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HYPERTENSION: THE DISEASE

Hypertension afflicts over 24 million Americans, most of

whom do not realize that they have it. Each year it is the primary

cause of 60,000 deaths and is a significant etiological factor in

more than 1.5 million heart attacks and strokes suffered by Americans.

Even though this condition can be detected readily and can be

ameliorated or controlled easily, only one-eighth of those with it

are being treated adequately (Knowles, 1974). Kannell (1974)

suggests that failure to control hypertension may help explain why

the life expectancy after attaining age 30 years has not improved

significantly since 1900.

Hypertension is a condition which occurs when systolic

and/or diastolic pressure rise above certain arbitrary values.

Despite the attempts of many, no one has found a definite systolic/

diastolic value differentiating normotension from hypertension

(Pickering, 1972). The World Health Organization has defined

hypertension as borderline when the blood pressure (systolic/diastolic)

is 140/90 mmHg and definite when it rises above 160/95 mmHg (WHO,

1959; 1962; Itskovitz, 1976). Studies by insurance companies

(Metropolitan Life Insurance Co., 1961) and the Society of Actuaries



(1959) indicate that the mortality rate increases as both diastolic

and systolic pressures increase. In one study (Metropolitan Life

Insurance Co., 1961) those with a diastolic pressure of 75 mmHg

exhibited the expected or "normal" mortality rate. The mortality

rate was 1.5 times higher than the expected rate among those with

diastolic pressures in the 88-92 mmHg range and was 2.5 times higher

than "normal" among those with diastolic pressures in the 103–117 mmHg

range. Table 1.1 summarizes the relationship found between blood

pressure and mortality rates (Lew, 1973). In agreement with these

TABLE 1.1: Mortality by blood pressure levels derived from Build and
Blood Pressure Study 1959 -- mortality among standard
risks = 100 percent”

Pressures, Mortality Ratio, Ž

mmHg Men Women

Systolic pressures (all diastolic)
88–97 78 --

98-127 88 90
128–137 118 105
138-147 155 122
148–157 194 140
158–167 244 230

Diastolic pressures (all systolic)
48–67 83 93 *

68–82 97 95
83–87 129 108
88–92 150 122
93–97 188 168
98-102 234 218

*Lew, 1973



results, the Framington Study has shown that the "risk of death

mounts in proportion to the height of blood pressure with no critical

blood pressure value to indicate where lethal hypertension begins".

The study further emphasized that it is not just diastolic hyper

tension which is dangerous. Systolic pressure itself should be taken

into careful consideration during any anti-hypertensive treatment

(Kannel, 1975).

Systolic hypertension is manifested by little or no increase

in the diastolic pressure. This may result from decreased compliance

of the aortic wall, a sequela of atherosclerosis, or from increased

stroke volume, a possible consequence of conditions such as severe

bradycardia, severe anemia, or aortic valvular insufficiency. The

majority of hypertensive patients have diastolic hypertension in which

systolic, diastolic, and mean aterial blood pressures are above normal.

Increased peripheral resistance is the main factor in the development

of diastolic hypertension. In most cases increased cardiac output

does not contribute to the cause of hypertension (Mountcastle, 1968).

When the cause is known, such as in pheochromocytoma (tumor of

catecholamine producing cells) or in some renal dysfunctions, the

condition is called "secondary hypertension". However, in 80 - 90%

of those with sustained hypertension, the etiology is unknown (Edis

and Shepard, 1970). This condition is called by several terms such as

essential, primary, or benign hypertension. Based on the results from

animal and human subjects, various theories have been proposed to

explain the cause of hypertension (Julius et al., 1975; Haeusler, 1975;

Brown et al., 1976a,b). However, the primary disturbance which



initiates hypertension still remains unknown.

HYPERTENSION TREATMENT

with

o-Methyldopa or Aldomet”

L-(-)-o-Methyldopa [ (S)-3-hydroxy-o-methyltyrosine, (S)-o-MD

1] is a widely prescribed anti-hypertensive agent used to treat

CH3
—aCO2H

HO NH2

HO

1

moderate-to-severe hypertension. Although some pharmacology texts

(Goodman and Gilman, 1976; Lewis, 1970) describe it as an adrenergic

blocking agent, its mode of action is still not understood completely.

Following treatment with C-methyldopa, hypertensive patients experience

larger decreases in blood pressure than do normo tensive subjects. An

advantage of Q-MD over other potent anti-hypertensive agents is that

it reduces both standing blood pressure and supine blood pressure so

that postural hypotension is not a common side effect (Goodman and

Gilman, 1976). When given orally during short-term experiments, it

appears to lower blood pressure mainly by decreasing peripheral

vascular resistance (Sannerstedt et al., 1962; 1963; Sannerstedt and

Conway, 1970). Occasionally, decreases in cardiac output have been

observed following the administration of 1arge i.v. doses (Mohammed



et al., 1968; Grollman and Grollman, 1970). In some other acute

i.v. experiments Wilson et al. (1962) and Vincet et al. (1963)

reported that the anti-hypertensive effect was caused predominantly

by decreased cardiac output without any change in the peripheral

vascular resistance. Lund-Johansen (1972) followed 13 men who

completed a one year study on the long-term effects of Q-MD treatment.

He concluded that the fall in blood pressure was caused by a decrease

in cardiac output with variable or no effects on the peripheral

vascular resistance. The reduced cardiac output was due to the

reduced heart rate rather than decreased stroke volume. It is very

difficult to interpret these various results since they were obtained

under very different treatment regimens--- long-term (0.5 - 1.5 g,

p.o. / day for 1 year; Lund-Johansen, 1972) versus short-term (3 g

p.o. /day for 10 days; Weil et al., 1963) versus acute (2 - 2.5 g given

as a single i.v. injection; Onesti et al., 1964). Neither the

concentration of the O.-MD i.v. solutions nor the rate of administration

was reported (Onesti et al., 1964). Nickerson (1976) offers the

following explanation for the variability of drug effects by saying:

"Methyldopa decreases plasma renin activity, but like
most other antihypertensive drugs it tends to cause
sodium and water retention. Changes in fluid volumes
could contribute to differences in cardiac output.
It is also possible that changes observed during
chronic administration represent predominantly
adaptations to the primary effects of the drug. In
general, peripheral resistance and pressor reflexes
tend to be more, and heart rate less, decreased after
chronic than after acute administration."

In other words, it appears that after the administration of C-MD on a

long-term basis (e.g. one year) the blood pressure is lowered mainly



10

by reducing cardiac output rather than by decreasing peripheral

vascular resistance. However, following short-term administration

(e.g. one or two weeks) the fall in blood pressure results

predominantly from a reduction in the peripheral vascular resistance.

The anti-hypertensive effects of Q-MD do not lead to any

alteration in blood flow distribution. Although the renal vascular

resistance decreases, renal blood flow and glomerular filtration

remain the same or increase in normo- and hypertensive subjects

(Goodman and Gilman, 1976; Mohammed et al., 1968; Onesti, 1976;

Weil et al., 1963). The hypotensive effect of oral doses is seen

about 6 - 12 hours after injestion and has a duration of action of

18 - 24 hours. The onset of action of an i.v. dose is 4 - 6 hours

and lasts 10 - 16 hours (Merck, 1963).

About one-third of the patients are not responsive to

treatment with O-MD and others develop a tolerance so that doses must

be increased. The most common side effect is drowsiness which is

observed during the first 2–3 days of treatment. This usually

disappears spontaneously or after the dosage is decreased. Some

other side effects are depression, psychic effects, nightmares,

dryness of mouth, nasal stuffiness, gastrointestinal upsets, diarrhea,

constipation, fever, dizziness, lightheadedness, failure of ejaculation,

and lactation associated with prolactin release (The Extra Pharmacopoeia,

1972; Sperber and De Graff, 1963; Cannon and Laragh, 1963; Merck, 1963).

In a 1964 review Dollery (1964) summarized some of the side

effects and toxic effects of Q-MD to show their relative order of

occurence (see Table 1.2).
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TABLE 1.2: Side and Toxic Effects of Methyldopa

Common Less Common Rare Toxic
Side–Effects Side–Effects Side–Effects Effects

Dry mouth Fluid retention Depression Fever
Early heavy Stuffy nose Headache Hepatic

sedation Changes in sleep Bad dreams dysfunction
Persistent light rhythm Black tongue (Haemopoietic

sedation Sore tongue Lactation disorders)
Milk gastro

intestinal
symptoms

Impotence

ol-MD can be used safely in women during pregnancy without any ill

effects on the fetus in utero. The weight and development of the

babies measured at birth were similar in both the treated and control

groups (Redman et al., 1976; 1977).

As indicated in Table 1.2 various effects on the central

nervous system have been observed, such as depression, disturbed

sleep, nightmares and hallucinations. Investigation of sleep patterns

in human subjects taking Q-MD showed that these subjects slept lighter

and their cycles of REM (rapid eye movement) sleep became significantly

longer (Baekeland and Lundwall, 1971).

in mental accuity have been reported.

More recently, sudden changes

Lack of concentrating ability,

forgetfulness, difficulty with simple calculations and problems in

reading were experienced among several people, including several

doctors, a nurse, an engineer, and an accountant. All subjects had

been taking O-MD in normal doses and all of their symptoms disappeared
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within 4 – 14 days after withdrawal from O-MD treatment (Alder,

1974; Ghosh, 1976). Of the healthy volunteers given one oral dose of

o–MD (250 and 500 mg) only those receiving the higher dose had a

subjective feeling of drowsiness. The same group scored poorer on the

reaction time test 3, 4.5 and 7 hours after receiving the drug. The

7 hour reaction time of those who received the 250 mg dose was

significantly longer than those who were administered a placebo. In

these studies the reaction time was the time required for a subject to

press a button which cancelled a visual stimulus presented to him at

random intervals (Bayliss and Duncan, 1974). It is known that the

sedative side effects usually disappear after several days of Q-MD

treatment, but the effects of 10ng term administration on the reaction

time have not been reported before.

o-MD appears to interfere with some immunological mechanisms

(Gottlieb and Wurzel, 1974). Up to 20% of those treated chronically

with Q-MD may develop a positive direct Coombs antiglobulin test

(Louis et al., 1967; Cantor and Barnet, 1967; Breckenridge et al., 1967).

In one report, hemolytic anemia of an autoimmune type was observed in

30 patients who had been treated with Q-MD for periods of 3 to 37

months (Worlledge et al., 1966). A discussion about mechanisms of

drug-induced immune reactions is not within the scope of this review.

Therefore, the reader is referred to several recent reviews which do

discuss the possible mechanisms associated with Q-MD induced immune

hemolytic anemia (Garratty and Petz, 1975; Petz and Garratty, 1975;

Petz and Fundenberg, 1975). One case of retroperitoneal fibrosis was
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attributed to Q-MD treatment (Iverson et al., 1975) but the evidence

is not conclusive (Flynn and Greco, 1976).

Jaundice developed in some hypertensive patients being

treated with Q-MD (Williams and Kahn, 1965; Wyburn-Mason and

Anastassiades, 1969). Numerous cases of Q-MD-induced liver necrosis

and hepatitis have been detected (Rehman et al., 1973; Maddrey and

Boitnott, 1975; Miller and Reid, 1976; Rodman et al., 1976; Zarday

et al., 1967; Toghill et al., 1974; Brouillard and Barret, 1973;

Williams and Khan, 1966; Elkington et al., 1969; Goldstein et al.,

1973; Schweitzer and Peters, 1974). Although these conditions are

usually reversible after withdrawal of Q-MD, death due to postnecrotic

cirrhosis has occurred (Thomas et al., 1976).

Although some of the toxic effects are very serious, the

occurrence is relatively low and the therapeutic index of C-MD is

high. By 1974 - after more than 10 years on the market – over 10,000

million tablets (corresponding to about 3,000 million patient-days)

had been prescribed by doctors and only about 60 cases involving liver

damage had been reported (Merck, 1974). There is an appreciable

percentage of the hypertensive population who do not respond to C-MD

or become tolerant to it, but the efficacy of this agent will ensure

that it will continue to be prescribed widely for the treatment of

moderate to severe hypertension.

Another problem which has not been mentioned is one

associated with any long-term therapy - that is one of patient

compliance. The distress caused by the side effects can only
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aggravate this problem, as suggested in this little doggerel:

Whilst treating hypertension,
Our patients oft complain
That treatments we apply to them
Increase their stress and strain.
We concentrate our attention
On their pressures diastolic,
With a disregard for comfort
They consider diabolic.
But would we not join
In this chorus of derision,
With blocked bowels, impotence,
And blurring of the vision.

Wolf et al., 1975
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CIRCULATION, BLOOD PRESSURE, AND HYPERTENSION:

A HISTORICAL PERSPECTIVE

"Nothing gives a better perspective of the subject than an

appreciation of the steps by which it has reached its

present state."

-Esmond R. Long (1890 – )

"The medical errors of one century constitute the popular

faith of the next."

—Alonzo Clark (1850 – 1918)

Long before blood pressure measurements were used

clinically, pulse theory became a highly developed diagnostic method.

Techniques for reading pulses were described in "Kuang-ti Nei Ching"

("The Yellow Emperor's Classic in Internal Medicine"). Although this

work was probably recorded in writing during the Chou Dynasty

(ca. 1100 - 250 B.C.) rather than during the reign of the Yellow

Emperor (ca. 2697 - 2595 B.C.) it is apparently based on earlier

traditions and legends. According to this work it was believed that

the blood contained the soul and the heart, the spirit (Veith, 1949).

Aristotle (384 - 322 B.C.) and Erasistratus (330 – 250 B.C.)

believed that normally only the veins carried blood and the arteries

contained air or 'pneuma', the vital spirit considered to be the
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essential principle of life. They stated that blood was forced

(rather than flowed) from the veins through invisible passages,

synanastomoses, into the arteries only as a result of great trauma.

This reasoning obviously satisfied the scientists of that era for it

stood unchallenged for about 450 years. During the 2nd century a

brilliant Greek physician, Galen, (130 - 200 A.D.) demonstrated that

arteries contained blood, not air. He proposed the "ebb and flow"

theory in which he suggested that inspired air was somehow transferred

from the lungs to the left ventricle via the "venous artery" (pulmonary

vein) while at the same time "the sooty residues which natural heat

necessarily produces in the heart" were passed to the lungs in the

opposite direction through the same "artery". Galen also claimed that

the blood was squeezed through small pores or anastomoses from the

"arterial vein" (pulmonary artery) into the "venous artery". Similarly

blood moved through these pores from the 1eft to the right ventricle of

the heart.

Galen's concepts of the movement of the blood and its

relationship to vital spirits, natural spirits and animal spirits

prevailed for over thirteen centuries. Medieval doctors believed that

"the vaynes bereth the nourys shying blode and the arteres the spyrytual

blode" (de Chauliac, 1363) and that "the spirit vitall procedeth from

the harte, and by the arteries or pulses is sente into all the body"

(Elyot, 1533). Andreas Vesalius (1514 – 1565) was the first in over

thirteen centuries to question Galen's concepts. Although he still

believed Galen's theory on the circulation of blood, he disagreed with

the idea that there were small pores in the interventicular septum of
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of the heart. In his book "De Humanis Corporis Fabrica" (1543) he

commented "we wonder at the handiwork of the Almighty by means of

which the Blood sweats from the right into the left ventricle

through passages which escape human vision!" Vesalius carefully

avoided any theological implications in his writings because deviation

from Galen's concepts was to court heresy. In his theological text

"Christianismi Restitutus" (1553) on the formation of the soul and

the development of what were called animal and vital spirits, Michael

Servetus (1500 – 1553) wrote that "the blood passes from the right

ventricle to the left ventricle but not through the septum -- as

commonly believed but by another admirable contrivance, the blood

being transmitted from the pulmonary artery to the pulmonary vein by

a lengthened passage through the lungs, in the course of which it is

elaborated and becomes a crimson colour." This was definitely

contrary to the acceptable theories of Galen, and later that year –-

at the instigation of Calvin, Servetus was burned at the stake with

a copy of his book and some manuscripts tied to his waist. Galenic

theories began to die out only after William Harvey (1578 – 1657)

demonstrated that the blood circulated continuously in a loop by

flowing through the arteries to the most distal parts of the body and

back to the heart (Harvey, 1628).

Said (1966) presented a translation from Avicenna's "Canon

of Medicine" (Avicenna or Ibn-e-Sinca, ca. 980 – 1036) in which this

Persian physician mentions blood "circulating" as opposed to the

ancient view of "ebb and flow" movement. During the 1920's an
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Egyptian medical student, Muhyi ad-Din at Tatawi, found a manuscript

by Ibn-an-Nafis (ca. 1210 - 1288) in the Prussian State Library in

Berlin (Meyerhof, 1935). In his doctoral thesis (1924) at Freiburg

University he translated parts of the manuscript which describe

Ibn-an-Nafis's discovery of pulmonary circulation (Bittar, 1955 a, b).

The ideas of Ibn an-Nafis may have reached contemporaries of Servetus

in Padau, for example, Realdo Colombo (1516 - 1559) but Serve tus

apparently did not know of any prior description of the pulmonary

circulation (Cappola, 1957; Temkin, 1940). Regardless of the earlier

discoveries of Avicenna and Ibn an-Nafis, Harvey was the first to

describe blocd circulation in humans (Harvey, 1628) and it is his

work on which modern physiology and medicine were built (Leake, 1962).

Another century passed before the first blood pressure

measurement was made. The Rev. Stephen Hales (1733) and a helper

cannulated an artery of a horse with a piece of brass pipe attached

to a nine-foot glass tube. The blood rose to a height of about 8 ' 3"

(equivalent to about 110 - 120 mm of mercury). Non-invasive methods of

blood pressure measurements developed by Herisson (1834) and Marey (1863)

were modified by Mahomed (1872). He was the first to combine clinical

and pathological observations with blood pressure measurements

(Mahomed (1877) -- about 150 years after the first measurements by

Hale. Mahomed's recognition of hypertension was overlooked and its

discovery is often credited to Huchard (1889).
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DISCOVERY OF NOREPINEPHRINE AND EPINEPHRINE

Another physician, George Oliver, enjoyed inventing

instruments which would enable him to make observations during

experiments on human subjects. One of his instruments, an arteriometer,

afforded him a non-invasive method for monitoring changes in the

diameter of arteries (Oliver, 1895). In testing his arteriometer, he

administered subcutaneous injections of glycerine extracts of various

animal glands to his son. He discovered that injections of adrenal

gland extracts caused a definite decrease in the size of his son's

radial artery. Oliver apparently never published this observation

(Schafer, 1908). Wanting to share his new knowledge, Oliver travelled

to London to meet Edward Schafer. Although Schafer was skeptical,

he was pursuaded to repeat the experiment on a dog. They observed

vasoconstriction of the arteries and a rapid increase in blood

pressure (Oliver and Schafer, 1894; 1895 ). In fact, the increase

in blood pressure was so rapid that it caused mercury to be driven out

of the Ludwig manometer (Neil, 1975). The next year, Moore (1895),

who worked in Schafer's laboratory, concluded that the blood pressure

raising component of the adrenal extract was the same compound that

Wulpian (1856, 1858) had studied some 40 years previously. He observed

that the juice expressed from the adrenal glands of various animals

reacted in a very similar manner when treated with ferric chloride and

iodine solutions. With the former the liquid gave an emerald green

color and with the latter, a rose carmine tint: these color reactions

occurred only with liquid from the adrenal medulla but not that from
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the adrenal cortex or from any other tissues studied by Vulpian.

The findings of Schafer and colleagues sparked much

interest in the identifying this blood pressure raising component.

In 1898 John Abel (1898) announced that he had isolated the active

principle from the gland and called it "epinephrine". Otto von Furth

claimed that he had isolated the active component, which he named

"suprenin". During the next few years they contested each other's

work (Takamine, 1901; Loewe, 1954) until Takamine (1901) and then

Aldrich (1901) isolated pure crystaline compound. In his preliminary

report, Takamine wrote, "I desire by no means to usurp credit due to

the pioneer investigators; yet in view of the facts that neither

of the authors (Abel and von Furth) quoted has obtained the active

principle in pure form, and that there still exists some room for

controversy between them, for convenience sake I have termed the

blood pressure raising principle 'adrenalin'" (Takamine, 1901a). In

1904 Stoltz (1904) synthesized adrenalin and its N-desmethyl analogue,

noradrenalin.

Lewandowsky (1898) and Langley (1901) noted independently

that the effects elicited by injections of adrenal gland extracts

were very similar to those observed after stimulation of sympathetic

nerves. Elliott (1905, 1912) suggested that such stimulation caused

epinephrine, a transmitter substance, to be released from sympathetic

nerve endings. Since the effects observed were not identical (Barger

and Dale, 1910; Cannon and Uridil, 1921) the existance of another

transmitter substance was proposed (Bacq, 1934; Stehle and Ellsworth,

1937, Greer et al., 1938).
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It was not until the late 1940's when the postulated

precursor of epinephrine, norepinephrine (Blaschko, 1939, 1942) was

discovered in sympathetic innervated organs and sympathetic nerves

(von Euler, 1946, 1948).

DISCOVERY OF NOREPINEPHRINE

AND ITS CARDIOWASCULAR PROPERTIES

Goldenberg studied the relative cardiovascular properties

that norepinephrine (5) and epinephrine (6) exhibited in normo- and

hypertensive subjects. Epinephrine showed overall vasodilator and

potent cardiac stimulating properties whereas norepinephrine showed

strong vasoconstrictor but no significant cardiac stimulating

properties in the dosage range employed. No vasoconstriction was

observed when equal amounts of the two drugs were co-administered.

Patients with essential hypertension manifested a higher pressor

response to norepinephrine than normotensive subjects. These findings

led Goldenberg et al. (1948) to suggest that an improper balance in

endogenous levels of norepinephrine and epinephrine may be related

to the production of hypertension. During the next year (1949)

Goldenberg suggested to Merck Co. that they prepare a dopa decarboxylase

inhibitor which might be useful in the treatment of essential

hypertension (Sourkes, 1965). He theorized that an antimetabolite

might regulate the 1evels of norepinephrine such that the blood pressure

would be controlled. Around that time additional findings demonstrated

the existence of norepinephrine in other mammalian tissues --



22

bovine adrenal medulla (Bergstrom et al., 1949), normal human

adrenal glands and tumors cf chromaffin tissues (pheochromocytoma)

(Goldenberg et al., 1949), and adrenal glands (Holtz and Schumann,

1948). Although 3,4-dihydroxyphenylalanine (dopa) and dopamine

were not found in mammalian tissues (sheep adrenal glands) until

1950 (Goodall, 1950), Blaschko (1939, 1942) proposed that they were

precursors in the biosynthesis of epinephrine. According to his

scheme four steps are required to transform tyrosine (2) to epinephrine

(6) namely, (1) hydroxylation in the 3-position of the aromatic ring

(2) decarboxylation (3) hydroxylation in the benzylic position on the

alkyl side chain and (4) N-methylation. Figure 1.1 depicts the accepted

biosynthetic steps from tyrosine to epinephrine, which are in the same

order that was suggested by Blaschko in 1942.

Holtz et al. (1938) reported that an enzyme found in guinea

pig kidneys could effect the decarboxylation of dopa (3) to dopamine (4)
Blaschko (1938, 1942) showed that l-dopa --- but not d-dopa --- was

decarboxylated in enzyme preparations isolated from liver and kidneys
of guinea pigs. He could not detect any carbon dioxide evolution in

his test system when he incubated d-dopa, d.l-N-methyldopa, d.l-N-methyl

tyrosine, l-tyrosine or d-phenylalanine. A quarter of a century later

Lovenberg et al. (1961) showed that dopa, p-tyrosine, and phenylalanine

are decarboxylated at relative rates of 100 : 1.6 : 0.53. Since

neither l-tyrosine nor d1-N-methyldopa appeared to be decarboxylated,

Blaschko reasoned that, if dopa is an intermediate in the biosynthesis

of epinephrine, then decarboxylation followed hydroxylation in the
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Figure 1.1: The accepted biosynthetic pathway from tyrosine to
epinephrine. Blaschko showed only that decarboxylation of
dopa occurred before N-methylation but followed tyrosine
hydroxylation. It was not established when 3-hydroxylation
occurred.
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aromatic ring but preceeded N-methylation. Blaschko did not

establish the stage at which the benzylic hydroxyl group was

introduced. For example, it was possible that hydroxylation could

occur before or after decarboxylation. At that time it was not known

if 3,4-dihydroxyphenylserine (7) was decarboxylated in vivo (see

Figure 1.2). That was not demonstrated for another decade (Beyer, 1950a,

1950b ; Blaschko , 1950; Schmiterlöw, 1951).

3,4-Dihyroxyphenylserine already had been suggested as a

precursor of epinephrine by Rosenmund and Dornsaft in 1919. They claimed

that their scheme (see below) beginning with dopa represented the

RCH,CH(NH,)cooh —X. RCH2CH2COOH -> RCH,Cooh

CH (NH,)cooH
Fºooh -*-*-> RCH(OH)cH(NH,)cooh

O -Co.,

RCH(OH)ch (NHMe)cooH — RCH(OH)ch, Be
R = 3,4-dihydroxyphenyl; Me = methyl

biosynthesis of epinephrine better than one beginning with tyrosine

since they felt that an aromatic hydroxylation step like tyrosine to

dopa was unlikely to occur in vivo. They had no experimental evidence

to uphold this view (Rosenmund and Dornsaft, 1919). Earlier Funk (1911 )

had proposed that dopa was the precursor of epinephrine without

specifying any intermediates. He was unable to identify epinephrine

in any of the tissues that he incubated (e.g. adrenal gland and pooled
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OH |
HO H #2H HO 72H
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Figure l.2: Alternative pathways of epinephrine formation via
3,4-dihydroxyphenylserine (7) or epinine (8) as
intermediates. - -
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adrenals, liver and pancreas; Funk, 1911b). He believed that one of

the necessary steps could have occurred in a different tissue, so he

still considered dopa as a possible precursor of epinephrine.

Probably the earliest theory concerning the biosynthesis of

epinephrine was proposed by Halle in 1906 (Halle, 1906). He suggested

the same biosynthetic reactions that Blaschko (1942) postulated over

thirty years 1ater but with a difference in the sequence of the steps.

Blaschko did not indicate at which stage the alkyl side chain was

hydroxylated. Although Halle had no experimental evidence to support

his claim, he proposed that dopamine arising from tyrosine and dopa

was N-methylated to epinine (8) and then hydroxylated to form

epinephrine (see Figure 1.2). If he had reversed the order of the

N-methylation and 3-hydroxylation steps, his theory would have preceded

the establishment of the biosynthetic pathway by half a century.

In 1956 Udenfriend and Wyngaarden demonstrated during

in vivo rat studies that phenylalanine, tyrosine, and dopa were

precursors of norepinephrine and epinephrine. In the same study

“c-labelled tyramine and 2-phenylethylamine did not lead to the

incorporation of any radioactivity in epinephrine isolated (Uden friend

and Wyngaarden, 1956). This report confirms earlier work indicating

epinephrine could be formed in vivo from phenylalanine administered to

rats (Gurin and Delluva, 1947) but it does not support the view that

tyramine and 2-phenylethylamine were precursors of epinephrine (Devine,

1940). Udenfriend and Wyngaarden did not demonstrate that dopamine

was an intermediate in the conversion of dopa to norepinephrine and
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epinephrine (Udenfriend and Wyngaarden, 1956). Demis et al. (1955)
4

showed that dopa-6-' C (2*) was converted in vitro to dopamine-6-"c (4%).

Hagen (1956) was able to isolate 4* from 2* incubated in a homogenized

ox adrenal preparation freed of amine oxidase. The isolated labelled

dopamine subsequently was transformed to norepinephrine-3-"c (5%)
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in homogenized chicken adrenal glands. Pellerin and D'Iorio (1957)

also have shown that 2* is converted by adrenal homogenates to 4.

and 5*. Goodall and Kirshner (1957) incubated slices of adrenal

medulla with tyrosine-6-"c and found that labelled dopamine,

norepinephrine and epinephrine were formed. Under identical

conditions labelled morepinephrine was formed 70 - 100 times as fast

from dopa-6-"c as from tyrosine-6-"c. Dilution of these labelled

precursors and incubation with adrenal slices led to corresponding

reductions in the specific activity of the norepinephrine-8-"c

formed. Tyramine (9) did not act as a precursor of norepinephrine (5)
nor did its addition to adrenal slices cause any detectable change in

the specific activity of norepinephrine formed from tyrosine-6-"c.
Leeper and Udenfriend (1956) found that after administration of

"3-4 dihydroxyphenylethylamine-1-"c" (sic), i.e. dopamine, to

intact rats, labelled epinephrine was isolated from the adrenal gland.

The specific activity of epinephrine isolated was 5 - 10 times higher

than that measured when labelled dopa was administered. It was shown

that dopamine was converted to norepinephrine significantly faster

than from tyrosine and that norepinephrine was converted to epinephrine

much faster than tyrosine to norepinephrine. Although it had been

demonstrated in vivo and in vitro that dopa was an intermediate in the

biosynthesis of epinephrine, no dopa was found. Rosenfeld et al.

(1958) concluded (1) that a dopa decarboxylase was present in the

adrenal glands and had a higher activity than tyrosine hydroxylase

and (2) that "the hydroxylation essential for the conversion of
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tyrosine to dopa is the rate limiting reaction in the overall

sequence of adrenal biosynthetic reactions eventuating in the

medullary hormones". Later kinetic studies elucidating the rate

limiting step in epinephrine biosynthesis in an isolated perfused

guinea-pig heart confirmed the view that tyrosine hydroxylation is

the rate-limiting step (Levitt et al. 1965). Since both

>k

NH
HO 9* 2

QH2' Y
>k HO
H

NH NHHO 2 HO’ 2
10* 4 +

N- QH 2
HO :

-

NH2
HO 5*

Figure 1.3: Pathways of norepinephrine biosynthesis considered by
Creveling et al. (1962). *indicates the position of
the 8–14c or 3-3H label.



30

tyramine (9) and norsynephrine (19) occur naturally in mammalian

tissues and urine (Pisano et al., 1961; Kakimoto and Armstrong,

1962; Spector et al., 1962). Creveling et al. (1962) decided to

re-investigate the possible metabolism of tyramine to norepinephrine

via dopamine and/or norsynephrine. (See Figure 1.3). After

administration of tyramine-8-"c or norsynephrine-8-’s to rats, no

labelled epinephrine was found in the adrenal glands. Very little

labelled norepinephrine and metanephrine were found in the urine. In

the tyramine-treated rats, norepinephrine accounted for only 0.02% of

the total urinary radioactivity and normetanephrine, 0.28%. In the

norsynephrine-treated rats the corresponding fractions of urinary

radioactivity were 0.04% norepinephrine and 1.5% normetanephrine.

Higher percentages would be expected if tyramine and norsynephrine

were important intermediates in the major pathway of norepinephrine

biosynthesis in mammals (Goodall et al., 1959). While it was believed

that the adrenal glands contained only epinephrine, no repinephrine

also was detected in adrenal gland extracts (von Euler and Hamberg,

1949; James, 1948; Goldenberg et al., 1949; Tullar, 1949). Bulbring

and Burn (1949a) found that stimulation of the splanchnic nerve to the

adrenal gland of an eviscerated cat caused the release of both

norepinephrine and epinephrine. The significance of the presence of

the "non-methylated epinephrine", Bulbring suggested, could be that

norepinephrine is the end-product being released into the blood stream

or it could be the precursor of epinephrine being synthesized in the

adrenal gland. She demonstrated that epinephrine was synthesized
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in vitro from norepinephrine in ºrded adrena' glands (Bülbring, 1949)

and in the perfused adre nº gia, ds of dogs (På bring and Burn, 1949b).

Radioactively lab. 13 ed opinephrine was isolated from the adrenal

glands of rats administered i. p. injections of al-norepinephrine-o-"c
(Masuoka et a 1. , 1956). Du Vigneaud's group (Keller et al., 1950)

fººd rats a dict containing met hionine labelled with carbon-14 in the

- - -
14 - - -Bºethyl group and were able to isolate C-epinephrine from the adrenal

glands. The carbon-14 label was shown to be in efine; t■ rine (6) by

OH H

FiOSº 7-H Kio, Osºs Hºf -------º-|

poºls' HCH, *0°

chtaining constant specific activity after recrystallizing it and

converting it to iodcadrenochrome 11. These data from in vivo end
--- -- -----

in vitro experiments all support the biosynth . . . sequence of t wros 1,

as the rate limiting step.
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O-METHYLDOPA

ANTIMETABOLITE AND ANTIHYPERTENSIVE AGENT

As described earlier, Goldenberg et al. (1948) found

differences in the cardiovascular effects of norepinephrine and

epinephrine which led them to propose that an inbalance of these

two endogenous compounds could lead to the development of hyper

tension. At this time (1948) the biosynthetic pathway to

norepinephrine and the rate limiting step in its synthesis were not

known, but Goldenberg postulated that an "antimetabolite" of dopa

decarboxylase might decrease the production of norepinephrine thereby

influencing the latter's control on blood pressure. At the same time

that Goldenberg approached Merck about synthesizing an inhibitor of

dopa decarboxylase, chemists at Merck were preparing O-methyl analogues

of amino acids (Sourkes, 1965). This work was prompted by the findings

that O-methylglutamic acid strongly inhibited glutamic acid

decarboxylase and that similar compounds might possess some anti-cancer

potential (Christenson et al., 1952, Merck, 1963). This gave impetus

for the synthesis of various O-methyl analogues of glutamic acid,

methionine, (Pfister et al., 1955) and phenylalanine (Stein et al.,

1955). These syntheses preceeded their publication by about four years.

During the intervening time, Sourkes, also at Merck at that time,

reported that, of these analogues, O-methyldopa (O-MD) was the most

potent inhibitor of porcine kidney dopa decarboxylase (Sourkes, 1954).

Sourkes suggested that (RS)-O-MD had a biphasic action on dopa

decarboxylase in an extract of porcine kidney. Q-MD (107°molar)
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completely inhibited the enzyme but at lower concentrations

(107-10 °molar) it appeared to activate the enzyme in the incubation

mixture containing (RS)-3,4-dopa (4x10 °molar). He measured the

amount of carbon dioxide evolved during incubations in a Warburg

apparatus. When the amount of kidney extract was varied, only the

experiments using 1077 molar (RS)-O-MD yielded consistantly higher

amounts of evolved carbon dioxide (15% to 45% higher); other

experiments using 10-6
-

107° molar (RS)-O-MD gave variable results.

Since the number of experimental data and their standard errors of

the mean were not given, the statistical significance of these

differences cannot be assessed. Although C-MD itself can be

decarboxylated, it could not have contributed significantly to the

total carbon dioxide evolved. Compared to dopa, the concentration

of O-MD was 4x10" times smaller and the rate of decarboxylation was

1/200 times slower (Lovenberg et al., 1962).

During the early 1950's, Goldenberg (unpublished data, see

Stone and Porter, 1967) was unable to show that Q-MD inhibited the

formation of catecholamines in the adrenal medulla of laboratory

animals. Later, Dengler and Reichel (1957, 1958) reported that Q-MD

could reduce the pressor effects of dopa in rats, mice, and guinea

pigs. Similarly, Westerman et al. (1958) found that Q-MD also

inhibited the bronchoconstrictor effects of 5-hydroxytryptophan.

o-MD did not appear to possess any significant hemodynamic effects,

but it was used in vivo and in vitro to study the effects of inhibiting

amino acid decarboxylation. Mice treated with Q-MD had increased
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levels of serotonin in the brain and intestines (Smith, 1959; 1960).

o-MD inhibited the conversion of dopa to dopamine in rats (Murphy

and Sourkes, 1959) and the decarboxylation of dopa, tyrosine, and

tryptophan in man (Oates et al., 1960, Sjoerdsma et al., 1960).

O-MD had not been considered for clinical use since no

significant pharmacological effects were found during routine drug

screening tests in animals (Sjoerdsma et al., 1963). Intravenous

administration of (RS)-O-MD (100 mg/kg) to trained unanesthetized

renal or neurogenic hypertensive dogs in acute or subacute studies

did not cause any hypotensive effects (Stone et al., 1961).

The original objective of using Q-MD in human experiments

was to determine if Q-MD could inhibit serotonin synthesis via

decarboxylase inhibition in patients with malignant carcinoid tumors

(Sjoerdsma et al. , 1960). These tumors cause a release of excessive

amounts of serotonin (12) and produce a syndrome characterized by

episodic cutaneous flushing, diarrhea, broncho constriction, and

cardiac lesions. In two Q-MD-treated patients, the urinary excretion

of the serotonin precursor, 5-hydroxytryptophan (13) increased 5-fold

and the excretion of 5-hydroxyindoleacetic acid (14), a serotonin

metabolite, decreased by 60 - 70% (Sjoerdsma et al., 1960). Although

these data indicated that serotonin synthesis was inhibited (Sjoerdsma

et al. , 1960), only some of Q-MD-treated carcinoid patients benefited

(Nicholson et al., 1962; Collini, 1961; Nobel, 1961; Dubach, 1963 ;

Mendel, 1963). During their decarboxylase inhibition studies in human

subjects, Oates et al. (1960) found that Q-MD reduced blood pressure
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in hypertensive patients. Subsequent to this discovery Goldberg

et al. (1960) were able to demonstrate hypotensive effects in

unanesthesized dogs when they used large intravenous doses of

o-methyldopa (100 - 200 mg/kg). According to another report, in

anesthetized dogs an i.v. infusion of O-methyldopa (20 mg/kg) over one

hour was more effective in 10 wering the blood pressure than the same

size dose injected i.v. over one minute (e. g.: a blood pressure

52CO2H

HO NH,

HO NH2:
| Sco.H

HO :
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decrease of 45 mm Hg vs. 17 mm Hg, respectively; Blower et al.,

1976). Stone et al. (1961) reported later that O-methyldopa was an

effective anti-hypertensive agent in renal hypertensive rats.

The initial clinical studies of Sjoerdsma, Udenfriend and

their associates demonstrated that C-MD was useful in lowering the

blood pressure of hypertensive patients (Oates et al. , 1960). During

the following three years large-scale trials of the drug were under

taken and in the course of these trials Q-MD came into general use

as an antihypertensive agent (Dollery, 1964).

MODE OF ACTION FOR O-METHYLDOPA

A. Dopa Decarboxylase Inhibitor Theory

Since decarboxylation of dopa was thought to be the rate

limiting step in the synthesis of norepinephrine, it seemed plausible

that C.-MD acted by inhibiting norepinephrine formation which would

lead to the eventual depletion of the neurotransmitter in the nerve

endings. This theory was substantiated further when it was shown

that tissue levels of norepinephrine decreased in animals treated

with Q-MD (Goldberg et al., 1960; Stone, et al., 1962; Hess et al.,

1961; Porter et al., 1961). Q-MD was also a weak inhibitor of

dopamine-3-hydroxylase (Hess et al., 1961) but there was no indication

that sufficiently high levels could be attained in vivo to inhibit

the conversion of dopamine to norepinephrine (Stone and Porter, 1967).

The causal relationship between these biochemical effects and

pharmacological activity soon was disproved. Administration of
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decarboxylase inhibitors more potent than Q-MD such as "o-methyldopa

hydrazine" (Carbidopa, MK-485, or cº-hydrazino-3,4-dihydroxy-or

methylbenzenepropanoic acid, 15; Porter st al. , 1962) or 4-bromo-3-

hydroxybenzyloxyamine, 16, (Levine and Sjoerdsma, 1964) did not

HO Me CO2H HO o-NH2
NHNH2 Br

15 16
G-se

HO

lower blood pressure of hypertensive patients. Pheochromocytoma

patients treated with Q-MD, N-(3-hydroxybenzyl)-N-methylhydrazine

(NSD-1034, 17) or 4-bromo-3-hydroxybenzyloxyamine (NSD-1055, 16)
showed no clinical or metabolic evidence that the synthesis of

norepinephrine had been diminished (Engelman and Sjoerdsma, 1964).

NSD-1034 (17) and NSD-1055 (16) are inhibitors of both dopa

decarboxylase and dopamine-8-hydroxylase (Creveling et al., 1962;

|
NH2

17

Drain et al., 1962; Kuntzman et al., 1962; Smith and Nephew, 1962;

Brodie et al., 1962). Hess et al. (1961) found that administration
- -
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of RS-O-MD (400 mg/kg, i.p.) to guinea pigs resulted in the

following levels of the drug in the brain at the given times following

the injection. Similar results were obtained by Carlsson and

TABLE 1.3: Changes in Brain C-MD 1evels with time (hr.) following
single dose of (RS)-O-MD (400 mg/kg, i.p.)

Time (hr.) C.-Methyldopa in brain (ug/g)

1 226

2 286

3 86

5 25

15 0. 5

Lindqvist (1962). If decarboxylation were a crucial factor in the

mode of action of Q-MD, one would expect the time profile Q-MD levels,

dopa decarboxylase inhibition, and hypotensive inhibition to be

similar. No such correlations have been found. The maximum hypotensive

effect is observed 3 – 6 hours after an i. p. injection (Henning, 1967)

while the maximum C-MD 1evels in the brain occur within 2 hours

following i.p. administration and decline rapidly thereafter (Hess

et al., 1961). Dopamine levels in the rat brain decreased only when

the levels known to be effective in inhibiting dopa decarboxylase

(Sourkes et al., 1961). Sourkes et al. (1961) reported that the

dopamine levels in the brain fell dramatically 1 – 3 hours after
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administration of Q-MD (1 mmol/kg, i.p.) but rose to pretreatment

levels within 24 hours. The norepinephrine levels fell somewhat

less slowly and took more than 3 days to reach pretreatment levels --

long after any G-MD could be detected in brain tissues (Sourkes et al.,

1961; Porter et al., 1961; Carlsson and Linqvist, 1962; Hess et al.,

1961). Q-MD did not decrease the level of norepinephrine metabolites

in the urine of patients successfully treated for hypertension (Cannon,

et al., 1962).

It became apparent that the hypotensive activity of Q-MD did

not depend on its decarboxylase activity per se. If it did, inhibition

of dopa decarboxylation should have led to decreased norepinephrine

production accompanied by the observed decrease in blood pressure.

of course, this was based on the belief that dopa decarboxylation was

the rate limiting step in the biosynthesis of norepinephrine (Holtz,

1959; Nikodijevic et al., 1963). However, in 1965 Levitt et al. (1965)

demonstrated that tyrosine hydroxylation was the rate limiting step.

Earlier Murphy and Sourkes (1959) had advanced the idea that

the loss of catecholamines from the brain following i. p. administration

of q-MD could result not only from dopa decarboxylase inhibition, but

also from their release from storage sites. Gillespie et al. (1962)

suggested that the hypotensive activity may be caused by the "depletion

of the norepinephrine tissue stores by some unknown mechanism." Since

o:-MD was a substrate for dopa decarboxylase both in vivo (Porter and

Titus, 1962) and in vitro (Weissbach et al., 1960; Lovenberg et al.,

1962 – see Table 1.4), it was possible that Q-MD was a precursor to the

agent causing norepinephrine depletion.
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TABLE 1.4: Substrate specificity of guinea pig kidney enzyme

Relative specific”
Substrate activity

DOPA 6400

o–Tyrosine 4750

m–Tyrosine 2000

5-Hydroxy tryptophan 1000

Tryptophan
-

220

Phenylalanine 104

p–Tyrosine 34

o-Methyldopa 32

5-Hydroxy-O-methy tryptophan 13

Histidine 10

o-Methyltryptophan 5

o-Methyl-m-tyrosine 4

* An enzyme which had been purified from guinea pig kidney
about 10-fold was used in this study.

Estimated "max from Lineweaver- Burk plots.
(Lovenberg et al., 1962)

B. Peripheral False Neurotransmitter Theory

1. Introduction

At the First Pharmacological Meeting (1961) in Stockholm

Carlsson (1961) reported the discovery of O-methylnorepinephrine in

the brains of rabbits and mice which had been treated with Q-MD. It

was theorized that O-methylnorepinephrine may displace norepinephrine

in the brain as well as in other tissues and that O-methylnorepinephrine

may assume the function of norepinephrine in the brain (Carlsson and
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Lindqvist, 1962). Day and Rand (1963; 1964) modified these ideas in

presenting the concept of adrenergic false transmitters. They

proposed that O-methylnorepinephrine, an in vivo metabolite of

(S)-O-MD, was released from peripheral adrenergic neurons upon nerve

stimulation and that it had qualitatively the same activity as

endogenous norepinephrine, but was a weaker agonist. It was also

suggested that the apparent lower potency of O-methylnorepinephrine

could help explain the antihypertensive effect of (S)-O-MD observed

in hypertensive patients (Day and Rand, 1963; 1964; Muscholl, 1966).

2. Pharmacological Basis for Adrenergic False Transmitter

o-Methylnorepinephrine can replace norepinephrine in tissue

storage sites (Stone et al., 1962; Hess et al., 1961). This

phenomenon was reported to not have any marked effect on the responses

to sympathetic nerve stimulation since the pressor response to vagal

nerve stimulation was not reduced in (S)-O-MD-treated dogs (Stone

et al. , 1962). Day and Rand (1963; 1964) studied cat nictitating

membrane contractions in response to stimulation of postganglionic

sympathetic nerves. Following high frequency nerve stimulation,

1ittle or no impairment of the response was observed in (S)-O-MD-treated

cats, but the responses were diminished in the same animals at lower

frequencies of stimulation. The responses to electrical stimulation

of isolated rabbit ileum and guinea-pig was deferens were diminished

only in the presence of high concentrations of (S)-O-MD (Day and Rand,

1963; 1964). The reported differences in the degree of sympathetic

nerve impairment probably arise because of the different animal
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species and biological activities tested. As a result of their

observations Day and Rand (1963, 1964) suggested that the diminished

responses to sympathetic stimulation could explain clinical findings

of sympathetic nerve impairment: e.g., slight postural hypertension

(Gillespie et al., 1962; Bayliss and Harvey-Smith, 1962); abolition

of overshoot in the Walsalva manoeuvre (Dollery and Harington, 1962),

and decreased cardiovascular response to exercise (Sannerstedt et al.,

1962).
-

Another striking pharmacological effect of (S)-O-MD is

that the drug restores the pressor responses to stimulation of

sympathetic nerves and to tyramine when these responses have been

impaired in reserpine-treated rats (Day and Rand, 1964). Reserpine

decreases no repinephrine synthesis because it blocks dopamine up take

by the storage granules where norepinephrine is synthesized.

Administration of tyramine normally elicits a pressor response as a

result of norepinephrine displacement from axonal terminals. In

reserpine-treated animals, the norepinephrine levels are depleted

greatly, and consequently the pressor response to tyramine or to

stimulation of sympathetic nerves is reduced. The restoration of

these responses in reserpine-treated animals following administration

of (S)-O-MD closely resembles the restoration of responses following

administration of dopa (Burn and Rand, 1960; Day and Rand, 1964).

Since both reserpine and (S)-O-MD deplete tissue stores of

norepinephrine, Day and Rand (1964) proposed that O-methylnorepinephrine

could replace norepinephrine in mediating responses to stimulation of
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peripheral sympathetic nerves and to tyramine. When these authors

compared the pressor activity of (−)-O-methylnorepinephrine (erythro

or threo-isomer not stipulated) with that of (-)-norepinephrine, they

found that (-)-O-methylnorepinephrine was 2- to 8-times less potent

than (–)-norepinephrine in cats, rats, guinea-pigs, and rabbits.

This observation then led Day and Rand (1963, 1964) to propose that

in o-MD-treated hypertensive patients, the substitution of

norepinephrine by O-methylnorepinephrine, a replacement or "false

neurotransmitter", diminished the effectiveness of peripheral

sympathetic impulses to the blood vessels. Furthermore, they claimed

that the lower potency of the false neurotransmitter O-methylnor

epinephrine could lead to the observed impairment of responses to

nerve stimulation (Day and Rand, 1963; 1964).

3. Requirements for a Compound to be an
Adrenergic False Transmitter

i. Pharmacological Requirements

The normal functions of norepinephrine are altered since

o-methylnorepinephrine competes with the natural neurotransmitter in

the various processes of absorption, distribution, storage, release,

uptake, synthesis, metabolism, and excretion. Since the substitute

or "false" transmitters are chemically analogous to endogenous

transmitters, these processes are not exclusively specific for a given

neurotransmitter (Muscholl, 1972). Kopin (1968, 1971) summarized

certain criteria a compound must fulfil to be a false neurotransmitter:

(1) it must exist in the same site as the natural

neurotransmitter in the intra-neuronal vesicles of
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the pre-synaptic terminal nerve fibers,

(2) it must be released or depleted from the neurons

by the same stimuli which cause the natural

transmitter to be released or depleted,

(3) it should elicit the same neuronal responses as

the natural transmitter when it is applied to a

neuron, and

(4) the pharmacological actions of the false

transmitter and compounds interacting with it should

correspond well with those of the transmitter and

drugs interacting with it.

The following sections on uptake, storage and release of

false transmitters and the pharmacological evidence for and against

the adrenergic false transmitter theory will discuss how well

o-methylnorepinephrine and other related compounds fulfil the above

criteria.

ii. Structural Requirements for Formation and
Metabolism of False Transmitters

Certain compounds become false transmitters because the

enzymes catalyzing the biosynthesis of norepinephrine and epinephrine

(see Figure 1.4) are not absolutely specific in their substrate

requirements. Table 1.5 lists these enzymes and a number of compounds

which are substrates for them. Others have been mentioned in recent

reviews (Muschol1, 1972; Nagatsu, 1973; Porter et al., 1977). These

compounds (see Table 1.5) can give rise to false ‘transmitters because
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TABLE 1.5 : Substrates for catecholamine-synthesizing enzymes.

;

Enzyme "Unnatural" Substrates References

Tyrosine hydroxylase phenylalanine
O-methyltyrosine
O-methylphenylalanine

Dopa decarboxylase O-MD
metatyrosine

O-methyltyrosine
5-hydroxyl-O-methyltryptophan
threo-3,4-dihydroxyphenylserine

i
Dopamine-3-hydroxylase tyramine

O-methyltyramine
O-methyldopamine
metatyramine
O-methyl-metatyramine
phenylethylamines

i
Phenylethanolamine- phenylethanolamine

N-methyl transferase octopamine
3-hydroxyphenylethanolamine
O-methylnorepinephrine

:
* [ (a) Ikeda et al., 1965; (b) Maitre, 1965; Udenfriend et al., 1965;

1966; (c) Torchiana et al., 1970; (d) Carlsson and Lindqvist, 1962;
Lovenberg et al., 1962; Weissberg et al., 1962; (3) Blaschko, 1950;
(f) Gessa et al., 1962; Lovenberg et al., 1962; (g) Weissbach et al.,
1960; (h) Blaschko, 1950; Werle and Sell, 1954; (i) Crevelling, 1965;
(j) Anden, 1964; Shore et al., 1964; Carlsson and Lindqvist, 1962;
Maitre and Staehelin, 1963; Muscholl and Maitre, 1963; Musacchio and
Goldstein, 1963; Schümann and Grobecker, 1964; (k) Axelrod, 1966;
(1) Muschol1, 1965; 1966]
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they or their precursors are chemical analogs of the endogenous

transmitter, norepinephrine, and its precursors.

These "unnatural" substrates as well as dopa, norepine

phrine ("end-product inhibition"), and (S)-O-MD inhibit tyrosine

hydroxylase (Ikeda et al., 1965; Udenfriend et al., 1965). Since

tyrosine hydroxylation is the rate-limiting step, in norepinephrine

synthesis inhibition at this stage has an important influence on the

rate of norepinephrine synthesis (Levitt et al., 1965).

The main structural requirement for substrate activity for

dopa decarboxylase is that it be an aromatic L-amino acid. The

alternate name, aromatic L-amino acid decarboxylase, arose because it

appeared that this one enzyme catalyzed the decarboxylation of various

aromatic L-amino acids, like (S)-dopa, (S)-5-hydroxytryptophan,

(S)-histidine, (S)-phenylalanine, and (S)-tyrosine (Lovenberg et al. ,

1962). Phenylalanine and tyrosine are poorer substrates than dopa

for dopa decarboxylase in vivo so these substrates are not metabolized

readily in non-neuronal tissues (Porter et al. , 1977). However, when

phenylalanine and tyrosine are converted in neurons to m-tyrosine and

dopa, respectively, decarboxylation follows more readily as these

metabolites are better substrates for dopa decarboxylase than their

precursors (Table 1.5; Lovenberg et al., 1962). Q-Methyl cº-amino acids

are not good substrates for dopa decarboxylase. Nevertheless,

decarboxylation of these compounds does occur and is important since

the amine products and subsequent 3-hydroxylated metabolites are not

oxidized by monoamine oxidase (Blaschko et al., 1937; Blaschko, 1952).
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Consequently, O-methyl amines can accumulate to reach concentrations

sufficient to permit their functioning as false transmitters in

animals treated with O-methyl O-amino acids.

Various phenylethylamines are good substrates for dopamine-3-

hydroxylase (Table 1.6, Van der Schoot and Creveling, 1965). The basic

*
TABLE1.6: Substrates for dopamine-3-hydroxylase

Substrate Relative activity"

phenylethylamine 63
tyramine 100

metatyramine 77

o-methyltyramine 65

O-methyl-metatyramine 50

dopamine 93

O-methyldopamine 58

* from Van der Schoot and Creveling, 1965

** based on tyramine as 100

structural requirement for substrate activity is that the compound

have an aromatic ring with a side chain containing two or three

carbon atoms terminated by an amino group. 2-Phenylethylamines are

better substrates than 3-phenylpropylamines and primary amines are

better than secondary amines. Meta- or para-hydroxylation increases

activity whereas ortho-hydroxylation eliminates it. C-Methylation

decreases the activity by about 40% (in vitro, Van der Schoot and
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Creveling, 1965) while an O-carboxyl group abolishes it (Goldstein

and Contrera, 1962; Creveling et al., 1962). These compounds can

act as competitive inhibitors of dopamine-8-hydroxylase. For

example, 3-hydroxylation of tyramine was inhibited 20% by O-methyl

meta-tyramine (in vitro concentration of each was 5 x 107°molar;
Creveling et al., 1962). The presence of false transmitters in

neurons also can inhibit the normal in vivo synthesis of norepinephrine.

Kopin et al. (1969) found that twenty-four hours following the

administration of me taraminol or Q-MD to rats, the synthesis of

norepinephrine was still below normal. Dopamine-3-hydroxylase may

be inhibited directly by the false transmitters or indirectly by

blockade of normal uptake of dopamine into the dopamine-8-hydroxylase

containing vesicles (Kopin et al., 1969).

Phenylethanolamine-N-methyltransferase catalyzes the

N-methylation of various phenylethanolamines, but not phenylethylamines;

however, the latter may act as competitive inhibitors (Axelrod, 1966;

Fuller and Hunt, 1965). Both primary and secondary amines can be

N-methylated but secondary amines are poorer substrates than the

corresponding primary amines (Axelrod, 1966). In mammals phenylethanol

amine N-methyltransferase is almost exclusively localized in the

adrenal medulla; only very small amounts have been detected in rat

and rabbit heart and brains (Axelrod, 1962; McGeer and McGeer, 1964;

Ciaranello et al., 1969). The in vivo formation of O-methylepinephrine

from O-methylnorepinephrine occurs in the rabbit adrenal medulla and

in frog tissues, but its formation has not been detected in mammalian

brain tissue (Muschol1, 1965; 1966; Grobecker and Holtz, 1966;
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Grobecker et al., 1966).

The lack of substrate specificity of the catecholamine

synthesizing enzymes permits the formation of various false

transmitters. The rate of catabolism influences how quickly the

endogenous or the false transmitters are inactivated. Monoamine

oxidase (MAO) catalyzes the oxidative deamination of a wide variety

of monoamines according to the following reaction:

RCH, NH, + H20 + 92 → RCHO + NH, + H202

Dopamine is oxidized to 3,4-dihydroxyphenylacetaldehyde (19); both

norepinephrine and epinephrine are oxidized to 3,4-dihydroxyphenyl

glycolaldehyde (20). The aldehydes can be reduced to their
OH

HO ~~ HO H

HO O HO O

19 20
corresponding alcohols (21, 22) or oxidized to their respective

acids (23, 24). Tyramine and its 3-hydroxylated product, octopamine,

formed in adrenergic neurons also are good MAO substrates and tissue

levels of both compounds increase 4- to 10-fold following MAO

inhibition in vivo (Carlsson and Waldeck, 1963; Kopin st al. , 1965).
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HO

HO OH

21

3,4-Dihydroxyphenyl
acetaldehyde

HO O

HO OH

23

3,4-Dihydroxyphenyl
acetic acid (DOPAC)

OH

HO

HO OH

22
->

3,4-dihydroxyphenyl
glycol (DHPG)

OH

HO O

HO OH

24
3,4-Dihydroxyphenyl
mandelic acid (DOMA)
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In fact, the dependence upon intraneuronal MAO for the conversion of

“c-tyramine to “c-octopamine is the basis of an assay for detecting

possible in vivo MAO inhibition by drugs (Waldeck, 1970). However,

the introduction of an O-methyl group into the dopamine, norepinephrine,

or tyramine molecule protects the compound from oxidative deamination

by MAO (Blaschko et al., 1937; Blaschko, 1952) without greatly

altering the compounds similarity to the parent amine in its vesicular

uptake and storage. Small amounts of 1-(3,4-dihydroxyphenyl)-2-

propanone (25), the expected oxidatively deaminated product of

HO CH3

HO

25

o-methyldopamine, has been isolated in the urine of rats and humans

given (S)-O-MD (Au et al., 1972; Duhm et al., 1965; Porter and Titus,

1963). However, formation of this ketone (25) is thought to arise

from oxidative deamination catalyzed by enzymes, probably extraneuronal,

other than MAO (Porter and Titus, 1963). Therefore, O-methylamines

can persist in the neurons longer than endogenous neurotransmitters
and have a prolonged duration of action (Muscholl, 1972).

Catechol-0-methyltransferase (COMT) catalyzes the 3-0-

methylation of a wide variety of acidic, neutral, basic, and

amphoteric catechol compounds, but some 4-0-methylation also occurs
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(Creveling et al., 1970). Monophenolic compounds such as octopamine

(D-3, Figure 1.4), O-methyloctopamine, and metaraminol (D-36) are not

substrates for COMT (Axelrod, 1966). Therefore, among the compounds

known to be false transmitters metaraminol and O-methyloctopamine

are unique since they are resistant both to MAO and COMT. On the

other hand, 0-methylated metabolites of the catechols, C-MD,

ot-methyldopamine, and O-methylnorepinephrine, have been isolated

from urine, tissues, and perfusates of organs (Au et al., 1972;

Buhs et al., 1964; Carlsson et al., 1967; Duhm et al., 1965;

Gillespie et al., 1962; Gjessing, 1965; Porter and Titus, 1963;

Prescott et al., 1966; Stott and Robinson, 1963; 1967; Young and

Edwards, 1964).

Re-uptake of endogenous or false transmitters by

presynaptic neurons (Anden et al., 1964; Stinson, 1961) and not

catabolism is the predominant fate of catecholamines liberated into

the synaptic cleft (Kopin and Gordon, 1962). Since COMT apparently

is an extraneuronal enzyme (Axelrod, 1966; Hughes et al., 1969;

Kalsmer and Nickerson, 1969), administration of a compound which

alters or inhibits catecholamine metabolism at the COMT level will

not have any appreciable affect on normal neuronal activity.

iii. Stereochemical Requirements for Formation
of False Transmitters

Although the enzymes catalyzing the synthesis of norepine

phrine and epinephrine do not exhibit absolute specificity for the

substrates, they do have sterospecific requirements for the
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substrates. As it will be seen in the following discussion, it

appears that aromatic Cº-amino acids must have the (OS)-configuration

to be substrates for tyrosine hydroxylase and dopa decarboxylase

(see Figure 1.4). Phenylethylamines which are substrates for

dopamine-3-hydroxylase (see Table 1.4) are hydroxylated stereo

specifically at the benzylic (3) carbon atom to yield (8R)-phenyl

ethanolamines. If the substrate is an O-methylamine only the (OS)-

isomer (see Figure 1.4) is hydroxylated to yield, presumably, the

(oS,3R)-O-methylphenylethanolamine, as will be discussed in this

section.

Tyrosine hydroxylation is the first and rate-limiting step

in the synthesis of norepinephrine. Tyrosine hydroxylase will

catalyze the conversion of aromatic amino acids such as (S)-phenyl

alanine and O-methyltyrosine in addition to its natural substrate,

(S)-tyrosine to yield their corresponding 3-hydroxylated products,

(S)-tyrosine, (S)-O-MD, and (S)-dopa, respectively. However,

closely related amino acids such as R-tyrosine, (RS)-meta-tyrosine,

and ring-halogenated phenylalanines are not substrates (Ikeda et al.,

1965; Shiman et al., 1970; Udenfriend et al., 1965; Maitre, 1965).

These data suggest that the type of aromatic substitution determines

whether a phenylalanine is a substrate and that the (S)-O-amino

acids are preferred over the (R)-isomers as substrates.

Dopa decarboxylase (or aromatic L-amino acid decarboxylase)

catalyzes the decarboxylation of all the dopa isomers (i.e. all of

the dihydroxyphenylalanines) which have the (S)-configuration
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(Ferrini and Glasser, 1964). These results and those from other

in vitro and in vivo studies have established that only aromatic

(S)-O-amino acid are substrates for dopa decarboxylase. The (R)-

isomers are not decarboxylated (Ames et al., 1977; Holtz et al: ,

1938; Lovenberg et al., 1962; Porter et al., 1961; Sjoerdsma et al.,

1963). In view of the in vivo conversion of Q-MD to the false

transmitter, C.-methylnorepinephrine, it is not surprising that only

the (S)-enantiomer of Q-MD has anti-hypertensive activity (Gillespie

et al., 1962; Porter et al., 1961; Sjoerdsma and Udenfriend, 1961).

In contrast to (S)-O-MD, (R)-O-MD does not enter the brain, is not

a substrate for dopa decarboxylase, does not deplete norepinephrine

from tissues and does not restore responses to tyramine in

reserpine-treated cats (Ames et al., 1977; Porter et al., 1961;

Stone et al., 1961; Kroneberg and Stoepel, 1963).

The mechanism of decarboxylation is still not understood

fully, but it is known that it occurs with retention of configuration.

When decarboxylation of (S)-tyrosine was studied in vitro in the

presence of D20, only one deuterium atom was incorporated into the

amine product. The enzyme exhibited stereospecificity for the

substrate and the deuterium atom did not exchange with the medium

(Mandeles et al., 1954). Belleau and Burba (1960a; b) prepared both

enantiomers of C-monodeuterated tyramine. Knowing the configuration

of each they were able to show that decarboxylation of the (S)-tyrosine

occurs with retention of configuration. Since their data suggest that

the o-proton of the amino acid is not involved directly, the
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decarboxylation reaction should occur when the Q-proton is

replaced by a substituent which is not too bulky. Weissbach et al.

(1960) reported that O-methyl amino acids are decarboxylated at a

rate 1/100 that of the corresponding unmethylated amino acids.

Marshall and Castagnoli (1973) were the first to establish

unequivocally that it is the (S)-enantiomer of O-methyldopamine

which is formed in human subjects given (S)-O-MD; that is,

decarboxylation occurs with retention of configuration.

Endogenously formed (-)-norepinephrine has the (R)-

configuration at the 3-carbon atom (Pratesi et al. , 1959). This

indicates that dopamine-3-hydroxylase can distinguish between the

two hydrogen atoms on the 3-carbon prochiral center of dopamine.

Because of the stereospecificity of the catecholamine-synthesizing

enzymes, it has been assumed that only one stereoisomer of false

transmitters like O-methylnorepinephrine and metaraminol is formed

in vivo; namely the (–)-erythro- or the (CR:3S)-isomer (van Rossum,

1963; van Rossum and Hurkmans, 1963; Lindmar and Muscholl, 1965).

This represents one of four stereoisomers that O-methylnorepinephrine

and metaraminol can have, viz. (-)-erythro- (OR: £S), (+)-erythro

(oS: BR), (-)-threo- (OR: BR), and (+)-threo- (O.S: £S) (Patil et al., 1975).

Actually, the absolute configuration of the threo-isomers has not

been reported. The assignments probably came from an earlier paper

by Patil and Jacobowitz (1968). However, in that paper all of the

Fischer projection formulas were drawn incorrectly and all the

structures were misassigned. The authors probably based the absolute
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configurations on those of the corresponding N-methyl analogs

(3,4-dihydroxyephedrines) which similarly were drawn and assigned

incorrectly. This will not complicate the present discussion since

the (-)-erythro-isomer has the greatest biological activity and

probably is the one formed in vivo. Although the absolute config

uration of O-methylnorepinephrine has not been determined on material

actually isolated from mammalian tissue, there is much indirect

evidence supporting the view that (–)-erythro- or (O.S:3R)-O-

methylnorepinephrine is formed in vivo to become a false transmitter.

Van Rossum (1973) has quoted optical rotatory dispersion

evidence from a doctoral dissertation (I.P. Dirkx) that showed that

synthetic (-)-erythro-O-methylnorepinephrine and metaraminol have

the (O.S:3R)-configuration. One of the earliest papers dealing with

stereochemical aspects of O-methylnorepinephrine and its biological

activity suggested that (-)-erythro-O-methylnorepinephrine was

formed in vivo (Lindmar and Muscholl, 1965). However, these authors

stated directly that the absolute configuration of O-methylnorepine

phrine isolated from mammalian tissue had not been determined.

Nevertheless, many subsequent researchers have cited the work of

Lindmar and Muscholl as "proof" for the assignment of absolute

configuration. Lindmar and Muscholl (1965) based their tentative

assignment on two assumptions which subsequently have been

substantiated. First, decarboxylation occurs stereospecifically

with retention of configuration. Belleau and Burba (1960) had

demonstrated that the in vitro decarboxylation of (S)-tyrosine in
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the presence of D20 yielded (R)-tyramine-a-d', with retention of

configuration. Since the report of Lindmar and Muscholl (1965), it

has been demonstrated that (S)-O-MD is converted to (S)-O-methyl

dopamine in vivo with retention of configuration (Marshall and

Castagnoli, 1973). This confirmed the first assumption. Second,

dopamine-3-hydroxylase catalyzes the in vivo formation of (R)-(–)-

norepinephrine (Pratesi et al., 1959), and it was assumed that

(S)-O-methyldopamine would be 3-hydroxylated stereospecifically to

the corresponding (O.S:3R)-O-methylnorepinephrine.

This second assumption has been substantiated in several

ways. In an elegant study, Battersby et al. (1976) prepared

stereospecifically, doubly labelled dopamine analogs –

(8R)-(5-ºh,0-"cl-, (3S)-(5-ºh,0-"cl-, and (ERS)-[3-3H,0-"ci-dopamine.
These substrates were incubated separately with a homogenate of

bovine adrenal medulla containing as corbic acid (a cofactor),

fumaric acid (an activator), and promiazid (a monoamine oxidase

inhibitor). From the data obtained after work-up of the incubation

mixture, it was clear that the hydroxylation occurred stereospecifically

and that it was the pro-R-hydrogen atom which was eliminated from the

3-(benzylic) carbon of dopamine. Since naturally occurring

norepinephrine has the (8R)-configuration, it follows that 3-hydroxy

1ation occurs with retention of configuration. The same conclusion

was reached by Bachan et al. (1974) who used (8R)- and (3S)-phenyl

ethylamine-3-d, as substrates. These results are in accord with those

of Taylor (1974) who reported that (QS)-amphetamine was converted
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in vitro by dopamine-3-hydroxylase to (oS:3R)-norephedrine. This

hydroxylation reaction also involved loss of the benzylic pro-R-

hydrogen atom accompanied by retention of configuration. Additionally,

it was only the (OS)-(+)-enantiomers of amphetamine, O-methyldopamine,

and O-methyltyramine which were converted in vivo and in vitro to

their corresponding 3-hydroxylated products, norephedrine,

O-methylnorepinephrine, and metaraminol, respectively (Goldstein

et al., 1964; Kilbinger et al., 1971; Torchiana et al., 1968; Waldeck,

1968a). Under the same conditions the (CIR)-enantiomers of the amines

gave no detectable amounts of 3-hydroxylated metabolites.

The fact that only (OS)-(+)-amphetamine (and not the (OR)-(–)-

enantiomer) is 3-hydroxylated to yield (O.S: 8R)-norephedrine

(Goldstein et al., 1964; Taylor, 1974) is important for validating the

assumption of Lindman and Muscholl (1965) that (S)-O-MD is converted

stereoselectively to (O.S:8B)-O-methylnorepinephrine via the

intermediate (OS)-O-methyldopamine. Since dopamine-3-hydroxylase

catalyzed hydroxylation of (C|S)-amphetamine yields (O.S: 3R)-norephedrine,

there is no inversion of configuration at the Q-carbon atom during

hydroxylation (Taylor, 1974). Furthermore, (CR)-amphetamine is not a

substrate for dopamine-8-hydroxylase so (OR:3R)-norephedrine could not

arise as a metabolite of (CR)-amphetamine directly or indirectly as a

metabolite of (OS)-amphetamine since inversion of configuration did

not occur. Although the latter possibility was not expected to occur,

it had to be eliminated since the absolute configuration has never

been determined for O-methylnorepinephrine isolated from (S)-O-MD
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treated animals. This point may appear trivial, but even as late

as 1968, it was stated that the intermediate O-methyldopamine had

the (CS)-configuration (Waldeck, 1968b) because the metabolically

formed O-methylnorepinephrine had the (O.S: 3R)-configuration

(Lindmar and Muscholl, 1965). The latter authors were careful to

state that the absolute configuration was not established, rather

that it was assumed on the reasons mentioned above.

In some studies mentioned above, chromatographic

techniques were used to determine the presence of 8-hydroxylated

products such as C.-methylnorepinephrine or metaraminol. These

techniques could distinguish between the erythro- and threo

isomers, but not between the (+)- and (-)-enantiomers. Therefore,

chromatography alone was not sufficient for the determination of

the absolute configuration of false transmitters formed in vivo or

in vitro. Erythro- and threo-O-methylnorepinephrine have different

fluorimetric and chromatographic properties which enable one to

distinguish between these diastereomers (Waldeck, 1968b, Hallhagen and

Waldeck, 1968; also see section on fluorimetric assays in Chapter 2

of this dissertation). Waldeck (1968a) did not utilize this

fluorimetric property to elucidate stereochemical features of the

conversion of (S)-O-methyldopamine to O-methylnorepinephrine.

Muscholl and Rahn (1968) compared the chromatographic, spectro

fluorimetric, and pressor properties of erythro- and threo-isomers

of C-methylnorepinephrine with those of O-methylnorepinephrine

isolated from the urine of (S)-O-MD treated patients.
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The chemical methods which could distinguish between the threo

and erythro-diastereomers indicated that the urinary O-methylnorepine

phrine was the erythro-form. Since the (-)-erythro isomer is about

1000 times more potent than the (+)-erythro isomer in the pressor

activity assay in the pithed rat, it was a simple task to determine

that the isomer isolated from urine was the (-)-erythro isomer. The

absolute configuration of this isomer was determined by LaManna et al.

(1967a) to be (OR:3S)-O-methylnorepinephrine. Torchiana et al. (1968)

also reported that (S)-O-methyldopamine and (S)-O-methyl-metatyramine,

but not their enantiomers, were 8-hydroxylated in the presence of

dopamine-3-hydroxylase. Although the 3-hydroxylated metabolites had

the same Rf values as those of authentic samples of (O.S.; 3R)-O-methyl

norepinephrine, and (O.S.; 3R)-metaraminol, respectively, paper chromato

graphy cannot distinguish between these (C.S.; 3R)-metabolites and their

(OR;8S)-enantiomers. Although erythro- and threo-isomers of O-methyl

norepinephrine have been separated by ion exchange chromatography

(Hallhagen and Waldeck, 1968), it is not known if the paper

chromatography system used by Torchiana et al. (1968) would have

distinguished between these diastereomers since the threo-isomers were

not included as reference standards. The pharmacological data showed

that the (O.S;3R)-enantiomers had greater biological activity than the

(OS;8R)-isomers. Table 1.7 summarizes the relative potencies of

q-methylamines obtained from assays measuring norepinephrine depletion,

restoration of the pressor response to tyramine, and pressor activity

(Torchiana, 1968).
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TABLE 1.7: Summary of the Relative Biological Activity of O-Methyl
Compounds (Torchiana et al., 1968)

Norepine
phrine Tyramine Pressor

Compound Configuration Depletion Restoration Potency
(ED50) (ED75) (PDao)

o-Methyldopamine O.S + + + + + + + +

OR + + + O + +

ol-Methylnorepinephrine ER, O.S + + + + + + + + + + + +

8S, OR + + + O +

o-Methyl-meta-tyramine OS + + + + + + + + + +

OR + O +

Metaraminol 3R, oS + + + + + + + + + + + +

3S, OR O O +
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All of the above evidence supports the proposal of Muscholl

and Rahn (1968) that (O.S;3R)-O-methylnorepinephrine is formed in vivo.

The absolute configuration of false transmitters like O-methylnorepine

phrine and metaraminol still has not been determined on metabolically

formed compounds which have been isolated from tissues. Nevertheless,

pharmacological observations and data from in vivo and in vitro.

metabolic studies discussed above are consistent with proposal of

Muscholl and Rahn (1968) that (O.S; 3R)-O-methylnorepinephrine is formed

metabolically from (S)-O-MD via the intermediate (S)-O-methyldopamine.

(R)-(–)-Norepinephrine is a better substrate for

phenylethanolamine-N-methyltransferase than its enantiomer (Axelrod,

1966). (S)-O-MD was administered to rabbits that had been pretreated

with reserpine to deplete the adrenal glands of endogenous epinephrine

(Muscholl, 1966b). Small amounts of C-methylepinephrine isolated from

the adrenals was similar to (+)-erythro-O-methylepinephrine (3,4-

dihydroxyepedrine) in its chemical and biological properties but

behaved differently from authentic (+)-threo-O-methylepinephrine (3,4-

dihydroxypseudoephedrine) in its biological activity. Since N-methylation

of O-methylnorepinephrine was unlikely to involve any changes in

configuration at the asymmetric carbon atoms of O-methylnorepinephrine,

Muscholl (1966b) suggested that this added evidence supported the view

that absolute configuration of O-methylnorepinephrine formed in vivo.

was (oS; BR), the same as that of (−)-erythro-O-methylepinephrine. There

has been no evidence for the formation of C-methylepinephrine in mammalian

brain tissue (Muscholl, 1972) nor has it been detected in the pooled urine

of 20 hypertensive patients on Q-MD therapy (Muscholl and Rahn, 1968).
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The available evidence does not suggest a role for O-methylepinephrine

in the antihypertensive activity of (S)-O-MD.

Stereospecificity of monoamine oxidase (MAO) is not

important for the metabolism of O-methylnorepinephrine since O-methylamines

are not substrates for this enzyme (Blaschko et al., 1937; Pratesi and

Blaschko, 1959). One report concluded that there was no stereospecificity

of MAO from guinea-pig liver for the optical isomers of epinephrine

and norepinephrine (Leeper et al., 1958). An MAO preparation from

guinea-pig liver showed that the (R)-isomer of O-hydroxyphenylethylamine

was oxidized faster than the (S)-isomer, but a similar preparation from

rabbit liver demonstrated no stereospecificity for the same substrate
(Pratesi and Blaschko, 1959). In contrast, other reports indicate

that both enantiomers of norepinephrine, epinephrine, and meta-octopamine

are substrates for MAO preparations from rats, rabbits and guinea pigs

but that there is a distinct preference for the (R)-enantiomers

(Blaschko et al., 1937; Giachetti and Shore, 1966b). Furthermore, MAO

exhibits stereospecificity for the configuration about the C-carbon

bearing the amino group. The relative oxidation rates of (S)-tyramine

a-di, (R)-tyramine-a-di, and tyramine-3,6-d, compared to that of

unlabelled tyramine were 1, 2.2, and 2.3 respectively (Belleau and

Moran, 1963). Since tyramine-do is oxidized by MAO 2.3 times faster

than tyramine-O., G-d2 it appears that abstraction of an a-hydrogen
atom is the rate-limiting step. Since the enzyme prefers one

enantiomer, the deuterium-labelled isomer which is the poorer enzyme

substrate should produce a more prolonged pharmacological effect
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(Patil et al., 1975). The measurement of cat nictitating membrane

response to the labelled tyramines corroborated this view (Belleau

et al., 1961).

In contrast to the stereospecificity shown by MAO,

catecholamine-0-methyl-transferase (COMT) exhibits no stereospecificity

for its substrates (Axelrod and Tomchick, 1958). Therefore, caution

should be exercised if racemic labelled catecholamines are used. For

example, the use of labelled (RS)-norepinephrine as a tracer to

measure the fate of endogenous (R)-norepinephrine in vivo may falsely

emphasize the importance of COMT since it will catalyze the 3-0-

methylation of labelled (RS)-norepinephrine; only half of the labelled

norepinephrine (the (R)-enantiomer) is oxidized by MAO. These

considerations do not apply to O-methylnorepinephrine since it is not

a substrate for MAO (B1aschko et al., 1937; Blaschko, 1952). However,

these differences in enzyme stereospecificities should be remembered

when the effects false transmitters on the release and metabolism of

endogenous norepinephrine are studied, especially if racemic labelled

norepinephrine is used.
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4. Uptake, Retention, and Storage of False Transmitters

Both natural and false transmitters are stored in the tissues

in a similar manner. Histochemical evidence has corroborated the

view that there is up take and storage of false transmitters in

adrenergic nerves (Muscholl, 1972). Q-Methylnorepinephrine is

taken up and stored in adrenergic neurons (Carlsson et al., 1965;

Patil and Jacobowitz, 1968). Evidence from electron microscopy

studies also supports the view that false transmitters are localized

within the adrenergic terminal axon (Thoenen and Tranzer, 1971).

Storage granules containing NE can be obtained by ultra-centifugation

at 50,000–100,000Xg. False transmitters can be isolated along with

natural transmitters in fractions obtained by high speed centrifugation.

Labelled tyramine, O-methyltyramine, metatyramine, and dopamine were

administered to rats, and after one hour the heart homogenates were

centrifuged. Only dopamine and 3-hydroxylated metabolites of the

injected amines (i.e. octopamine, C.-methyloctopamine, meta-octopamine, and

norepinephrine, respectively) were isolated in the 100,000Xg pellets

(Musacchio st al. , 1965). This is significant because a transmitter

like norepinephrine must be incorporated into the storage particle

before neuronal stimulation can lead to its release; that is, unbound

cytoplasmic norepinephrine is not released upon stimulation. This

should be applicable to false neurotransmitters.

Non-fl-hydroxylated precursors of false transmitters which

are not retained by storage granules during ultra-centrifugation

(Musacchio st al. ' 1965) are not released during nerve stimulation

(Fischer st al. , 1965). Table 1.8 lists various false neurotransmitters

that follow this trend (Kopin, 1971). On the other hand, if
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Table 1.8: Relation of Particulate Retention of Amines to
Release by Nerve Stimulation (Kopin, 1971)

Particulate Release by
Nerve

Amine Binding Stimulation

Norepinephrine + +

O-Methylnorepinephrine + +

Dopamine + +

o-Methyldopamine + +

5-Hydroxydopamine + +

3-Methoxy-4, 5-dihydroxyphenylethy 1amine + +

4-Methoxy-3,5-dihydroxyphenylethylamine + +

Tyramine
- -

Octopamine + +

m–Tyramine
- -

m–Octopamine + +

o-Methyltyramine
- -

d-Methyloctopamine + +

o-Methyl-m-tyramine
- -

Metaraminol + +
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3-hydroxylation is blocked by disulfiram, then dopamine, O-methyldopamine,

and tyramine are retained by the storage granules even though none

possesses a 3-OH group. These compounds are also released from the

cat spleen by sympathetic nerve stimulation (Musacchio et al., 1966b;

Thoenen et al., 1965; 1967). Apparently, then, 8-hydroxylation does

not appear to be absolutely essential for retention and release of

false neuto-transmitter precursors from the storage granules.

However, retention of false transmitters does require intact

adrenergic nerves. Sympathetic postganglionic denervation in rats

inhibits the accumulation of 3-hydroxylated amines when radioactively

labelled precursors like tyramine, metatyramine and O-methyltyramine

are administered (Kopin et al., 1965).

Studies using MA0-resistant O-methylamines like O-methyl

norpinephrine and metaramino1 have suggested that there are two

types of amine concentrating mechanisms in effect (Muscholl, 1972).

The first is a relatively non-specific absorption through the neuronal

membrane which is blocked by the action of cocaine, tricyclic anti

depressants, guanethidine, and sympathomimetics but not by reserpine

or tetrabenzazine. By contrast the second mechanism, binding to the

intra-cellular storage vesicles, is a relatively specific process

and is blocked by reserpine and tetrabenzazine (Muscholl, 1972). In

these studies metaramino1, O-methylnorepinephrine, and related amines

have been used but Muscholl (1972) says that metaraminol is used the

most (e.g. Berti and Shore, 1967a; b) because (1) levels of these

compounds are easily estimated, (2) MAO, COMT and amphetamine

deaminase do not act on it (Axelrod, 1955; Gram and Wright, 1965) and
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(3) optical isomers are available. On the other hand, only the

erythro- isomers { (OR; BS) and (O.S,3R)} of O-methylnorepinephrine have

been resolved and O-methylnorepinephrine is a substrate for COMT

(LaManna et al., 1967a; see ref. p. 51 ).

Since four stereoisomers of O-methylnorepinephrine,

metaraminol and related false transmitters exist, it is unfortunate

that authors of many pharmacology papers fail to stipulate the

absolute configuration of compounds used in their studies. For

example, Giachetti and Shore (1966) reported that both (–)- and

(+)-metaraminol are transported by the membrane process but only the

(–)-isomer is bound to the storage vesicle where it can displace

norepinephrine. The absolute configuration could be determined if

the authors had indicated whether they had used the erythro- or

threo-isomers of (-)-and (+)-metaraminol. This also applies to reports

stating that the storage vescicle has a low affinity for "(+)-

metarmino1" (threo- or erythro-?) and that this isomer is removed by

washing or when extra-neuronal concentrations decrease (Giachetti

j and Stitzel, 1968; Shore et al. , 1964). Perhaps we are to assume

that the (–)-isomer refers to the (-)-erythro- or (O.S; 3R)-enantiomer

of metaraminol or O-methylnorepinephrine since this enantiomer has

the greatest pressor activity (Torchiana et al., 1968; Muscholl and

Rahn, 1966; 1968).

Agents that inhibit membrane uptake of exogenous norepinephrine

also inhibit re-uptake of norepinephrine released from neurons (Hukovic

and Muscholl, 1962; Thoenen, et al., 1965). Since false transmitter
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amines released may compete for the same uptake sites as norepinephrine,

the potency of that amine to inhibit re-uptake of endogenous

norepinephrine should correlate directly with its ability to inhibit

uptake of exogenous norepinephrine. Burgen and Iversen (1965)

measured the uptake of radioactively labelled norepinephrine in

isolated perfused rat hearts. In a series of substituted phenylethylamines

which are released as false transmitters, they found that the potency

of an amine to inhibit norepinephrine uptake (1) increases when a

phenolic group is introduced, (2) decreases when 8-hydroxylation

occurs on the side chain, and (3) increases when there is an O-methyl

group. Similar results on uptake of O-methylnorepinephrine and related

compounds have been reported (Musacchio et al. , 1965; Muscholl and

Weber, 1965; Philippu and Schumann, 1967).

5. Release of False Transmitters

Conditions which led to the release of false transmitters

also caused the release of oxogenously administered radioactive

norepinephrine e.g.: when the release was spontaneous or when it

resulted from sympathetic nerve stimulation or from administration of

tyramine and other direct acting amines (Chidsey and Harrison, 1963;

Potter and Axelrod, 1963). Spontaneous release of false transmitters

from an organ may be studied only after that organ has been denervated

or treated so that nerve impulses do not reach the organ. The

proportion of false transmitter released spontaneously varies directly

with the amount of time that the drug has been in contact with the organ.

Tissues may have "available" and "less readily available" compartments

from which the false transmitter (e.g. metaraminol) is released (Crout
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et al., 1964). The apparent rate of release will also be

influenced by the rate of re-up take.

When an isolated perfused heart from a rabbit pretreated with

Q-MD was stimulated electrically, norepinephrine and O-methylnorepine

phrine were released (Muscholl and Maitre, 1963). Other studies on the

release of false transmitters by adrenergic nerve stimulation have

been reviewed (Muschol1, 1972). Nicotinic agents like acetylcholine

(in the presence of atropine) and DMPP (1,1-dimethyl-4-phenylpiperazinium

iodide), a ganglionic stimulant, have been used to study the release of

false transmitters like O-methyldopamine and O-methylnorepinephrine

(Kilbinger et al., 1971; Lindmar et al., 1967; Muscholl and Maitre,

1963). The ratio of endogenous norepinephrine-to-false transmitter

released by nicotinic agents was the same in the perfusate as in the

perfused heart tissue. This finding was similar to that found for amines

released by sympathetic nerve stimulation. When tyramine was injected

intravenously, the norepinephrine levels were reduced in various tissues

except the adrenals (Andén et al., 1969; Iverson, 1967). Tyramine and

other indirect acting amines cause norepinephrine to be released from

the neuronal cytoplasmic pool which is not involved during adrenergic

nerve stimulation (Furchgott et al., 1963; Trendelenburg, 1965). When

reserperine is administered, norepinephrine and O-methylnorephrine are

released but the latter is not depleted as rapidly since it is resistant

to the action of MAO in the cytoplasm (Blaschko et al., 1937; Prastesi

and Blaschko, 1959) and remains available for re-uptake. False

transmitters like O-methylnorepinephrine, metaramino1 and their amine

precursors restore the pressor response of tyramine more efficaciously
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than the corresponding naturally occuring catecholamines (Torchiana

et al., 1966). The restoration of the pressor response depends upon

the uptake and binding of exogenously administered compounds as well as

their conversion in vivo to active metabolites (Torchiana et al., 1966).

As seen in Table 1.7, the pressor response to tyramine is

restored by the metabolites of only the (S)-enantiomers of Q-MD and

o-metatyramine; that is, only the (S)-isomers of O-methyldopamine and

o-methyl-metatyramine and the (O.S; 3R)-isomers of C-methylnorepinephrine

and metaraminol restored the tyramine pressor response (Musacchio et al.,

1966b; Torchiana et al., 1968; Weber, 1966). Furthermore, these

enantiomers were also more potent as norepinephrine depleting and

pressor agents except for (R)-O-methyldopamine which was a more

effective norepinephrine depleter than the in vivo metabolite,

(S)-O-methyldopamine (Kilbinger st al. , 1971; Torchiana et al. , 1968).

As mentioned in the section on Uptake, Retention and Storage, Musacchio

st al. (1966b) showed by differential centrifugation techniques that

catecholamines are retained in the norepinephrine storage fraction even

if the 3-hydroxyl group is not present. False transmitters with

only one phenolic group require the 3-hydroxyl group if they are to be

retained in the norepinephrine storage fraction. This may explain the

difference in the norepinephrine depleting activities of (R)-O-methyl

dopamine, since the later is not be retained by the norepinephrine

storage fraction and, therefore, does not deplete norepinephrine

effectively. Furthermore, (R)-O-methyldopamine replaced norepinephrine

stoichiometrically in heart tissue isolated from a rabbit given

(R)-O-methyldopamine, and the two drugs were liberated from isolated
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rabbit heart in the same porportions as they were stored in the organ

following sympathetic nerve stimulation or treatment with acetylcholine

plus atropine: these are properties of a false transmitter (Kilbinger

et al., 1971). Since (R)-O-methyldopamine is not converted to

o-methylnorepinephrine (Kilbinger et al., 1971; Torchiana et al., 1968)

the biological activities reported (Table 1.7) arise from (R)-O-methyl

dopamine, itself. It may be a better norepinephrine depleting agent

than its (S)-enantiomer because it is not metabolized by dopamine-O-

hydroxylase and, therefore, may remain in the storage granules longer.

Norepinephrine depletion is thought to result from

norepinephrine displacement from storage vesicles into the cytoplasm

by amine metabolites of (S)-O-MD and O-methyl-meta-tyrosine (Anden,

1964) rather than by aromatic L-amino acid decarboxylase inhibition

(Hess et al., 1961; Muscholl, 1966; Sourkes, 1965; Porter et al., 1961;

Stone and Porter, 1967). Decarboxylation of (S)-O-MD and (S)-O-methyl

meta-tyrosine is necessary to deplete norepinephrine from tissues since

pre-treatment with a decarboxylase inhibitor attenuates norepinephrine

depletion (Levine and Sjoerdsma, 1964; Udenfriend and Zaltzman-Nirenberg,

1962). Additionally, the amine metabolites of (S)-O-methyl-meta-tyrosine,

(viz., C.-methylmetatyramine and metaraminol) and of (S)-O-MD (viz.,

o-methyldopamine and O-methylnorepinephrine) are more potent as

norepinephrine depleting agents than the parent amino acids (Torchiana

et al., 1966; Udenfriend and Zaltzman-Nirenberg, 1962). Administration

of O-ethyldopamine leads to depletion of norepinephrine, while its

theoretical precursor O-ethyldopa (a decarboxylase inhibitor) is neither
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a substrate for dopade carboxylase nor a norepinephrine depleter

(Levine and Sjoerdsma, 1964).

Changes in normal norepinephrine synthesis may represent

an additional or alternate pathway of norepinephrine depletion.

Tyrosine hydroxylase is subject to end-product inhibition as a

consequence of the competition of catecholamines with the tetrahydro

pteridine cofactor for the enzyme (Nagatsu et al., 1964; Ikeda et al., 1966;

Spector et al., 1967; Udenfriend, et al., 1965). This feedback inhibition

appears to be mediated by the free intraneuronal or soluble cytoplasmic

norepinephrine (Figure 1.5) rather than the total norepinephrine content

(Alousi and Weiner, 1966; Kopin et al., 1969; Weise et al., 1967).

Tyrosine — HDopa —- Dopamine

FREE BOUND
NOREPINEPHRINE *-* NOREPINEPHRINE

MAO Nerve Stimulation

DESTRUCTION RELEASE

Figure 1.5: Feedback inhibition of tyrosine hydroxylation by cytoplasmic
norepinephrine as a control mechanism regulating
catecholamine biosynthesis (Kopin, 1971).

False transmitters may interfere in norepinephrine biosynthesis in several

ways. Synthesis could be inhibited directly by a false transmitter like

O-MNE by completing with the tetrahydropteridine cofactor or indirectly
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by displacing norepinephrine from its storage site. Such displacement

increases the effective cytoplasmic norepinephrine levels thereby

triggering the feedback inhibition of tyrosine hydroxylation, the

rate-limiting step in norepinephrine synthesis (Figure 1.6). When

the cytoplasmic concentration of norepinephrine is lowered by the action

of MAO or neuronal release following nerve stimulation, for example,

the rate of tyrosine hydroxylation resumes its former level (Kopin

et al., 1969). In addition (S)-o-MD is an in vitro inhibitor of tyrosine

hydroxylase, dopa decarboxylase, and dopamine-3-hydroxylase (Kopin

et al., 1969; Sourkes, 1954). However, the decreased rate of norepine

phrine in vivo in (S)-O-MD-treated rats probably results from the

formation of q-methyldopamine which competively blocks the uptake

Transport

Folse Tronsmitters moy inhibit IYROSINE
synthesis directly or indirectly Tyrosine
by elevoting levels of 2~ º Hydroxylosecytoplasmic cotechols. Folse Tronsmitt-

`--> / DOPA con compete for
! Dopo entry into vesicle

Inhibition, Bºscºw (decreose synthesis).

Tronsport : \ DOPAMINE Tonºpog
- - - DopomineDopornine t

| B-Hydroxylas \ £8-Hydroxylos
NOREPINEPHRINE * @ NorBPINEPHRINE -15°º-Ne—Receptor

(Stored) 2. \ (Avoiloble) by N.S.
COMT

NOREPINEPHRINE
Free

Folse Tronsmitter con
replace norepinephrine Uptoke Circulation

COMT

Figure 1.6: Sites where false transmitters may affect norepinephrine
biosynthesis (Kopin, 1971).
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of dopamine into the dopamine-3-hydroxylase containing storage

vesicles rather than from inhibition of dopa decarboxylase or

dopamine-3-hydroxylase (Kopin et al., 1969; Stjarne and Lishakjo,

1967). These two enzymes are present in vivo in large excess of the

requirements of norepinephrine synthesis; therefore, inhibition of

these enzymes per se is unlikely to affect the rate of norepinephrine

synthesis in vivo. (Crevel ing, 1965; Holtz and Palm, 1966; Udenfriend

et al., 1966). Figure 1.6 summarizes a number of sites where false

transmitters may affect norepinephrine biosynthesis.

False transmitters are not depleted by reserpine and

guanethidine to the same extent as norepinephrine, if they are not

susceptible to the action of MAO. At higher doses of reserpine,

vesicular uptake of C-methylnorepinephrine is blocked so that this

false transmitter is lost by diffusion out of the neuron rather than by

MA0 oxidation (Lindmar and Muscholl, 1965), since O-methylnorepinephrine

is not susceptible to action of MA0 (Blaschko, 1952). Therefore, the

rate of depletion of an amine increases with its degree of

susceptibility to MAO and decreases with its affinity to vesicular

uptake sites (Muscholl, 1972).

6. Altered Sensitivity Towards Exogenous Norepinephrine

Many different pharmacological models and techniques have

been used in studying the effects of false neurotransmitters and

exogenous norepinephrine. This greatly complicates the comparison of

various results when one attempts to postulate the mechanism of action
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of false neurotransmitters in man. When norepinephrine is injected

in an animal which has been pretreated with false transmitters or

their amino acid precursors, pharmacological responses observed may be

diminished, unchanged, or enhanced. These differences may arise because

of differences in species or tissue responses to treatment. The

duration of pretreatment with a false transmitter or its precursors

also may influence the response to norepinephrine. For example,

acute pretreatment with (S)-O-MD in dogs, cats, and rabbits did not

affect the pressor response to norepinephrine (i.v.) compared to

controls (Haefely et al. , 1966; 1967; Sogani and Sharma, 1966;

Stone et al., 1962). In rats, however, a ten-day pretreatment with

(S)-O-MD, C.-methyl-meta-tyrosine, O-methylnorepinephrine, or

metaraminol potentiated the pressor responses to injected norepinephrine

(Brunner et al., 1967). With only two days of pretreatment, no such

potentiated effect was observed in rats (Schmitt and Petillot, 1970).

On the other hand, different (S)-O-MD pretreatment schedules in the

cat had no effect on the pressor response to norepinephrine (Haefely

et al., 1966; 1967). These results suggest that differences in both

species and pretreatment schedules may influence the pressor response

to norepinephrine. Muscholl (1972) gives other examples of organ and

species differences in sensitization to exogenous norepinephrine. In

general there appear to be some indications that the probability for

developing supersensitivity increases with longer periods of pretreatment

with an O-methylamine or norepinephrine itself.

The health of the subject also can influence the pressor

effect of norepinephrine. For example, normotensive humans, pretreated
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seven days with Q-MD exhibited no appreciable pressor effect when given

a single dose of norepinephrine. In constrast, hypertensive patients

given (S)-O-MD for three days showed increased pressor responses to

norepinephrine and to O-methylnorepinephrine when compared to the

pretreatment responses (McCurdy et al., 1964; Rahn et al. , 1970). It

is interesting to note that a higher percentage of hypertensive patients

shows increased response to pressure stimuli and drugs than

normotensive controls (Doyle, 1968; Laverty st al. , 1968). Similar

results have been observed in hypertensive animals (Finch and Haeusler,

1974; Laverty et al., 1968; Rosendorff et al., 1976). Whether this

increased pressor response is a cause or an effect of hypertension is

not established (Doyle, 1968; Friedman, 1977). It appears, however,

that an increased pressor response to norepinephrine is associated with

hypertension, but the mechanism is not understood.

Subsensitivity to the pressor response to norepinephrine is

not so well established. Such decreased press or responses to

norepinephrine have been reported in reserpine-pretreated spinal cats

which were also pretreated with a high dose (1mg/kg) of metaraminol

(Bhagat and Ragland, 1966). Presumably, metaraminol, a weak agonist,

occupied most of the adrenergic receptors thereby decreasing the

pressor effect of injected norepinephrine. However, in the dog, a

decreased pressor response was caused by two injections of 1 mg/kg

metaraminol, whereas the response was increased by a 2 mg/kg dose and

was unchanged following a 0.5 mg/kg injection (Stone et al., 1963).

Thus, the decreased pressor response to norepinephrine in subjects
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pretreated with false transmitters requires more study to establish

the generality of this phenomenon.

The increased pressor responses to norepinepinephrine observed

in hypertensive subjects (man and animals) are particularly interesting

in light of the speculation that increased reactivity of blood vessels

to circulating or neurogenically released catecholamines may be related

to the etiology or maintenance of essential hypertension (Doyle, 1968;

Friedman, 1977; Laverty et al., 1968; Rosendorff et al., 1976).

Reactivity refers to the above-normal response of peripheral blood

vessels to nervous or chemical sti ulation. Increased reactivity is

observed in isolated blood vessels when stimulation causes (1) a larger

than normal increase in perfusion pressure when the flow rate is

constant or (2) a larger than normal decrease in flow rate when the

perfusion pressure is constant. Blood vessels from rats with renal

or spontaneous (genetic) hypertension showed enhanced reactivity to

vasoconstrictor agents (e.g. norepinephrine, epinephrine, 5-hydroxy

tryptamine, and vasopressin) compared to those from normotensive rats

(McQueen, 1956, 1957; Smirk, 1949; McGregor and Smirk, 1968; Baum and

Shropshire, 1969). During induction of renal hypertension in the rat

increased reactivity progressed for about two weeks and appeared to

be related to the development of renal hypertension (McQueen, 1956,

1957). Finch and Haeusler (1974) suggested that hyper-reactivity in

hypertensive rats may result from some structural changes in the blood

vessels and also may involve the process of excitation-contraction

coupling. Rabbit femoral artery preparations showed increased
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hyper-reactivity to norepinephrine when perfused with hypertensive

human plasma or with low-density lipoprotein (LDL) solutions from

normotensive human plasma (Rosendorff et al., 1976). These authors

suggested that a circulating factor in the plasma of hypertensive

(essential) patients may be responsible for the hypersensitivity to

norepinephrine and that this factor may be cholesterol-containing LDL.

Altura (1975) has proposed that (S)-O-MD mediates its antihypertensive

activity by "depressing arteriolar responsiveness to circulating and

released amines".

7. Peripheral False Transmitters as Antihypertensive Agents

(i) Evidence For False Transmitters Acting
As Antihypertensive Agents

Day and Rand (1963; 1964) have pointed out that O-methylnore

pinephrine was less potent than norepinephrine in blood pressure

responses in a number of species (see Table 1.9). These authors

suggested further that if O-methylnorepinephrine were acting as a

substitute or false transmitter, a decrease in peripheral sympathetic

function might occur and that this decrease might explain the

antihypertensive properties of (S)-O-MD. Decreased sympathetic

function has been reported in the cat nictitating membrane, rabbit ileum,

and guinea pig was deferens after the animals had been pretreated with

(S)-O-MD (Day and Rand, 1963; 1964; for more discussion see section

on Pharmacological Basis for Adrenergic False Transmitters, p. 41).
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Table 1.9: Relative Potency of Norepinephrine and C-Methylnorepinephrine.
Potency ratios are the ratios of the potencies of
norepinephrine co■ t, ed with those of O-methylnorepinephrine.

Preparation Mean potency ratio

Cat blood pressure
Dog blood pressure
Rat (spinal) blood pressure
Guinea-pig blood pressure
Rabbit blood pressure
Human blood pressure
Cat spleen volume
Cat nictitating membrane
Rabbit perfused ear
Guinea-pig was deferens

:

Salmon and Ireson (1970) found a correlation between the hypotensive

action of (S)-O-MD in normotensive rats and the drug's depression of

peripheral sympathetic function. Changes in sympathetic function were

determined by measuring the contracting response of the inferior eyelid

to electrical stimulation of the sympathetic trunk in anesthetized rats.

However, these measurements were made during the two hour period following

i.v. administration of (S)-O-MD. This time period precedes the time

when the maximum hypotensive response usually occurs 4–6 hours after i.v.

administration (Merck, 1963). Henning and Svensson (1968) used a

similar technique on adrenodemedullated rats, and measured the eyelid

response 3–6 hours after i. p. administration of (S)-O-MD, when the

hypotensive response is the greatest. In this case no significant

difference in the eyelid response was detected when compared to that in

untreated rats. The hypotensive effect of (S)-O-MD was not as great in
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anesthetized rats as in unanesthetized rats (Henning and Svensson, 1968;

Salmon and Ireson, 1970). The difference in the eyelid response

results obtained by Salmaon and Ireson (1970) and by Henning and

Svensson may arise from the different animal models used; viz.,

normal male Wister rats versus male adrenodemedullated Sprague-Dawley

rats. Such differences in experimental models complicate the inter

pretation of the data and their significance in relationship to the

mode of hypotensive action of (S)-O-MD.

The study of the effect of catecholamines on sympathetic

transmission to the myocardium is more pertinent than eyelid responses

to the role of (S)-O-MD in lowering blood pressure. It was reported that

o-methylnorepinephrine was more potent than norepinephrine in inhibiting

chronotropic responses to cardiac nerve stimulation in phenobarbital

anesthetized mongrel dogs (Lokhandwala et al., 1977). In the same

animals, methylnorepinephrine had weaker pressor activity than

norepinephrine. The authors concluded that O-methylnorepinephrine is a

more potent agonist than norepinephrine with respect to presynaptic

o-adrenoceptors, whereas norepinephrine is more potent on postsynaptic

o-adrenoceptors. Lokwandhala et al., (1977) found that administration

of (S)-O-MD 1ed to impairment of peripheral sympathetic neurotransmission

to the myocardium. It was postulated that the impairment of sympathetic
transmission observed following (S)-O-MD administration may arise, in

part, from a decreased release of endogenous or false transmitters due

to a more potent inhibitory action of O-methylnorepinephrine on

presynaptic Cº-adrenoceptors (Lokwandwala et al., 1977).
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Since arterioles constitute the major sites of peripheral

vascular resistance, studies on the action of (S)-O-MD on vascular

smooth muscle effector cells of arterioles, rather than on those of

other smooth muscles (e. g. ileum, vas deferens), would be more

relevant in studying the mode of the hypotensive action of (S)-O-MD.

By using direct, quantitative in vivo microscopic techniques, Altura

(1974; 1975) was able to determine the relative contractile

potencies of 1-norepinephrine and O-methylnorepinephrine (isomer (s) not

mentioned). Cº-Methylnorepinephrine was about 1/2 to 2/3 as potent as

norepinephrine and could elicit the same maximum level of contractile

response in in vivo and in vitro blood vessel preparations from rats.

Since Altura (1975) presented some structure-activity relationships of

adrenergic amines in rat acrtic strips, it is unfortunate that the

stereoisomeric form (s) of o-methylnorepinephrine used was not

mentioned. Acute, intra-arterial administration of 500 mg/kg of

(S)-O-MD gave rise to gradual mesenteric arteriola vasodilation and

also caused a depressed vasoconstrictor response in these arterioles

to topically applied catecholamines. This is an effect similar to

that observed in rats chronically treated with (S)-O-MD. Altura (1975)

proposed that (S)-O-MD elicits its hypotensive activity, in the rat

at least, by "(1) depressing arteriolar responsiveness to circulating

and released catecholamines and (2) some unknown direct action on

peripheral vascular muscle". This is particularly interesting in light

of the speculation that increased responsiveness of blood vessels

to circulating catecholamines may be related to the etiology and
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maintenance of hypertension (Doyle, 1968). (This proposal was

discussed in the previous section "Altered Sensitivity toward

Exogenous Norepinephrine.)

Table 1.10: Relative Sensitivity of Mesenteric Arterioles to
Catecholamines and Related Amines (Altura, 1975)

*k

EP50 % Maximal
Topical agent (x10"mole/L) responset

Epinephrine 0.33 + 0.06 100 + 0.0
Norepinephrine 2.8 + 0.2 79.7 ± 2.3
Alpha-methylnorepinephrine 5.8 + 0.5 82.9 + 2. 1
Phenylephrine 180.5 + 16.5 59.8 + 8.5
Dopamine 200.5 + 18.7 33.5 + 9.0
Octopamine 155.5 + 13.8 20.0 + 8.5

* Mean concentration of agonist (+ s. e. m.) required to produce 50%
of the maximal contractile response (topical volume (0.1)
converted to mole/L).

t Per cent maximal attainable constrictor response (mean values +
s.e. m.).

Lokhandwala et al. (1975; 1976) found that (S)-a-MD

treatment (100 mg/kg, p. o. , twice daily for 3 days produced

significant hypotensive and bradycardic effects in dogs but did not

affect the resting venous tone or the cardiac output. In acute

experiments the hypotensive effect is due mainly to the reduction in

the total peripheral resistance. The chronotropic response to

cardioaccelerator nerve stimulation at various frequencies was

decreased significantly in the (S)-O-MD treated dogs. The

vasoconstrictor responses of the renal, but not the mesenteric,
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vasculature to sympathetic nerve stimulation was also impaired.

Paralleling these results was the observation that O-methylnorepine

phrine was a weaker vasoconstrictor than norepinephrine in the renal

vasculature but had about the same potency in the mesenteric

vasculature. The latter agrees with Altura's finding (Altura, 1975).

At least in phenobarbital-anesthetized normotensive dogs, (S)-O-MD

treatment does produce some impairment of peripheral sympathetic

neuronal function to certain organs (Lokhandwala et al., 1975; 1975;

1977). By measuring potentials evoked in the splanchnic nerve by

stimulation of an intercostal nerve of chloralosed cats, Baum and

Shropshire showed that (S)-O-MD pretreatment exerted an inhibitory

action on spinal sympathetic reflexes. It appears that the affects

of (S)-O-MD on spinal sympathetic mechanisms and sympathetic

neurotransmission to certain organs may contribute to the overall

hypotensive of (S)-O-MD, but most experimental evidence indicates

that the predominant contribution is mediated centrally.

(ii) Evidence Against False Transmitters Acting
as Antihypertensive Agents

There is a vast amount of evidence to support the theory

that (S)-O-MD acts, via its metabolite O-methylnorepinephrine as a

false neurotransmitter in the peripheral nervous system. However,

the evidence for the dominant role of peripherally acting false

transmitters in the antihypertensive action of (S)-O-MD is much

less compelling when one considers the following:
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a)

b)

c)

Low doses of (S)-O-MD (20 mg/kg) infused into the left vertebral

artery of chloralosed cats lowered the blood pressure significantly

(ca. 35 mmHg) while the same dose injected into the femoral

vein caused no change in the blood pressure (Henning and van

Zwieten, 1968).

The rate of loss of O-methylnorepinephrine in the tissues is greater

than the rate of decline in the hypotensive effect after the

administration of (S)-O-MD has been discontinued (Nickerson, 1970).

Also there is no correlation between the rate of norepinephrine

depletion and the change in blood pressure when (S)-O-MD is

administered (Henning, 1967).

Although the hypotensive effect of (S)-O-MD is stronger in man

than in 1aboratory animals, the amount of amine formation is less.

When peripheral decarboxylation is reduced by administration of

carbidopa (o-hydrazino-O-methyl-3-(3,4-dihydroxylphenyl) propionic

acid, 21), the antihypertensive action was not diminished in man

although the urinary excretion of O-methyldopamine was lowered

significantly. (Sjoerdsma et al., 1963).

çH3
'-CO2H

HO NHNH2

HO
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d)

3)

f)

Therapeutic doses of (S)-O-MD in man do not change the urinary

excretion of endogenous catecholamines and their metabolites

(e.g. vanillylmandelic acid) (Sjoerdsma et al., 1963).

Extensive destruction of the peripheral sympathetic nervous

system can be effected by immuno-sympathectomy. Both intact

hypertensive rats and immuno-sympathectomized rats on a similar

desoxycorticosterone-NaCl regimen showed hypertensive responses

when treated with (S)-O-MD. Normo-and hypertensive rats

exhibited a hypotensive effect when treated with guanethidine

whereas the immunosympathectomized rats did not (Ayitey-Smith

and Varma, 1970). Therefore, intact peripheral sympathetic

neurons are not necessary for the hypotensive activity of (S)-O-MD.

The pressor activity of O-methylnorepinephrine is only slightly

less than that of norepinephrine and both are released at the

same rate upon sympathetic nerve stimulation; see Table 1.11

(Muschol1 and Maitre, 1963; Trinker, 1971). In addition,

Table 1.11: Relative Potency of Norepinephrine-to-O-Methylnore
phrine in Several Assays (Trinker, 1971)

Animal Preparation Mean potency ratio

Dog

Rat

blood pressure 1.0
heart rate 1.0
cardiac output 0.8
myocardial contractility 1.0

1.0

1. 3

(pithed) blood pressure

Rabbit blood pressure
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the baroreceptor feedback system is efficient enough to overcome

a lack of active neurotransmitter in the periphery by increasing

the sympathetic tone (Heise and Kroneberg, 1973; Korner, 1975).

g) (S)-O-MD does not affect markedly the responses to direct or

reflex adrenergic nerve stimulation, even when the hypotensive

effect has reached a maximum (Goldberg, et al., 1960; Henning and

Svensson, 1968; Stone et al., 1962). Kelly and Burks (1974)

concluded that the difference between 1-0-methylnorepinephrine and

1-norepinephrine in pressor activity in anesthetized dogs and

in the vasoconstrictor responses in dog isolated mesenteric

arteries was not significant enough to lead to appreciably

impaired sympathetic transmission.

On the contrary, other reports suggest that sympathetic

neural transmission to certain tissues or organs may be impaired (see

discussion in preceding section "Evidence for False Transmitters

Acting as Antihypertensive Agents"). Henning and Svensson (1968)

suggested that the slight, but statistically not significant,

impairment cf peripheric sympathetic function observed following

(S)-O-MD administration to rats was not sufficient to account for

the hypotensive action of the drug. Baum et al. (1972) reported that

(S)-O-MD caused a decrease in sympathetic outflow (measured in the

lumbar sympathetic chain) and suggested that this is an important

CNS contribution to the hypotensive activity of the drug. In

contrast, others (Antonaccio et al., 1974; Finch and Haeusler, 1973)

observed no inhibition of sympathetic nerve function following (S)-O-MD
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administration but did report results on the effects of central and

peripheral dopa decarboxylase inhibitors on the hypotensive activity

in anesthetized dogs. This agreed with the findings of Henning and

Svensson (1968) and others. (See additional discussion on p. 80 .)

The reflex response to changes in posture was not affected but the

bilateral carotid occlusion reflex was depressed. This finding may

represent one of the central effects contributing to the hypotensive

effect (Antonaccio et al., 1973). The reason for the different

observations on the effect of (S)-O-MD on the sympathetic outflow is

not immediately apparent. It is difficult to compare these results

because of the differences in the experimental set up: there were

differences in species used (rats vs dogs), health states (renal

hypertensive vs normotensive), dosage and route of administration of

(S)-O-MD (100 mg/kg, i.v. bolus vs. 40 mg/kg., p.o., twice daily for

3% days) and anesthetic (i.v. vs. i.p.) and states of consciousness

(fully conscious, pithed, sedated, anesthetized, etc.).

As an aside, it is pertinent to remember that the type and

level of anesthesia can have variable results on cardiac function.

Although some experiments are carried out on conscious, unrestrained

animals, most are performed on anesthetized animals. Some

anesthetics like pentobarbital can influence the higher levels of the

brain thereby depressing the ability of the hypothalamus to mediate

cardiac reflexes. At the usual levels of anesthesia the medulla is

usually unaffected (Randall, 1963). The changes in pressor and

chronotropic responses to i.v. norepinephrine before and after
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administration of anesthetics have been studied in rats (Brezenoff,

1973). The pressor response to i.v. norepinephrine remained unchanged

after ketamine anesthesia, was decreased by diethyl ether, urethane

and deep pentobarbital anesthesia and was potentiated by chlora lose

and light pentobarbital anesthesia. Reflex bradycardia was reduced

by phenobarbital, reduced or unchanged by either or urethane,

potentiated by chloralose and blocked by ketamine (see Table 1.12;

Brezenoff, 1973). The effect of these and other anesthetics on

cardiovascular functions in other species has been reviewed

(Greisheimer, 1965). What happens when an anesthetic cocktail

Table 1.12: Effect of anaesthetics on cardiovascular responses
to noradrenaline (0.5 lig/kg, i.v.)

Anaesthetic % change from pressor Magnitude of reflex
response in conscious bradycardia compared

control to control

Systolic Diastolic

Ether –68 + 3% –38 + 8* Reduced or unchanged

Urethane –55 + 5% –37 t 9%. Reduced or unchanged
Pentobarbitonet

Light + (5–30) + (0–25)
Deep — (10–30) — (10–30) Reduced

Chloralose +56 + 25% +12 + 14 Increased

Ketamine + 1 + 6 +14 + 6 Blocked

* P < 0.05; Student's t test.
f The range is indicated in parentheses since the divergent responses

prevent calculation of mean and s. e. m. (Brezenoff, 1973)

containing diallobarbital, urethane, and monoethylurea ("Dialurethane")

is used? The effects of anesthesia can represent a parameter which
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makes it difficult to compare drug effects in difference experiments.

The data discussed in this section and the previous section are

consistent with the view that peripheral mechanisms may contribute

to the overall hypotensive activity (S)-O-MD, but the majority of

experimental evidence indicates that the predominant contribution is

mediated centrally (Lokhandwala et al., 1975; 1976; Porter et al.,

1977).

C. Centrally Mediated Hypotensive Activity

1. Introduction

A number of recent books and reviews have been written on

the role of the central nervous system in the regulation of normal

blood pressure (Smith, 1974; Scriabine et al.,

1976; Onesti et al., 1976; Korner, 1971; öberg, 1976; Folkow, 1955;

Bolme et al., 1972), the development and maintenance of hypertension

(Reis and Doba, 1974; Du Charme, 1974; Henning, 1975; Julius and

Esler, 1976), and the mode of action of antihypertensive

agents (Henning, 1974; van Zwieten, 1973; 1975a; Davies and Ried,

1975). This review will be limited to discussion of catecholamines

and the central role of (S)-O-MD amine metabolites in eliciting the

hypotensive effects of administered (S)-O-MD. There will be no

discussion of other systems which may influence blood pressure such

as the renin-angiotensin-aldosterone system, the kallidin-kinin system

and prostaglandins (Du Charme, 1974).
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The importance of the CNS for the maintenance of normal

blood pressure has been recognized since the mid-nineteenth century.

In the 1850's Claude Bernard (1851) and Charles Brown-Sequard (1852)

established that the blood vessels were innervated by fibers and that

these fibers were tonically active, although the pioneering work in

this field was done by Pourfoir du Petit (1727). Von Cyon and

Ludwig (1866) discovered that stimulation of certain nerve fibers in

rabbits led to bradycardic and hypotensive responses. Two students of

Carl Ludwig, Dittmar (1873) and Owsjannikow (1871) demonstrated the

importance of regions in the medulla oblongata which were necessary

for the maintenance of normal blood pressure. They reported that

successive transections in the brain stem from above downward had no

significant effect on blood pressure or pressor reflexes until the

lower third of the pontile level was reached. Lower transections led

to lower blood pressures and decreased pressor reflexes until at a

point just a few millimeters above the calamus scriptorius was cut.

At this point the blood pressure and pressor responses were at their

lowest level and correspond to those values observed when the cervical

cord was severed.

About 75 years after this discovery and about a decade

following von Euler's (1946) discovery of norepinephrine in the brain,

Vogt (1954) reported that the highest concentrations of norepinephrine

in the brain were found in the brain stem and hypothalamus. Since

norepinephrine and O-methylnorepinephrine have similar pharmacological

activities, it seems appropriate to discuss the role of norepinephrine
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in the central regulation of blood pressure before we consider the

centrally mediated action of O-methylnorepinephrine.

2. Central Role of Norepinphrine in Blood Pressure Regulation

The discovery of the high levels of norepinephrine in

brain by Vogt (1954) prompted various workers to investigate the

central effects of norepinephrine compared to those observed when

norepinphrine is administered systemically. McCubbin et al. (1960)

and Share and Melville (1963) found that intracerebroventricular

(i.c. v.) injections caused hypotension and bradycardia in anesthetized

dogs and cats. Intracisternal administration of norepinephrine

elicted the same responses and also decreased splanchnic nerve

discharges in intact and "debuffered" cats. The "debuffered" cats

are prepared by surgical de-afferentation; that is, by cutting the

IXth, Xth, and XIIth nerves at the jugular formen. The operation

is a success if bilateral carotid occlusion (30 seconds) does not

elicit a reflex vasomotor response (Sinha and Schmidt, 1974). However,

in cats pretreated with reserpine, imipramine or chlorpromazine, i.c. v.

norepinephrine gives rise to hypertensive and tachycardic responses.

Reserpine blocks the active transport of norepinephrine from the

cytoplasmic to the intragranular pools at the adrenergic nerve

terminals. This leads to depletion of norepinephrine since it can not

reach the storage granules and is subject to enzymatic deamination by

MAO in the cytoplasm. Imipramine and chloropromazine block the active

transport of norepinephrine from the extracellular fluid to the
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cytoplasmic pool. Pretreatment with these drugs leads to enhanced

pressor responses to i.c. v. norepinephrine compared to controls

since effectively larger doses remain in the vicinity of the

adrenoceptor sites. I. c. v. injections of phentolamine (C-blocker)

or pronethalol (3-blocker) decreases the i.c. v. norepinephrine

induced pressor and heart rate increases, respectively. since
equal i.v. doses of phentolamine and pronethalol do not have

significant effects, Gagnon and Melville (1969) suggested that O- and

B-adrenoceptors may exist in the brain as well as in the peripheral

adrenergic nervous system, a view substantiated by Day and Roach

(1974b). In their studies Day and Roach (1974b) found that i. c. v.

epinephrine elicited mixed pressor-depressor responses and chronotropic

effects in conscious cats. It was already known that peripherally

administered epinephrine had both O-and 3-adrenoceptor stimulant

properties (Day and Roach, 1974b). Unanesthetized cats treated with

a 3-blocking agent, propranolol (i.c. v.), had slower heart rates and

lower diastolic and systolic blood pressure after i.c. v. injections

of epinephrine. These effects could be abolished by a subsequent

i.c. v. injection of phentolamine, an O-blocking agent. Similarly,

i.c. v. epinephrine given to phentolamine pretreated cats caused

tachycardie and hypertensive effects which could be eliminated by a

subsequent i. c. v. injection of propranolol or alprenolol, both

8-blocking agents. I.c. v. dopamine produced both pressor and

tachycardic responses similar to those elicited by i.c. v. isoprenaline,

a 3-agonist. Furthermore, these responses of i. c. v. dopamine were

abolished by i.c. v. pretreatment with 3-blocking agents, propranolol
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and alprenolol, but not by i.e.v. phentolamine. These central

8-agonist effects appear in contrast to the O-agonist effects of

peripherally administered dopamine (Day and Roach, 1974a, b; Goldberg,

1972). L-Dopa has hypotensive activity (-25 mm Hg) when the drug

is administered systemically (200 mg/kg, i.p.) to unrestrained

conscious rats that have been pretreated with the peripheral

decarboxylase inhibitor MK-485 (DL-O-hydrazino-O-methyl-3-(3,4-

dihydroxyphenyl)-propionic acid; 100 mg/kg, i.p.). The administration

of spiroperidol, a dopamine receptor blocking agent, fails to affect

the hypotensive activity of dopa. However, the activity is abolished

upon administration of FLA-63 22 a dopamine-3-hydroxylase inhibitor.

| |
S S

22

1, 1'-(dithiodicarbonothionyl)bis[hexahydro-4-methyl-1H-1,4-diazepinel

The hypotensive activity of L-dopa appears to be mediated centrally by

its metabolite, norepinephrine (Henning and Rubenson, 1970a, b).

Osborne et al. (1971) studied the effects of i.v. dopa administered

to anesthetized dogs which had been pretreated with peripheral and

central dopa decarboxylase inhibitors, MK-486 (L-carbidopa) and
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Ro4–4602 (DL-Serine, 2-(1,2,3-trihydroxylphenylmethyl) hydrazide),

respectively. They concluded that the negative chronotropic and

inotropic effects were mediated centrally whereas the positive

chronotropic and inotropic responses were controlled by the peripheral

nervous system. Compared to sham operated controls, rats decerebrated

by mid-collicular transaction did not manifest a difference in

hypotensive response to L-dopa when the rats had been pretreated with

MK-486. This localized the vasopressor center in the medulla oblongata

(Henning et al., 1972). This is consistent with the findings of

Dittmar (1873) and Owsjannikow (1871) reported about a century earlier

(see p. 91)

Reis et al. (1975; Doba and Reis, 1972) described a

"pontomedullary pressor system" in which bilateral lesions will cause

blood pressure to fall to levels comparable to those found by

transection of the spinal cord at the cervical (C1) level. This

pressor system is localized in a paramedian strip on the floor of the

IVth ventricle the pontomedullary tegmentum. Punctate distortion or

electrical stimulation of this region elicited a hypertensive response

and increased heart rate. These observations suggested that this

region may represent the "so-called tonically active vasomotor

centers of the 10wer brainstem whose integrity is required for the

maintenance of normal levels of blood pressure" (Reis et al., 1975).

Since the body is a complicated system with many checks and balances,

teleologically it is not surprising that there is also a nearby

depressor center. Electrical stimulation or stereotactic norepine

phrine injections in the nucleus of the tractus solitarii (NTS)
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elicited hypotensive and bradycardic responses. Pretreatment of

rats with an O-blocker, phentolamine, prevented these effects of

norepinephrine (De Jong, 1974; De Jong et al., 1975; Struyker Boudier

et al., 1975 a, b). Bilateral lesions of the NTS caused immediate,

severe hypertension which resulted from increased peripheral vascular

resistance (t 280%) and decreased cardiac output ($43%) (Doba and

Reis, 1973; 1974). In the rat hypertension is fulminating and the rat

may die of heart failure and pulmonary edema within hours (Doba and

Reis, 1973; Reis, et al., 1976). Phentolamine -- but not propranolol --

blocked the hypertensive effect and increased the cardiac output (Doba

and Reis, 1974; De Jong et al., 1975). However, midcollicular

decerebration prevented the development of hypertension before NTS

1esions and abolished hypertension after NTS 1esions had been effected.

Therefore, it appears that integrity of higher brain levels is required

for sustained hypertension induced by NTS lesions (Doba and Reis,

1974).

It has been suggested that there are two central adrenergic

pathways exerting opposing effects on the cardiovascular system -- an

excitatory hypothalamic and an inhibitory bulbar pathway (Haeusler,

1975). As we have seen there is both a pressor and a depressor

system in the medullary region. It may be a hypothalamic center

which is required to maintain hypertension induced by NTS lesions.

In the posterior hypothalamus electrical stimulation (Morpurgo and

Morillo, 1962; Morpurgo, 1968), microinjection of norepinephrine

(Brezenoff and Jenden, 1969) and superfusion of the hypothalamus
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with norepinephrine or epinephrine (Philippu et al., 1971) causes

the blood pressure to increase without any appreciable changes in

the cardiac or respiratory rates. Electrical stimulation of various

regions of the hypothalamus causes release of catecholamines.

However, application of piperoxane, an O-adrenoceptor blocking

agent, in the NTS region decreases the hypertensive response

evoked by electrical stimulation of the posterior hypothalamus

(Philippu et al., 1973). A fall in both the blood pressure and heart

rate is observed when norepinephrine was injected stereotactically

in the anterior hypothalamus/pre-optic region (Struyker Boudier et al.,

1975 a, b) or when the anterior hypothalamus is stimulated

electrically (Folkow et al., 1964; Gellhorne, 1964; Wang and Ranson,

1941). These effects are probably due to stimulation of descending

tracts from the cortical and rhinencephalic regions. Electrical

stimulation of the fronto-orbital cortex elicits depressor and

bradycardic responses, and the responses decrease markedly following

degeneration of the cortico-efferent connections from the frontal

1obe (Korner, 1971).

Although there are other regions of the brain which help

regulate blood pressure, the most pertinent ones to consider in

context with the mode of action of (S)-O-MD are the hypothalamus and

the medulla oblongata. The hypothalamus and other higher levels of

the brain are responsible for integrating the various cardiovascular

reflexes in response to changes in body activity, emotion, or external

stimuli like pain and temperature. The most fundamental or critical
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unit regulating blood pressure is in the medulla oblongata. This

unit consists of two components having opposing functions -- the

so-called vasoconstrictor-cardioaccelerator and vasodepressor

cardioinhibitor centers -- which modulate the intrinsic reflexes of

the circulation and the tonic sympathetic nervous discharges to the

heart and blood vessels. The pressor center appears to act by

facilitating central sympathetic discharge and the depressor center

by inhibiting central sympathetic discharge. It is not known if

these two systems operate phasically (alternating briefly and

intermittently) or tonically (opposing continuously). If these two

systems become imbalanced by either an increase in sympathetic

discharge in the pressor system or a decrease in the inhibitory

function in the depressor system, hypertension may result.

Investigation of the centrally mediated mode of action of (S)-O-MD

through its metabolite, O-methylnorepinephrine, may help us under

stand what goes awry when hypertension develops and what occurs when

the blood pressure is brought to and is maintained within normal

ranges.

3. Centrally Mediated Hypotensive Action of
o—Methylnorepinephrine, a Metabolite of (S)-O-Methyldopa

The first clue concerning the centrally mediated activity

of (S)-O-MD came from one of the side effects of the drug--

sedation (Oates et al., 1960). Only decarboxylase inhibitors which

caused sedation had antihypertensive activity (Gillespie et al., 1962).
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Another central decarboxylase inhibitor, NSD-1034 {N-(2-hydroxybenzyl)-

N-methylhydrazine), had no hypotensive activity itself but it did

abolish the hypotensive activity of (S)-O-MD (Davis et al., 1963).

Jaju et al. (1966) reported that the i.c. v. injection or topical

application (S)-O-MD to the floor of the IVth ventricle caused a

decrease in blood pressure. Infusion of (S)-O-MD into the left

vertebral artery (supplying medullary, pontine, and cerebellar tissues)

in anesthetized cats caused the blood pressure to fall but the same

small dose infused intravenously had no hypotensive effect (Henning

and van Zwieten, 1968; Henning, 1969). Perfusion of (S)-O-MD in the

cat brain also caused decreases in blood pressure, heart rate, and

hind limb vascular resistance. Norepinephrine levels in the

hypothalamus, mid-brain, and medulla oblongata measured 0.5, 1, and

2 hours following (S)-O-MD perfusion were not significantly changed

and there was no correlation between the hypotensive effects and brain

norepinephrine levels (Ingenito et al., 1970). Similar results were

found when levels of endogenous catecholamines and amine metabolites

of (S)-O-MD were determined in whole brains of renal hypertensive

rats (Waldmeier et al., 1975). Chromatographic and fluorimetric

aspects of the chemical assays are discussed in Chapter II (Cohen

and Goldenberg, 1957; Viktora et al., 1968; Waldeck, 1968b). The

hypotensive responses correlated directly with O-methyldopamine

levels and inversely with the dopamine levels in the brain. There

were no apparent correlations between blood pressure changes and

the brain levels of O-methylnorepinephrine or norepinephrine

(Waldmeier et al., 1975; Maitre et al., 1974).
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Henning (1968) demonstrated that decarboxylation in the

brain is a necessary step for (S)-O-MD to be active. Two groups of

renal hypertensive rats were pretreated with dopa decarboxylase

inhibitors – one with Ro4–4602 and the other with MK-485 (racemic

carbidopa). The former can inhibit dopa decarboxylase in the

peripheral tissues and, at high doses, in the brain, but the latter

can inhibit peripheral or extra-ceribral decarboxylase only

(Bartholini and Pletscher, 1969; Clark et al., 1973). When (S)-O-MD

was administered to these two groups of pretreated rats, there was

no hypotensive effect observed in the Ro4–4602 treated rats, but

there was in the MK-485 treated groups (Henning, 1968; Cohen et al.,

1974). In spontaneously hypertensive rats, (S)-(–)-carbidopa

(25 mg/kg, i.p.) had no antihypertensive activity but it increased

the potency of (S)-O-MD about 3.6 times that of (S)-O-MD alone

(Scriabine et al., 1976). Small doses of Ro4–4602 given centrally
antagonized large doses of (S)-O-MD administered systemically (Day

et al., 1973). In addition to the fall in mean arterial pressure

(MAP), systemic administration of (S)-O-MD caused a fall in body

temperature and heart rate which was preceded by short-lasting

tachycardia in conscious renal hypertensive rats. Central pre

treatment with a dopa decarboxylase inhibitor (i.c. v. Ro4–4602)

prevented all of these effects except the initial tachycardia.

Systemic pretreatment with the same dopa decarboyxlase inhibitor

(i.p. Ro4–4602) had no effect on the hypotensive effect of (S)-O-MD,

but it blocked the initial tachycardic phase and only partially
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reduced the decrease in heart rate and body temperature (Nijkamp

et al., 1975). Therefore, decarboxylation in the brain is an

obligatory step for the hypotensive effect of (S)-O-MD.

When conscious normotensive rats, pretreated with a

dopamine-3-hydroxylase inhibitor like FLA-63 (22) or disulfiram

were given (S)-O-MD, no hypotensive activity was observed (Henning

and Rubenson, 1971). Similarly, there was no hypotensive activity

observed in renal or metacorticoid hypertensive rats when they

were pretreated with other central and peripheral dopamine-3-

hydroxylase inhibitors like disulfiram and sodium diethyl

dithiocarbamate (DCC) or a central inhibitor, U-14,624 (1-phenyl-3-

(2-thiazoyl)-2-thiourea) (Cohen et al., 1974; Day et al., 1973).

In support of Henning's view that O-methylnorepinephrine

is the active agent in the antihypertensive activity of (S)-O-MD,

Boakes st al. (1971) demonstrated that O-methylnorepinephrine is

more potent than (S)-O-MD in depressing the electrical activity of

noradrenergic neurons in the brain stem when these compounds are

applied iontophoretically in the region of the obex in the medulla

oblongata. Perfusion of part of the third and all of the fourth

ventricles in cat brains enabled Heise and Kroneberg (1972, 1973)

to show that the hypotensive effect of O-methylnorepinephrine was

greater than that of either (S)-O-MD or O-methyldopamine. Since

the activity could be inhibited by O-adrenoceptor blockers,

yohimbine and phentolamine, they concluded that stimulation of

central O-sympathetic receptors may lead to the hypotensive response.
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I. c. v. phentolamine prior to or following (S)-O-MD administration

(i.p.) could prevent or reverse, respectively, the hypotensive

effects. Direct bilateral injection of O-methylnorepinephrine

into the NTS elicited dose-dependent hypotensive and negative

chronotropic effects which could be prevented by pretreatment with

phentolamine or reversed by its injection following an injection of

O-methylnorepinephrine (Nijkamp and De Jong, 1975; 1977).

Pretreatment of anesthetized cats with tricyclic antidepressants like

desipramine and imipramine also inhibit the hypotensive activity of

(S)-O-MD. The O-adrenoceptors normally stimulated by norepinephrine

and O-methylnorepinephrine, the active metabolite of (S)-O-MD, are

probably blocked by these antidepressants which have C-sympatholytic

properties (van Zwieten, 1973; 1975b).

I. c. v. injections of O-methylnorepinephrine in doses

much smaller than those used by Heise and Kroneberg (1972, 1973) caused

an initial, short-lived hypertensive effect accompanied by little or

no increase in the heart rate of chloralosed cats (Singh et al., 1973).

This phase was followed by a longer lasting hypotensive effect along

with a bradycardic effect. The pressor responses to electrical

stimulation of electrodes placed stereotactically in the posterior

hypothalamic and medullary vasomotor loci during the hypotensive

phase of O-MNE were inhibited (Singh et al., 1973). Day and Roach

(1974b) found that O-methylnorepinephrine and norepinephrine had

about the same overall hypotensive and chronotropic potency when

given i.c. v. but O-methylnorepinephrine had a longer duration of
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action. Injections of O-methylnorepinephrine into the regions of

the NTS and the anterior hypothalamus of normo tensive rats elicited

more prolonged and pronounced hypotensive and bradycardic responses

than norepinephrine. These effects could be blocked with an

o-adrenoceptor, phentolamine (De Jong, 1974; De Jong et al., 1975;

Struyker Boudier et al., 1975 a, b).

Electrical stimulation of the posterior hypothalamus or

midbrain reticular formation of urethane anesthetized rats elicited

pressor responses which could be reduced significantly by pretreat

ment with (S)-O-MD. If FLA-63, a dopamine-3-hydroxylase inhibitor,

was given 30 minutes prior to (S)-O-MD administration, the pressor

responses to electrical stimulation were not affected. Similar

experiments in the cat demonstrated that electrical stimulation of the

posterior hypothalamus produced both hypertensive effects and

increased sympathetic nerve activity, as measured in the renal and

splanchnic nerves. Both responses were reduced significantly 3 – 4

hours following an i.v. injection of (S)-O-MD. The level of

spontaneous sympathetic nerve activity did not decrease appreciably,

nor enough to be responsible for the definite hypotensive effect

observed (Finch and Haeusler, 1973).

In spite of these disparities, it has been concluded that

peripheral adrenergic neural activity is not as essential for the

development or maintenance of hypertension as thought originally

because experimental hypertension (genetic, renal, desoxycorti

costerone/NaCl) has been induced in 6-hydroxydopamine sympathectomized
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rats (Clarke et al., 1970; Finch and Leach, 1970; Vapaatalo

et al., 1974). The hypotensive effect of systemically administered

(S)-O-MD was reduced only partially when genetic or spontaneously

hypertensive rats (SHR) were pretreated with i.v. 6-hydroxydopamine

(a chemical sympathectomizing agent) but was prevented completely

when pretreated with i.c. v. 6-hydroxydopamine (Finch and Haeusler,

1973). This supports the view that the central adrenergic neurons

are more important than the peripheral neurons in maintaining a

hypertensive state, in SHR at least, and that mechanisms responsible

for lowering blood pressure following administration of (S)-O-MD

(i.v.) are mediated centrally. Clonidine, an O-agonist not

requiring metabolic activation, acts directly on central O-adrenergic

sites to elicit its hypotensive effect (Haeusler, 1975; Scriabine

et al., 1976; Kobinger, 1975; Conolly, 1975). However, the action

of (S)-O-MD requires intact neuronal terminals so that (S)-O-MD and

O-methyldopamine can be taken up into the neurones for subsequent

conversion to O-methylnorepinephrine. This is evidenced by the

actions of 6-hydroxydopamine (i.c. v.), desmethylimipramine (i.c. v.)

(Finch, 1975b) and central dopa decarboxylase and dopamine-3-

hydroxylase inhibitors (Day et al. , 1973), each one being able to

inhibit the hypotensive activity of (S)-O-MD. Because i.c. v.

6–hydroxydopamine does not reverse or abolish established hypertension

(except NTS type), it has been suggested that the initiation but not

the maintenance of hypertension may have a central origin (Haeusler,
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1976). This view is difficult to accept completely since (S)-di-MD,

which acts centrally, is effective in treating various kinds of

experimental (and human) hypertension. One thing that is certain

is that the etiology of hypertension and the mode of action of the

antihypertensive agent, (S)-O-MD, still are not understood completely.
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Summary

(S)-O-MD has been used widely as an antihypertensive drug

since the early 1960's. The drug's activity has been attributed

variously to (S)-O-MD's being (1) a dopa decarboxylase inhibitor,

(2) a peripheral false transmitter, and (3) a precursor to

O-methylnorepinephrine which is formed in the brain where

O-methylnorepinephrine mediates the hypotensive effect of system

ically administered (S)-O-MD. Dopa decarboxylase inhibition per se

is not responsible for the antihypertensive activity of (S)-O-MD

since there are more potent decarboxylase inhibitors which have no

antihypertensive activity. A second theory proposed that

o-methylnorepinephrine, a metabolite of (S)-O-MD, interfered with

peripheral sympathetic transmission. Support for this proposal

included findings that C.-methlnorepinephrine replaced norepinephrine

stoichiometrically and that electrical stimulation of sympathetic

nerves led to the release of these two compounds in the same ratio

as they were in the tissues. However, this theory lost support

when it was shown that (S)-O-MD caused little or no decrease of

responses to electrical or reflex stimulation of sympathetic nerves

under various experimental conditions.

Although there may be some contributions from the peripheral

sympathetic nervous system to the antihypertensive effects of (S)-O-MD,

the majority of the evidence suggests that the predominant contribu

tions to the hypotensive effects are mediated centrally. Small doses

of (S)-O-MD infused into the left vertebral artery yielded a
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hypotensive effect, but the same dose injected into the femoral

vein had no effect. Peripheral decarboxylase inhibitors had no

significant effect on the hypotensive activities of (S)-O-MD,

whereas central inhibition of dopa decarboxylase or dopamine-3-

hydroxylase abolished the hypotensive activity of systemically

administered (S)-O-MD. Similarly, central chemical sympathectomy

abolished the antihypertensive activity of (S)-O-MD but peripheral

sympathectomy did not. These findings demonstrate the requirement

for O-methylnorepinephrine formation in the CNS and the importance

of intact cerebral adrenergic neurones for the conversion of

(S)-O-MD to O-methylnorepinephrine. The hypotensive activity of

(S)-O-MD is due to the formation and actions of O-methylnorepinephrine

in the CNS rather than the displacement and subsequent removal of

norepinephrine from the CNS. When norepinephrine is depleted from

central and peripheral tissues by pretreatment with O-methyl-meta

tyrosine (a norepinephrine depleter) and O-methyl-para-tyrosine (a

tyrosine hydroxylase inhibitor), the antihypertensive activity of

(S)-O-MD does not decrease. Furthermore, O-methyl-meta-tyrosine is

a stronger norepinephrine depleter than (S)-C-MD and metaraminol,

the 3-hydroxylated amine metabolite of O-methyl-meta-tyrosine is a

weaker pressor agent than O-methylnorepinephrine (1/6 X) and

norepinephrine (1/20 X). If the false transmitter theory holds true,

O-methyl-meta-tyrosine should be a better antihypertensive agent

than (S)-O-MD, but it, in fact, has no antihypertensive activity.

Centrally-administered O-methylnorepinephrine elicits a dose-dependent
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hypotensive response which can be inhibited by centrally administered

O-adrenoceptor blocking agents.

The experimental evidence discussed in this chapter

emphasizes the importance of the role of O-methylnorepinephrine in the

adrenergic nerve endings of the CNS for the antihypertensive

activity of (S)-O-MD; however, the mechanism of action still is not

fully understood.



CHAPTER II
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INTRODUCTION

From the discussion in the previous chapter it is apparent that the

hypotensive activity of (S)-O-MD depends on the formation in the brain

of the drug's metabolite, O-methylnorepinephrine (O-MNE). Both o—MNE

and its precursor, O-methyldopamine (O-MDA), when administered centrally,

elicit dose-dependent hypotensive responses (De Jong and Nijkamp, 1976;

Finch et al., 1975; Heise and Kroneberg, 1973). However, only C-MDA

brain levels appear to correlate with the hypotensive effect of (S)-O-MD

(Freed et al., 1978; Waldmeier et al. 1975).

The present study was undertaken to evaluate more thoroughly the

contributions of C-MDA and O-MNE to the hypotensive effect of Q-MD under

steady-state conditions. Our criteria for steady-state conditions were

that 1) rat brain levels of (S)-O-MD, C-MDA, and O-MNE attain a constant

value and 2) the blood-pressure reached a constant minimum value when

(S)-O-MD was infused i.v. into rats over a time period determined in this

study. Levels of (S)-O-MD, C-MDA, and O-MNE were measured in regions of

the brain of (S)-O-MD treated rats to determine if correlations existed

between any of these drug/metabolite levels and the hypotensive effect of

steady-state i.v. infusions of (S)-O-MD. Additionally, the levels of the

endogenous cate cholamines, dopamine (DA) and norepinephrine (NE), were

measured to determine the effects of different doses of (S)-O-MD on these

compounds. The results of these studies are described in Chapter III

(Pharmacological Studies). The present chapter deals with the chemical

ionization mass spectrometric assay developed to analyze these compounds

and with the synthetic routes to the deuterated internal standards chosen

for this assay.

Sensitive methods are required to measure the nanomolar amounts of
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these compounds present in the 20–100 mg brain tissue samples. The ana

lytical method must distinguish between endogenous catecholamines and

the metabolically formed O-methylated amines derived from Q-MD. Reverse

isotope dilution analysis employing chemical ionization mass spectrome try

(CIMS) in the determinative step was explored in an attempt to develop an

assay with the desired sensitivity and selectivity. The method was de

veloped with the hope that it would be applicable to future studies of

the turnover rates of (S)-O-MD and its amine metabolites. Deuterated

analogues of O-MD, O-MDA, C-MNE, DA, and NE were required as internal

standards for our planned biological studies.

The following section of the dissertation discusses various methods

of analyzing cate cholamines and rationale for selecting CIMS. This is

followed by a discussion of the synthetic routes to the internal stand

ards required for our work. Finally the procedures used in the CIMS as

say are discussed.

REVIEW OF METHODS OF MEASURING CATECHOLAMINES AND RELATED COMPOUNDS

Catecholamines have been assayed by numerous methods including bio

as say, colorimetry, spectrofluorimetry, radioimmunoassay, radio enzyme

assay, high pressure liquid chromatography (HPLC), gas chromatography (GC),

mass spectrometry (MS) and GC-MS. Each of these methods is reviewed

briefly below. In many instances our requirement to measure both endo

genous and their drug-derived 0-methylated analogues obviated their appli

cability in the present study.

Bioassay

The earliest assay for NE and Epi was based on the measurement of
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pressor responses on the pithed rat. As little as 0.5-1 ng of NE and Epi

can be estimated using this assay (Sharman, 1971); 0.02-0.05 ng of NE

can be detected using isolated smooth muscle preparations, e.g. rabbit

acrta and iliac artery (Highes, 1972).

The assay is highly specific for cate cholamines, but does not dif

ferentiate between endogenous and O-methyl cate cholamines. The inability

of the bioassay to distinguish between NE and O-MNE probably explains why

Smith (1960) did not detect a decrease in brain NE 1evels in rats treated

with O-MD. Sensitive and more reliable chemical methods for measuring

cate cholamine levels largely have replaced bioassays. Bioassays are

time consuming and are not as reproducible as chemical as says. The bio

assay method was never considered for these studies, but is mentioned be

cause of its historical interest. Additional information on these as

says can be found in reviews by Gaddum (1959), Sharman (1971) and Vane

(1966).

Spectroscopic Assay: Visible

Levels of NE and Epi in the adrenal medulla have been determined

colorimetrically. This method depends upon the formation of chromes (B)

and iodochromes (C) by oxidation with iodine at pH's 4 and 6 (von Euler

and Hamberg, 1949). At pH 6 all of the NE and Epi are oxidized to their

corresponding chromes. However, von Euler and Hamberg reported that at

pH 4 all of the Epi but only 10% of the NE are oxidized. Since the chromes

H A. R*-R*-H, Noradre nochrome

-

R*-ch, R*-■ , Adre nochrome

R*-H, R*-1, Iodonoradre nochrome

N R*-CH, R*-1, Iodo adre nochrome

B
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and iodochromes are measured, the observed differences in oxidation may

really reflect differences in cyclization rates for the intermediate

quinones (A). The absorbance of standard NE and Epi solutions and the

samples are recorded at both pH values.

With these six absorbance values the amounts of NE and Epi can be

calculated by solving the following equations, where E and N represent

the amounts of Epi and NE in the Sample; (A4) and (A6) the absorbance of

the samples at pH's 4 and 6, respectively; and (E4), (E6), (N4) and (N6)

the absorbances of 100 lug of Epi and NE recorded at pH's 4 and 6:

§ X E + % x N = (A4)

§ x E + š, x n - A6)

This type of determination is referred to as a differential assay

since measurements under different conditions allow one to differentiate

between Epi and NE. This differential colorimetric assay was one of the

earliest chemical methods of cate cholamine analysis. It was neither de

veloped for not is it capable of measuring endogenous catecholamines in

the presence of their O-methyl analogues. The lower detection limit of

10 pig was adequate to measure Epi and NE in the adrenal glands, but such

sensitivity is inadequate for measuring catecholamines in other tissues

such as the brain.

Spectroscopic Assay: UV

Von Euler (1956) indicated that 10 pig was the lower detection limit

for assaying individual cate cholamines by UV absorption at 279 mm. Un

fortunately, pure samples of these amines are difficult to obtain with



114

animal tissues. Absorbance around 280 nm is very common for aromatic

compounds and therefore assays based on UW absorption tend to be non

specific. From the dearth of references citing catecholamine assays em

ploying UV-based detection one can assume that low sensitivity and lack

of specificity discouraged researchers from utilizing this technique.

With the advent of high performance liquid chromatography (HPLC) and im

provements in UV detectors, quantitative analyses of catecholamines and

related compounds by UV absorbance measurements have become more feasible

(see section on HPLC with UV detection).

Spectrofluorime tric Assays

Development of spectrofluorime tric assays gave researchers a 1000–

fold increase in sensitivity over the older UV spectrometric and colori

metric methods. Catecholamines have native fluorescence (activation wave

length = 285 mm, emission wavelength = 325 nm) because of their catecholic

structure. As says of the various catecholamines based on this require

prior separation for specificity. Catecholamines were usually isolated

by adsorption on alumina (Anton and Sayre, 1962) or by butanol extraction

(Shore, 1959). Dopa, DA and NE plus Epi have been separated on ion ex

change columns prior to the actual spectrofluorime tric analysis. DA, NE

and Epi are converted to derivatives which fluoresce in the visible re

gion of the spectrum. Differential spectrofluorime tric techniques have

been used to measure the 1evels of these compounds. The term differential

was used because these compounds could be separated optically by reading

the fluorescence at different wavelengths or at the same wavelength after

forming the fluorescent derivatives at different pH's. These assays in

volve derivative formation by one of two methods – the trihydroxyindole

method (von Euler and Floding, 1957) and the ethylene diamine method (Weil–



115

Malherbe and Bone, 1952, 1957).

a) Trihydroxyindole Method

In the trihydroxyindole (THI) method, the fluorescent derivatives

are formed from the cate cholamines in two steps. First, the cate chol

amines (A) are oxidized under acid conditions to ortho-quinones which

cyclize spontaneously to "chromes" (B). The solutions containing the

chromes are made basic to effect conversion to the corresponding lutines

or trihydroxy or dihydroxyindoles (C). Each of NE and Epi in a mixture

can be measured. First, two aliquots of the sample are oxidized – one

HO O HO

HO NHR O HO :|
A B C

at pH 3 and the other pH 6.5 and then the fluorescence at set activation/

emission wavelengths is measured (von Euler and Floding, 1955). In the

second method the fluorescence of NE and Epi is measured at different ac

tivation/emission wavelengths (von Euler and Lishajko, 1961). The first

procedure depends on the different rates of oxidation of NE and Epi at

different pH's; the second variation depends on the different fluorescent

spectral properties of the fluorophores. The reaction conditions and

fluorescent measurement wavelengths can be selected so that DA can be

measured in the presence of NE and Epi. In order to assay dopa, prior

purification by ion exchange chromatography is necessary (Carlsson and

Waldeck, 1958; Bertler et al., 1958). Dopa and O-MD also have been mea

sured spectrophotometrically using the trihydroxyindole method, however
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these compounds must be separated chromatographically if both are present

in the same sample (Kehr et al., 1972; Kim and Koda, 1977). Timing in

the sequence of reactions is important here. The oxidation products of

dopa and C-MD are "stable up to 8 minutes". Sjoerdsma et al. (1963)

found that urinary levels of C-MDA in patients undergoing Q-MD-treatment

was high enough to interfere with C-MD if these compounds were not sepa

rated chromatographically prior to fluorescence measurements.

The finding that plasma Q-MDA levels are below detection levels (<0.3

ug/ml); Sjoerdsma et al., 1963) has led other workers to not include a

purification step in the analysis of plasma Q-MD (Barnett et al., 1977;

Kwan et al., 1976; Myhre et al., 1972a : Saavedra et al., 1975). However,

since O.-MDA can be detected in the urine of Q-MD treated patients (Sjoerd

sma et al., 1963; Marshall and Castagnoli, 1973), analytical procedures

not using an ion exchange chromatography (Myhre et al., 1972b, c) may

lead to falsely higher levels of Q-MD because of the presence of Q-MDA.

O-MDA behaves like NE and Epi under ferricyanide oxidation conditions

but behaves like DA during ion exchange chromatography. Therefore, Q-MDA

can be measured in the presence of DA if the sample is oxidized with po

tassium ferricyanide (hexacyanoferrate (III)) instead of iodine (Carlsson

and Lindqvist, 1968). An explanation of this phenomenon may be that the

formation and cyclization ortho-quinone of O-MDA must occur at about the

same rate as for NE under oxidation conditions with ferricyanid. Dopa

mine is not converted to a fluorescent indole derivative under these con

ditions (Carlsson and Waldeck, 1958). Under the stronger and less selec

tive oxidation conditions with iodine, the fluorescent indole derivatives

of both DA and O-MDA form. Perhaps it is the formation of intermediate

iodochromes (see B in section "Spectroscopic Assays: Visible") which is
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responsible for the enhanced formation of the fluorophores in the iodine

oxidation method. The levels of DA are determined by subtracting the

levels of Q-MDA (ferricyanide method) from the levels of total DA plus

O-MDA (iodine method) (Carlsson and Lindqvist, 1962; Uretsky and Seiden,

1969).

Carlsson and Lindqvist (1962) detected but did not quantitate Q-MNE

in mouse brains. They were able to separate O-MNE from NE by paper chro

matography (Butanol-N HCl 4:1; 16 hours 1). The compounds were treated

with a potassium hexacyanoferrate (III) — ethylene diamine spray and the

paper chromatograms were examined for fluorescent spots having the same

Rf values as authentic C-MNE.

A new differential fluorimetric method for analyzing mixtures of

O-MNE and NE was suggested by Waldeck (1968). This method was based on

earlier work reported by Muschol1 and Rahn (1968) and by Hallhagen and

Waldeck (1968). Muscholl and Rahn (1968), using the trihydroxyindole

method found that erythro-G-MNE fluorescences weakly compared to threo

d—MNE and NE. Since it was the fluorescence of the trihydroxyindole which

was measured, the different fluorescent properties of erythro- and threo

o-MNE may reflect the rate of cyclization of the intermediate ortho

quinones. Erythro-O-MNE can be converted to the threo-isomer (final ra–

tio erythro: threo-ca. 2: 3) by heating in aqueous acid (Hallhagen and Wal

deck, 1968). In the analytical method described by Waldeck, the fluor

escence of two samples containing metabolically-formed erythro-O-MNE and

NE are measured - one without heating the sample and the other after

heating the sample. Waldeck proposed that this procedure allowed one to

differentiate O-MNE from NE and that the levels of each could be calcu

1ated from the data. No mathematical equations or examples were given.
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It remained for others to develop this idea further. Dominic and Moore

(1971) and Waldmeier et al. (1975) successfully incorporated this method

in their analyses of endogenous and O-methyl cate cholamines in rats

given C-MD.

The trihydroxyindole method is one of the most widely used assays

for catecholamines. The assay is quite sensitive and is highly specific

for catecholamines. The sensitivity of the assay is usually limited by

the fluorescence of the blank. There are problems in preparing an appro

priate blank since the fluorophore is unstable (Nagatsu, 1973). In the

analysis of O-methyl catecholamines the specificity depends in part on

the completeness of chromatographic separation of the catecholic amino

acids (dopa and O-MD), amines (DA and C-MDA), and aminoalcohols (NE and

o—MNE). The specificity also depends on how well the differential spec

trofluorimetric techniques allows one to discriminate between two close

1y related compounds. In all of these differential spectral assays, One

must solve two simultaneous equations of the type

A1x + Bry - C

A., x + B2y = C2 2 ”

l” B2, C1 and C2 are the fluorescence readings obtained

under different conditions and x and y represent the concentrations of

where A1, A2, B

the two compounds being assayed. Six readings are required to calculate

the two concentrations required. It can be shown mathematically that the

relative error in the solution of the two equations above is approxi

mately proportional to the relative error in the coefficients A1, A2, B1,

B2, C1 and C2 (Björck and Dahlquist, 1969). With these six parameters
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to measure, the chances for error are higher than in the case in which

one measures one parameter and applies it to a standard curve to deter

mine the amount of a compound. The reproducibility of the method is

improved when the analysis is automated. Errors in pipetting, timing

and instability of the fluorimeter are decreased. In actual clinical

use it was found that in the urine samples of patients on dopa or C-MD,

interference in the NE and Epi determinations arose because of the high

urinary levels of dopa and C-MD (Andersson et al., 1974).

The widely used trihydroxyindole (THI) method has been established

as a reliable fluorime tric analytical technique in the clinical field.

The lower limit of the assay is about 10–50 ng total cate cholamines

with no amine less than 10% of the total (Sharman, 1971). With this

capability researchers in the late 1950's were able to measure catechol

amines in plasma, urine and tissue (von Euler and Floding, 1955; Bertler

et al., 1958; Carlsson and Waldeck, 1958). Newer technology has not led

to any significant increase in the sensitivity of this fluorimetric assay.

Regardless of the assay's sensitivity, the method lacks the speci

ficity required to analyze O.-MD and its amine metabolites in the pres–

ence of endogenous catecholamines. To date, the THI method has not been

modified to include a chromatographic step capable of resolving these

compounds as is required for our studies. Similar reservations apply to

the second method of cate cholamine analysis – the ethylene diamine method.

b) Ethylene diamine Method

The second method used to analyze catecholamines involves condensa

tion with ethylene diamine to form highly fluorescent products (Weil

Malherbe, 1959, 1960). In the case of Epi and NE the fluorescent deriva

tives formed have been identified as 2,3-dihydro-3-hydroxy-1-methylpyr
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rolo-[4,5:g]-quinoxaline (A) and 1,2,3,4-tetrahydro-1,4,5,8-tetra

azaanthracene (B), respectively (Harley-Mason and Laird, 1959).
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Although this method is more sensitive for cate cholamines than the hy

droxyindole method, it is less selective. Ethylene diamine can react

with other catechols such as 3,4-dihydroxymandelic to give the same con

densation product (B) as that formed from norepinephrine. This finding

indicates that the side chain of both compounds is cleaved during the

condensation reaction (Harley-Mason and Laird, 1959; Yagi, Nagatsu and

Nagatsu, 1960; Nagatsu and Yagi, 1962a, b). The advantages of the ethy

lene diamine method are its high sensitivity and the stability of the

fluorescent condensates. The utility of this method in the analysis of

individual cate cholamines, depends on their chromatographic separation.

Epi and NE can be differentiated optically since the fluorescence in

tensity of the NE derivative at 510 nm is twice that of the Epi deriva

tive and half at 580 nm (activation at 420 nm). Knowledge of the fluor

escence of the samples and of Epi and NE standards enables one to calcu

late the levels of Epi and NE in the sample by solving simultaneous equa

tions like those used in the colorimetric method (see p. 113). However, DA

and dopa interfere with the assay for NE and Epi as described originally



121

by Weil-Malherbe and Bone (1952). In a modified form of this assay used

to analyze NE and Epi in plasma, DA and dopa did not interfere in this

assay since their levels were so low (Weil-Malherbe, 1971). Post-column

derivatization of the ion exchange column eluent with ethylene diamine

has been used to estimate urinary Epi, NE and DA (Seki, 1978). The res

ponse was linear over a 5–200 ng range for Epi and 5–2000 ng for NE and

DA. This method could be automated for routine analyses (Seki, 1978).

An automated version using the ethylene diamine method has been reported

previously (Viktora et al., 1968).

Carlsson and Lindqvist (1962) used the ethylene diamine method to

detect the fluorescence of Q-MNE on a paper chromatogram, but they did

not quantitate Q-MNE 1evels. No other references to uses of the ethy

lene diamine method in the analysis of Q-MD, C-MDA, and O-MNE were found.

Reviews on catecholamine analysis indicate that the THI method is

widely preferred over the ethylene diamine method (Weil-Malherbe, 1971;

Sharman, 1971; Nagatsu, 1973).

USE OF CHROMATOGRAPHY IN CATECHOLAMINE DETERMINATIONS

In earlier sections we saw that the limiting factor in the multi

component analysis of cate cholamines was the lack of selectivity due to

poor separation of the individual compounds. Separation was achieved by

differential spectrometric methods alone or with the incorporation of a

chromatographic step. None of these methods was demonstrated useful in

the routine analysis of endogeneous and O-methylated cate cholamine mix

tures. Paper and thin 1ayer chromatographic procedures have been used

in cate cholamine analysis but these are tedious and time consuming
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because of the often elaborate sample pre treatment required and the

long running time required for chromatographic separation. These me

thods are suitable for qualitative work, but not for reliable quantita

tive analysis (Stout et al., 1976; Knox and Jurand, 1976; Crombeen et

al., 1978; Choulis, 1967). Stout et al. (1976) found HPLC superior

over TLC in analyzing DA and metabolites found in physiological fluids.

In the late 1960's to early 1970's liquid chromatography (LC) was

improved by employing high pressure systems and efficient microparti

cular column packings. This still-evolving technology has been called

"high pressure (or performance) liquid chromatography" (HPLC) or "mod–

ern liquid chromatography". Both HPLC and gas chromatography (GC)

have been used extensively in catecholamine analysis. HPLC affords a

rapid and versatile method for analyzing a wide variety of compounds.

Most HPLC detectors are non-destructive so that samples may be recov

ered easily. HPLC can accomplish the separation of non-volatile, ion

ic, polar, heat-labile and high molecular weight compounds without de

rivatization. This technique is well-suited for drug metabolism

studies since metabolites of ten are ionic or polar compounds. For GC

analyses, samples must be heat stable and volatile, which means they

often must be derivatized. Based on the premise that the sample can

be detected by available HPLC detectors the main criterion for HPLC

analysis is that the compounds are soluble in the mobile solvent. The

stationary phase, flow rate and column temperature can be varied in

both GC and HPLC, but in the latter, the polarity of the mobile phase

also can be changed during an elution.

A variety of detector systems are available for each of GC and

HPLC methods. An appropriate choice can enhance the selectivity and



123

sensitivity of the chromatographic analysis. Commonly used GC detec

tors include flame ionization, electron capture, and mass spectro

meters; HPLC detectors include refractive index monitors, visible, UV,

and fluorescence detectors. McFadden et al., (1976) have interfaced

mass spectrometer with an LC unit; however, this is still in the ex

perimental stage. Since many of the detectors used in HPLC are based

on optical methods described earlier, HPLC analyses of cate cholamines

will be discussed in this section and GC methods will be discussed

later.

HPLC with UV Detectors

Epi and NE have been separated by HPLC as their triacetyl deriva

tives. The UV response measured at 225 mm was linear in the range of

300 ng to 8 g (Merzhauser et al., 1973). This probably represents

the lower sensitivity limit since simple mixtures of Epi and NE were

analyzed, not mixtures isolated from biological sample. Cs-bonded
silica gel loaded with sodium dodecyl sulphate (SDS) was useful in

separating a variety of cate cholamines and their metabolites (Crom

been et al., 1978). In comparing adsorption, ion-pair, and soap chro

matography, Knox and Jurand (1976) found that the latter with SDS was

the most efficient in separating DA, NE, Epi, their 3-0-methyl meta

bolites, homovanillic acid (HWA) and related compounds. These could

be separated in 1ess than 10 minutes and measured at the 10–50 ng lev

el using a UV detector. Soap chromatography was particularly suitable

for urine analyses since many of the major endogenous components eluted

well before the catecholamines. However, Knox and Jurand cautioned

that errors in peak assignments may result if elution times obtained
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under only one set of conditions were used. What appeared to be ab

normally high levels of Epi in some urine samples were shown not to

be Epi even though the elution times were the same as expected for Epi

(Knox and Jurand, 1976). This finding suggests that a more selective

detector system should be used, especially if no previous clean-up

procedure like alumina adsorption is used.

One of the earliest attempts to utilize HPLC with a UV detector

in analyzing Q-MD was accomplished by Walson et al. (1975). To com—

pare the bioavailability in monkeys of Q-MD following administration

of Q-MD and ethyl O-methyldopate to monkeys, O-MD plasma levels were

measured by monitoring the UV absorbance (280 mm) of the effluent from

an ion exchange column. The only steps required in sample preparation

were protein precipitation with perchloric acid and centrifugation.

DA, C.-MDA, NE, C-MNE, 3–0-methyldopa, and ethyl O-methyldopate did not

interfere with the assay of Q-MD. Dopa did co-chromatograph with C-MD

but the levels of dopa in plasma were too low to interfere with the

analysis. The standard curve was linear from about 5 to 100 ug/ml when

0.5 ml plasma samples (deproteinized) were applied to the column. Mell

and Gustafson (1978) determined free Q-MD in human urine by alumina

adsorption of the drug from urine, elution, and reversed-phase chroma

tography of the eluate. With UV detection at 280 nm the lower detec

tion limit was 25 ng; none of the endogenous cate cholamines, their 3–

0-methyl metabolites, or amino acid precursors interfered with the as

say. attempts to measure C-MD metabolites were not mentioned. Scrat

chley et al., (1979) studied the use of different surfactants in re

versed-phase ion-pair HPLC of various cate cholamines, their 3-0-methyl-,
neutral and acidic metabolites as well as dopa and O-MD. One of the
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primary objectives of the study was the analysis of dopa, DA, NE, and

Epi. Depending on which chromatographic system that was used the fol

lowing groups of compounds were not separated: NE and dopa; Epi and

dopa; or DA, C-MD, and 3,4-dihydroxyphenylace tic acid. The detection

limits attainable by three different detector systems also were inves

tigated are summarized in Table 2.1.

Table 2. 1: Detection limits of Dopa, DA, NE and Epi by three

detection systems

Detection limit (ng) *
Compound UV Fluorescence Electrochemical

Dopa 10 5 0.10

DA 5 5 0.20

NE 5 2 0.05

Epi 5 5 0.15

*smallest amount injected on column giving a measurable peak

(Scratchley et al., 1979)

The use of more than one detection system could provide a greater

range of detection and increase the reliability of peak assignments to

different compounds analyzed. Since various compounds have different

detector responses, Scratchley et al. (1979) suggest that this property

could be utilized to analyze the composition of mixture of compounds

having the same elution time. Ion-pair partition chromatography pro

vides good separation of wide variety of biogenic amines and related

compounds but analysis of biological samples was not attempted and the

separation of the compounds of interest to us was not reported (Persson

and Karger, 1974).
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UW detection with HPLC may be applied usefully when analyzing one

compound (eg. C-MD in urine; Mell and Gustafson, 1977) but there have

been no reports describing the UV-HPLC analysis of biological samples

containing Q-MD and its amine metabolites in the presence of endogen

ous catecholamines. Better selectivity in separation and detection is

required for our purposes.

HPLC with Fluorescence Detectors

The use of fluorescence detectors in HPLC offers increased sensi

tivity and a new dimension in flexibility. The native fluorescence of

the compound may be measured or the fluorescence of columns eluents may

be measured after pre-column derivatization (Schwedt and Bussemas, 1977),

pre-column oxidation (Molnar and Horvath, 1977) or after post-column

derivatization of the compound (Scratchley et al., 1979).

Pre-column derivatization with dansyl chloride followed by high

pressure liquid chromatography permitted the separation of 3-0-methyl

metabolites of DA, NE, Epi and 3,4-dihydroxyphenylethyleneglycol.

3-Methoxyphenylehyleneglycol was separable from the other metabolites

by adsorption chromatography, but not by reversed-phase HPLC because of

solubility problems. The other three metabolites could be separated

by either chromatographic technique. The lower limit of detection for

the amines was 500 ng using a fluorescence detector in conjunction with

an integrator (Schwedt and Bussemans, 1977).

Molnar and Horvath (1977) suggested that pre-column oxidation of

catecholamines to highly fluorescent products followed by HPLC could
15

form the basis of an assay function at the femtomole (10T mol) level.

They did not elaborate on the analytical procedure nor have any reports
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describing the development of this type of assay been found.

HPLC with post-column derivatization greatly improves the sensi

tivity of fluorescence detection. The lower detection 1jmit for unde—

rivatized catecholamines separated by HPLC (fluorescence detection)

is 2–5 ng (Scratchley et al., 1979). This lower detection limit is

about the same as that obtained using low pressure liquid chromato—

graphy (0.34 psi) with a post-column THI reaction detection system

(Seki, 1978). A hundred-fold increase in sensitivity was achieved

when reversed-phase HPLC was interfaced with a post-column THI reac

tion detection system. This afforded rapid, accurate, and selective

assays for NE and Epi in tissues and urine (Okamoto et al. 1978).

Schwedt (1977) reported that his HPLC post-column reaction (ethylene

diamine) system with a fluorimetric detector could detect 2–5 ng of

dopa, DA, NE and Epi. This was about 10 times more sensitive than

HPLC with a UV detector, but the chromatographic separation was not

as good as in the HPLC post-column system having only a UV detector.

The loss in resolution may have resulted from peak-broadening caused

by diffusion in the post-column reaction system.

It appears that some of the HPLC-fluorescence detector systems

have the desired sensitivity. However, the chromatographic systems de

scribed have not been developed to analyze the spectrum of compounds to

be studied in the effects of Q-MD metabolism on blood pressure.

HPLC with Electrochemical Detectors

In 1973 Kissinger et al. (1973) described the electrochemical de

tector, a new LC detector having a sensitivity in the picogram range.

The most common electrochemical detector is the amperometric detector.



128

It measures the current produced when the detected compound is oxidized

as the eluent carries it past the detector electrodes set at an appro

priate potential difference. Compared to other kinds of detectors,

the electrochemical detectors can be built inexpensively and work very

well at the pico-equivalent level where nanoampere currents are en

countered regularly (Kissinger, 1977). The lower detection limit for

routine cate cholamine analysis has been improved from 5–10 ng down to

20–100 pg. The The method will measure NE and DA in brain tissue

punches weighing 0.5-50 mg (Refshauge et al., 1974; Keller et al.,

1976; Plotsky et al., 1977). By using a glassy carbon electrode in

stead of the usual carbon-paste electrode, Ikemoya et al. (1978) were

able to detect as little as 5 pg of NE and 10 pg of DA.

A common problem with these detectors is the high background cur

rent caused by trace impurities including dissolved oxygen and metals

derived from the pump, tubing, stainless steel column or the injection

needle. The eluent pH and the electrode potential also can affect the

background current. All of these factors can affect the ultimate sen

sitivity of the detector. This background current is usually compen

sated by using an off-set circuit. A differential electrochemical

(amperometric) detector has been developed to measure the influent and

effluent of the column. The principle is similar to that for using a

UV spectrophometer with split beam for simultaneous monitoring of the

sample and reference cells. With this arrangement the signal output

(final reading) is continuously compensated for the background current

(Brunt and Bruins, 1978). The versatility and selectivity of the LC/ED

system can be expanded by changing the potential voltage of the detec

tion electrodes. For example, this technique would allow the system to



discriminate between phenols and the more readily oxidizable cate

chols. By using two electrochemical detectors one can extend the dy

namic linear range of detection to 10°. Co-chromatographing compounds

can be separated by varying the potential of the electrodes if these

compounds have different electrochemical formal potentials (Blank,

1976).

Analytical methods based on liquid chromatographic/electrochemi

cal detection (LD/ED) have been reported for all the endogenous cate

cholamines and their metabolites believed to have clinical significance,

but no single method is applicable to all of these compounds (Shoup and

Kissinger, 1977). Electrochemical detection has been used in conjunc

tion with ion exchange and reversed-phase ion-pair HPLC of catechol

amines from urine (Kissinger et al., 1975; Kabara et al., 1976) plasma

(Riggin et al., 1976), and tissues (Plotsky et al., 1977; Freed and

Asmus, 1979).

Quite recently two reports have described the HPLC/ED analysis of

O-MD and metabolites in serum (Cooper et al., 1979), plasma, and brain

tissue (Freed and Asmus, 1979). Cooper et al. (1979) centrifuged plas

ma samples (1 ml) which had been treated with perchloric acid. A small

aliquot (10 J1) of the supernatant was filtered through a Centriflo

membrane cone (Amicon) by re-centrifugation. The ultra filtrate was

ready for HPLC analysis on a cationic ion exchange resin. The authors

claim that the ultra-filtration step obviates using the alumina adsorp

tion step. Analysis of patients' sera before and after a hydrolysis

step permitted the analysis of unconjugated and conjugated C-MD and

o—MDA. The chromatograms showed that Q-MD and O-MDA were easily sep

arated from NE and DA. Dopa and O-MNE were not included for comparison;
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therefore, it is not known if this system would have been applicable

to our study. Freed and Asmus (1979) developed reversed-phase ion

pairing HPLC/ED conditions for separating and measuring dopa, DA, NE,

Epi, O.-MD, O-MDA, C.-MNE, dopac (3,4-dihydroxyphenylace tic acid) and

carbidopa (O-methyl-O-hydrazino-3,4-dihydroxyphenyl propionic acid).

They applied this technique to the analysis of the hypothalamus from

rats treated with C-MD and plasma from Parkinsonian patients taking

L-dopa and carbidopa. Sample preparation included an alumina adsorp

tion step (Keller et al., 1976; Anton and Sayre, 1962). Because nor

mal circulating levels of NE are very low (1–3 pmol/ml) compared to

the levels of other compounds being assayed, Freed and Asmus used NE

and C-MD (0.5 nmol in 200 ul plasma = 2.5 mmol/ml) as internal stand

ards in the analysis of dopa, carbidopa, DA and dopac in the plasma of

patients being treated with a dopa-carbidopa combination. In the an

alysis of Q-MD and metabolites in the hypothalamus of Q-MD-treated

rats, they used dihydroxybenzylamine (DHBA) as have all other users of

HPLC/ED analyses of cate cholamines. The analysis of catecholamines de

pends on the fact that the amount of catecholamine (relative to DHBA)

versus peak heights in linear over a large range (-10°). DHBA is a

homologue of DA and is probably a good internal standard since DHBA, DA

and O-MDA are likely to behave similarly during extraction from tissues

or plasma and during the alumina adsorption and elution steps. This

internal standard certainly allows one to measure the amounts of cate

cholamines injected on the column. However, it is not expected to be

equally good as an internal standard for the analysis of amino alcohols

(NE, Epi, O-MNE), amino acids (dopa, O-MD) or a hydrazino–carboxylic

acid (carbidopa) since their extraction, alumina adsorption/elution
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properties are all different. This will be more noticable if the

amounts of internal standard and compound assayed are very disparate.

The method of Freed and Asmus is the only analytical system dis

cussed so far which is capable of analyzing the low levels of endoge

nous and O-methylated catecholamines that we will be investigating.

This is an attractive method, but it was developed several years after

we had begun our studies. There is a minimum of sample manipulation

and no derivatization. The procedure is quite rapid so that 20–30

samples a day may be analyzed. Becuase of the speed, sensitivity and

selectivity of this assay and inexpensive cost of the detector, the

method will soon become widespread in clinical laboratories.

HPLC with Detection by Liquid Scintillation Counting (LSC)

Radiometric counting can be performed in two different ways – flow

or batch LSC. Radiometric flow counting is attractive since the column

eluent is monitored continuously and, as in the other detection methods,

no extra sample manipulation is required. In batch LSC each fraction

must be collected and prepared for LSC in counting vials. This incon

venience is offset by the increase in precision of measuring the counts

in a sample. Optimal chromatographic separation can be attained with

out sacrificing precision in counting. In radiometric flow counting,

crae Precision decreases with decreasing sample concentration and resi

de race time in the detector cell. The precision of the results can be

#, ex-e-ased by increasing the residence time but this causes a deteriora

tlerz =# => chromatographic resolution (Sieswerda et al., 1975).
_FE- cliometric flow detection has not been used in the HPLC of cate

%zazz-Hº- rees. Stout et al. (1976) used the batch LSC method in studying
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the metabolism of [*H]-DA by using HPLC. They found this method su

perior to TLC. In another method plasma Epi and NE were converted to

their respective 3–0-methyl derivatives by using s-(methyl-’h)-
adenosylmethionine (SAM-'H) as the methyl donor and cate cho 1–0-methyl

transferase (COMT). The resulting metanephrine (3-0-methyl-Epi) and

normetanephrine (3-0-methyl-NE) were chromatographed by ion-pair chro

matography, and the eluting fractions were counted (LSC). The lower

limits of the assay were 0.25 pmol for Epi and 0.5 pmol for NE when

0.5 ml plasma samples were analyzed (Eriksson et al., 1977). By a

similar procedure Klaniecki et al. (1977) were able to analyze DA, NE

and Epi in as little as 50 pi of plasma.

HPLC using radiometric measurement detection does not suffer from

interference from undesired compounds (non-cate chol) since the only

compounds detected are those methylated by SAM-H and COMT or the ra–

dioactively labelled compounds administered and its metabolites. Al

though this method has high specificity for cate cholamines, its re

ported sensitivity is not as high as that available in HPLC with elec

trochemical detectors. Radiometric measurements make the analysis more

time consuming because of the counting time required and the extra time

required if the samples have to be methylated with SAM-H and COMT.

For the routine analysis of cate cholamines using HPLC methods, the e1–

ec trochemical detector appears to be the most attractive because of its

spee ºf = selectivity, sensitivity and 10w cost.

§a-2 == <luid Chromatography

ºr=-Eas-liquid chromatography (GC) provides another very sensitive

'ºhr. == *H ue which lends itself to rapid analysis of low levels of cate
(

-%, ar- F->es found in urine, red blood cells, serum, and biological tissue
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(Lovelady, 1976; Wong et al., 1973; Arnold and Ford, 1973). After the

advent of electron capture detectors (ECD) which were up to 2000 times

more sensitive than flame ionization detectors, FID (Moffat and Horning,

1970), various fluoro-derivatives of cate cholamines were prepared to

take advantage of the improved detection sensitivity.

The underivatized cate cholamines are too non-volatile to be chro

matographed and are very susceptible to air oxidation. Derivatization

protects catecholamines from oxidation and the many derivatives are

volatile enough to be chromatographed readily. These derivatives in

clude trifluoroacetates, pentafluoropropionates, heptafluorobutya tes,

heptafluorobutyramides, trime thylsilyl etherheptafluorobutyramides and

trifluoroacetamides and trimethylsilyl ether-pentafluorobenzaldehyde

Schiff bases (Clarke et al., 1967; Kawai and Tamura, 1968; Anggård and
Sedvall, 1969; Cummins and Fourier, 1969; Horning et al., 1968; Love

lady and Foster, 1975; Moffat and Horning, 1970). For quantitative

analysis of catecholamines, PFP (pentafluoropropionyl) derivatives

were preferred over TFA (trifluoracetyl) derivatives because they had

a 10-fold greater EDC sensitivity and over HFB (heptafluorobutyryl) de

rivatives because the excess derivatizing reagent, pentafluoropropionic

anhydride, can be removed more easily than heptafluorobutyric anhydride

(Karoum et al., 1972; Arnold and Ford, 1973). This is an important

p rac tical consideration for a large excess of perfluoroacylating reag

ez, c + n the analytical sample has a deleterious effect on the EDC's op

sº-, z-z =>s sensitivity. Furthermore, the PFP derivatives are more stable

'hara *FIfie HFB derivatives and have shorter retention times which result

{h hit 2- * >er detector responses per unit weight (Karoum et al., 1972).

_*-*- ceptable GC separations of dopa, DA, NE, Epi and some other
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Catecholamine related compounds and metabolites have been reported

(Karoum et al., 1972; Lovelady, 1976; Arnold and Ford, 1973). NE, DA,

Q-MNE, and O-MDA were separated by GC of their PFP derivatives. In

this case Q-MNE and O-MDA were added as internal standards in a GC–MS

analysis of NA and DA from small amounts (mg range) of rat tissue

(Koslow et al., 1972). In another GC-MS assay, Freed et al. (1978)

separated C-MD, O-MDA and O-MNE, but no retention times or examples of

the chromatographic separation were given. These reports on the MS an

alysis of o-MD and its amine metabolites will be discussed further in

the section on mass spectrometric analyses. Other GC assays of Q-MD

and armine metabolites isolated from tissues were not found.

Three methods of converting GC responses to cate cholamine levels

have been used – external standard, internal standard, or standard ad

dition - Lovelady (1976; Lovelady and Foster, 1975) added no internal

standard; glyceryl tripalmitate was added as an internal reference

*arker and the catecholamine levels were determined from a plot of GC

*** ak height (mm) versus catecholamine injected (ng). This external

* *andard method does not correct for any losses of catecholamines due

* <> oxidation, protein binding, adsorption to glass, incomplete extrac

=== on, differences in extraction efficiencies of the different cate chol

*=ines, Or incomplete derivatization. Arnold and Ford (1973) used

S. > 4-dihydroxycinnamic (DHCA) acid as an internal standard. It is dif

is R cult to accept that an O., 3-unsaturated carboxylic acid such as DHCA

Yº s 11 have the same extraction, alumina adsorption-elution, and deriva

*s * Properties as the compounds analyzed – an amino acid (dopa),

hanolamines (NE and Epi) an amine (DA) and a carboxylic acid, dopac
S = iihydroxyphenylacetic acid). Calibration curves were constructed by
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Plotting the ratio (GC peak area of an individual cate chol compound/GC

Peak area of the internal standard) against the concentration of the

Catechol compound in the calibration solution. Since no calibration

curve data were given it is not known over what range the calibration

&raph was linear, if at all, or what the usable range of the calibra

tion graph was.

Perhaps the best method to use in a multicomponent mixture is the

standard addition method. In this approach, the sample is analyzed

under optimized conditions. Then a known amount of the desired compo

nents is added and the mixture is analyzed under the same conditions.

From these results the composition of the sample may be calculated.

For example, Wong et al. (1973) added an aliquot of a standard solution

containing each of the three catecholamines analyzed (DA, NE, and Epi).

This was added to duplicates ot the urine samples and the results were

calculated by comparing peak heights from samples with and without the

+riternal standard. Lindane was added to the samples so that injection

* rrors could be eliminated or at least minimized. Wong et al. (1973)

* sund that normal urinary levels of Epi, NE and DA were about 24, 52

*R-rid 402 f's per 24 hours, respectively. Better precision might have
Es. *Reen obtained if the amounts of internal standards added were in the

R =me ratio as the concentrations measured (1:2:16). However there

TE- *obably was the practical problem of preventing the largest peaks

S =#rom PAD from going off-scale while trying to maximize the smallest

** =ak height (from Epi). This is not a problem if one is fortunate

* =ough to have a recorder such as a Hewlet-Packard Model 3380S recorder

sil
-*tegrator which will print out peak height areas even if peaks have

*=-ene off-scale.
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From the examples given, the standard addition method is probably

the most accurate method for multicomponent analysis. The addition

internal or external standards may produce equally precise measurements

of amounts injected on-column, but the results they yield cannot account

for the difference in behaviour of these amino acids, amino alcohols

and amines during all the steps of the analysis. Lovelady (1976) and

Arno 1 d and Ford (1973) claim ng-pg sensitivity in their assays. This

sensitivity along with the separation capabilities of GC make GC with

electron capture detectors (ECD) capable of detecting small amounts of

catec Holamines isolated from biological samples. However, no GC/ECD

analyses of Q-MD, C-MDA, O-MNE and the endogenous cate cholamines has

been reported. This may reflect the difficulty in finding suitable in

termal standards for this analysis. These GC analyses of catechola

mines which require derivatization are more time-consuming that the

HPLC methods which require no derivatization. The GC method of Arnold

*rld Ford (1973) requires 4 to 5 hours for six samples. Freed and Asmus

Kilg?9) report that they can perform 20 to 30 analyses a day using HPLC

* -lectrochemical detector (ED) methodology. Therefore, as far as cate

**Rolamine analyses are concerned GC/ECD may lose popularity while the

*E=LC-ED method may become more widespread.

The flexibility and power of GC analysis were enhanced markedly

Y-Eisen the GC was interfaced with a mass spectrometer (MS). With such an

*=tegrated system one can use isotopically labelled compounds as inter

** =1 standards. This capability permits one to use specifically designed

Si **ternal standards for each of several compounds of interest – if their

****slecular ions and fragments do not interfere with each other. A stable
Si

*Rotopically labelled analogue can be the best internal standard since
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it will behave essentially identically to the compound being analyzed.

Methods using a stable isotope labelled internal standard for each of

the compounds analyzed answer criticisms of analyses depending on one

type of compound as an internal standard for a number of chemically dif

ferent compounds (e.g. see the procedure of Arnold and Ford (1973).

GC-MS will be discussed further in the following section "Isotopes and

Cate cholamine Analysis". The inadequacies of the GC and HPLC methods

avai Lable when our studies began convinced us that a stable isotope di

lutic In mass spectrometric assay was the best for our study.

ISOTOPES AND CATECHOLAMINE ANALYSIS

Radioactive and stable isotope-derivatives and labelled substrates

have been utilized extensively in catecholamine studies. Radioactively

labelled compounds can be analyzed by liquid scintillation counting

(LSC) combined with various techniques including sample combustion,

radio-chromatography, radioenzymatic assays, and radioimmunoassays (RIA).

S table isotopically labelled compounds are analyzed by mass-spectrometric

*echniques which may or may not be incorporated with GC. This section

YººHill summarize some catecholamine assay methods utilizing 1a belling

**echniques and explain why an isotope dilution chemical ionization mass

*Eectrometric (CIMS) method was chosen over the other techniques dis

S->ussed.

RADIOACTIVE ISOTOPES

*=disamunoassay
Radiochemical immunoassay (or radioimmunoassay, RIA) is a very sen

S. Rºtive analytical technique and can be very specific (Yalow and Berson,
*~ sé0; Spector, 1973; Broughton and Stong, 1976). Small molecules, non
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antigenic themselves, can become antigenic if incorporated chemically

into larger molecules (Landsteiner, 1945). An antibody to dopa was

Prepared but it was not specific for dopa (Sato and Titsuji, 1975).

However, it was more sensitive to dopa, DA, NE and Epi than to tyro

Sine, protocatechuic (3,4-dihydroxybenzoic) acid, vanillic (3-methoxy

4-hydroxybenzoic) acid, or p-hydroxymandelic (O.,4-dihydroxybenzene ac

tic) acid.

Miwa et al. (1978) reported the preparation of a specific anti

body to Epi. Under their RIA conditions they could detect as little

as O. 1 pmol. The method did not differentiate between D- and L-Epi

but was about 10° times more sensitive to Epi than NE, DA or dopa but

only 80 times as sensitive to DL-metanephrine (3-0-methylepinephrine)

and DL-synephrine (3-hydroxy-N-methyltyramine). It appears that the

antibody in this RIA is more selective in recognizing the

-CH(OH) CH2NHCH3 side chain than the catechol moiety of catecholamines.

This assay appears sensitive and selective enough to analyze Epi levels.

*However, the method does not appear to be appropriate for analyzing the

+5=mily of structurally closely related compounds that will be present

> r, tissues isolated from Q-MD-treated rats. The required antibodies

Fa *ave not been prepared and this endeavour is outside our area of exper

* =ise.

==diome Eric Assays

In radiometric analyses of cate cholamines, 3–0-methylation by S

*ienosylmethionine (SAM) and catechol–0-methyltransferase (COMT) is
\ral

sually the starting point. Either the compound assayed is radiolabelled

c Stout st al., 1976) or else SAM is labelled with a 14c- Or *H-labelled
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methyl group (Cryer, 1976; Saller and Zigmond, 1978). Originally the

method was designed to measure "total cate cholamines" (Epi plus NE).

Conditions for the periodate oxidation of the aminoalcohols (Epi and

NE) to vanillin left DA intact. This procedure reduced the cross

reactivity of Epi and NE with DA to less than one percent but did not

reduce major cross-reacitivty with some other drugs like isoproterenol

and ot-MD metabolites (Engelman et al., 1968). Epi and NE, after 3–0-

methylation, were separated by HPLC (Stout et al., 1976; Eriksson et

al., 1977; Klaniecki et al., 1977), TLC (Engelman and Portnoy, 1970;

Cryer, 1976; Saller and Zigmond, 1978), two-dimensional TLC (Ben

Jonathan and Porter, 1976), paper chromatography (Conway et al.,

1978) , and electrophoresis (Siggers et al., 1970). Klaniecki et al.

(1977) reported that they could analyze DA, NE and Epi in as little as

50 ul of plasma. Palkovits et al. (1974) used similar techniques to

measure NE and DA in hypothalamic nuclei of the rat and the method was

extended to measure turnover rates of cate cholamines in these nuclei

CKizer et al., 1975). Saller and Zigmond (1978) claim that one person

*San analyze 100 samples a day with sensitivity of 15–25 pg. With the

*ddition of a few steps, as little as 1 pg of NE and Epi and 5–10 pg

*Rf DA and dihydroxyphenylacetic acid can be measured in a single sample.

Cornway et al. (1978) examined levels of endogenous and O-methylated

Satecholamines in regions of the brain of Q-MD-treated rats. They

Reparated these four compounds by ascending paper chromatography (14–

-l6 hours ) . The areas corresponding to the compounds being assayed were

Sut out, burned, and the tritiated water formed was collected and

Tounted - The sensitivity for these compounds was 100–300 pg but there

Y-was a P-loz cross-over from a-MDA to DA and from o-MNE to NE. How the
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authors corrected for this interference was not described. Their pro

cedure did not describe the use of any internal standards to correct

for any losses or variances during the storage, extraction, and deriva

tization procedures. The procedure of Conway et al. (1978) is of in

terest because they followed changes in the levels of DA, NE, Q-MDA

and O-MNE in various regions of the rat brain in O-MD-treated rats, a

study similar to what we have reported using CIMS techniques (Kara

shima et al., 1978). The radioenzymic assay of Conway et al. (1978)

would be more attractive if a more efficient, less time-consuming

separation technique like HPLC were used instead of paper chromato

graphy; the cross-over interference (up to 10%) from the O-methylated

catecholamines to the endogenous cate cholamines could be made negli

gible. As in the other assays described in this and preceeding sec

tions the most sensitive working range for measurement of catecholamine

levels depends on the ability of the method to differentiate between

closely related compounds, not the lower detection limit of the instru

mentation used. The use of stable isotopically labelled compounds and

mass spectrometric analysis enables one to distinguish unambiguously

between compounds which are structurally similar but which differ in

molecular weight.

STABLE ISOTOPES IN CATECHOLAMINE ANALYSIS

The use of stable isotopes almost invariably implies a mass spec

trometric (MS) determinative step. Both chromatographic and non

chromatographic mass spectrometer inlet systems are used in MS assays.

Certainly not all quantitative MS assays utilize isotopically labelled

internal standards, but this section will focus on the development of

a stable isotope dilution - chemical ionization mass spectral assay.
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Other MS assays will be mentioned in terms of their advantages and

disadvantages relative to chemical ionization mass spectrometry (CIMS).

The choice of stable isotopically labelled internal standards will be

justified after criteria for internal standards and calibration curves

are outlined.

Gas Chromatography-Mass Spectrometry and "Mass Fragmentography"

About 10 years after the integration of GC and MS was first re

ported (Holmes and Morrell, 1957), Hammar et al. (1968, 1969) reported

a new GC–MS technique, mass fragmentography (MF) which could detect

picogram quantities of compounds isolated from biological materials.

They modified their instrument by adding an alternating voltage accel

erator which permitted one to measure ion intensities at selected m/e

values, hence the term selected ion monitoring, SIM (Gordon and Frig

erio, 1972). If the mass spectrometer monitors continuously one ion

only, the detection sensitivity increases well over a 1000-fold com

pared to that obtained when the mass spectrometer is used in its normal

scanning mode (total ion current (TIC) measurement). In the normal

scanning mode (2 s/decade) about 100 ng to 1 ug of sample is required

to yield a good spectrum. In mass fragmentography, also called multiple

or selected ion detection (MID or SIM), when selected peaks are moni

tored continuously or, more precisely, alternately less than 10 ng can

be detected. This technique facilitates the determination of the com

position of unresolved or partially resolved mixtures in GC effluents,

eg. mixtures of penta-0-trime thylsilyl derivatives of glucose and glu

cose-d, (Sweeley et al., 1966). Small amounts of compounds in the pre

sence of large amounts of impurities, eg. chlorpromazine and metabolites
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from plasma extracts can be identified by focusing the mass spectro

meter on abundant fragments arising from compounds of interest (Ham

mar et al., 1968). EI-mass spectra of dopa and analogues also have

been reported (Undheim and Hvis tendahl, 1972), but fragmentation ions

fall in the m/e range (<200) where there would be discouragingly high

amoºnts of interference from other endogenous compounds. Without de

rivatization catecholamines are too non-volatile to be gas-chromato

graphic so a non-chromatographic sample inlet systems would have to be

used. Furthermore, since cate cholamines are very susceptible to air

oxidation, small amounts would be readily destroyed if they were not

protected by derivatization. Therefore, MS assays of underivatized

cate cholamines is not practical.

Using pentafluoropropionyl(PFP) derivatives of cate cholamines and

electron ionization (EI) GC-MF, Kowlow et al. (1972) measured NE and

DA in regions of the rat brain weighing as little as 1 mg. Their

lower detection limit was 0.5 pmol or about 10 ng of NE and DA. They

used o—MNE and Q-MDA as internal standards. They admitted that deuter

ated analogues would have been better internal standards, as suggested

by Gaffney et al. (1971), but these were not available to them. As dis

cussed earlier in the GC section, the work of Anggård and Sedvall (1969)

and of Karoum et al. (1972) established that PFP derivatives are excel

lent for use in GC analysis. They also have desirable properties for

MS analysis and derivatization with pentafluoropropionic anhydride is

a common step in many mass spectrometric analyses of cate cholamines,

metabolites, and related compounds (Miyazaki et al., 1974; Ko et al.,

1974; Gelpi et al., 1974; Swahn et al., 1976; Karoum et al., 1975;

Anggård et al., 1974; Freed and Murphy, 1978; Freed et al., 1977; Godse
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et al., 1977; Ames et al., 1977; Setchell et al., 1978). The report

that less than 10 fmol (10 x 10-15 mol) of Epi could be measured attests

to the sensitivity of mass fragmentographic assays of cate cholamine PFP

derivatives (Koslow and Schlumpf, 1974). In regions of the rat brain

where Epi was detected, it was present at 1-6.5% the level of NE. In

these and related studies on turnover rates of catecholamines (Costa

et al., 1972; Cattabeni et al., 1972), the group at Saint Elizabeth's

Hospital (N.I.M.H., Washington, D.C.) also used PFP derivatives of the

cate cholamines in their mass fragmentographic assays. Levels of DA and

6-hydroxydopamine from human brain biopsies have been determined by

mass fragmentography of trifluoroacetyl (TFA) derivatives (Curtius et

al., 1974). TFA derivatives probably are not used as frequently since

they are less stable than PFP derivatives (Ánggård and Sedvall, 1969).

Because fluorine is monoisotopic, abundant isotopic peaks are not ob

served. This makes fragmentation peaks in mass spectra of samples con

taining 13c- Or *H-labelled compounds and unlabelled compounds less

complicated to interpret. Also, the molecular ion of some DA, NE and

Epi metabolites represented an abundant fragment or was a base peak

(Anggård and Sedvall, 1969). This favours increased sensitivity in

mass fragmentographic assays. Donike (1974) described the preparation

of N-trifluoroacetyl-O-trimethyl-silyl (N-TFA-0–TMS) derivatives of

catecholamines and related phenolalkylamines. The compounds were first

trimethylsilylated with N-methyl-N-trimethylsilyltrifluoroacetamide and

then were N-acylated with N-methyl-bis-trifluoroacetamide. The pro

ducts formed in addition to the desired derivative, trifluorace tamide

and chlorotrimethylsilane, are volatile and cause no interference in

the gas chromatographic separation of the volatile derivatives.
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Although extracts from biological materials were not used, Donike

claims that these derivatives have excellent GC properties and charac

teristically high intensity fragmentation patterns which favour mass

spectrometric detection with a lower detection limit in the femtomol

range. Jacob et al. (1978) used this procedure to determine levels of

NE and Epi in human plasma. The N-TFA-0–TMS derivatives of plasma NE

and Epi could not be analyzed by the usually sensitive and selective

technique of monitoring the benzylic fragment (i) at its nominal mass

of 355 under low-resolution conditions because of interference from

either the silicone phases of the column or septum or from the plasma

H

(CH3)3SiO * Y OSi(CH3)3

(CH3)3 SiO

(i)
samples. The interference was eliminated by increasing the resolving

power of the mass spectrometer from 1000 to 5000 and monitoring the

benzylic fragment, Cl6h3103Si3 at the precise mass 355.1568. The lower

detection limit was about 10 frnol of injected pure sample; the lower

working limit for samples of biological origin was not given.

Trimethylsilyl (TMS) derivatives of catecholamines, phenylethyl

amines and indolylethylamines produced an intense fragment ion at m/e

174 ICH,-N"(TMS), 1. TMS derivatives of O-amino acids yield an intense

ion at m/e 218 (TMS-Nå-CH-cootMS). By monitoring one of these peaks as

little as 10–100 fimol of cate cholamines or precursor amino acids could

be detected in GC effluents (Abramson et al., 1974). However, focusing
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on one ion would not enable one to determine if a particular eluent

were homogeneous. The mass fragmentographic technique assured greater

selectivity and confidence in assigning the purity of GC effluents be

cause two or three ions are monitored and their ratios are calculated.

Since the ratio of ion intensities from the fragmentation of a given

pure compound is known, the ion intensities ratios obtained during

mass fragmentography can be compared with those of standards to deter

mine if the chromatographic peak assignment is correct and if the com—

pound is pure.

Traces of cate cholamines and other amines have been detected by

GC-MS as their trimethylsilyl-isothiocyanate derivatives (a). The

QSi (CH3)3
(CH3)3SiO

(CH3)3SiO N = R

g

amino group was converted to an isothiocyanate by reaction with carbon

disulfide and the hydroxyl groups then were silylated. Electron ioniza

tion MS of these derivatives gave few but intense ions. When the MS

was operated at lower electron energies the molecular ions formed were

often the base ions. The lower detection limit reported was in the

10 pg range (Brandenberger and Schnyder, 1972). Some biogenic amines

including DA, NE and their 3–0-methyl metabolites were assayed by mass

fragmentography of their silylated Schiff bases (b). The Schiff base

was formed by reaction of the amines with pentafluorobenzaldehyde; the

alcoholic and phenolic groups were converted to their corresponding

trimethylsilyl ethers. The MS response was linear in the range 100 pg
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to 1 ng (Maume et al., 197 ).

All of the MS methods discussed so far have utilized electron

ionization (EI) mass spectrometry. Lehmann et al. (1977) compared EI

and FD (field desorption) mass spectrometric analyses of DA, 3–0–

methyldopamine and 4–0-methyldopamine as their bansyl (BANS- or 5–

di-n-butylaminonaphthalene-1-sulphonyl--) derivatives. The advantage

of such a derivative is that its high molecular weight (tris-BANS-DA,

MW = 1104) is in a range where background problems and interference

from other endogenous compounds is greatly diminished. By using DA-d,
as the internal standard, the investigators were able to estimate 0.1-

10 pig DA/ml urine, but the volume of urine required was not stated.

To demonstrate the potential of FD-MS in the analysis of underivatized

DA, ratios of DA-do■ bA-d, were determined. The error in their deter

mination was 3% (+5%) from the theoretical value.

Chemical ionization mass fragmentography (CIMF) of cate cholamines

and related compounds has been reported. For the PFP derivative of NE,

CIMF using isobutane as the reagent gas was about 10 times more sensi

tive than EIMF when m/e 590 (3,4-(PFPo), cºis-dàCH,NHPFP) was monitored.

Some fragmentation was observed in PFP derivatives of the biogenic

amines studied when the reagent gas was me thane or isobutane, but all

compounds had base peaks at m/e values corresponding to [M + NH, I’
when the reagent gas was ammonia (Miyazaki et al., 1974).

Comparison of EI and CI Modes

Which mode is more sensitive – EI or CI? Opinions vary widely

According to one report CIMS using argon/water mixtures is about 50

times more sensitive than EIMS (Hunt 1973; 1974). On the other hand
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another report claims that EIMS is about 4 times more sensitive than

isobutane CIMS (Jardine and Fenselau, 1975). Munson (1977) reported

that the sensitivities of EI and CIMS were essentially the same when

the conditions for each were optimized. Advantages of CI over EI in

quantitative mass spectrometry can be seen if one considers the dif–

ferent methods of ion production in these two modes of mass spectro

metry. For more information on these and other aspects of mass spectro

metry (MS) the reader is referred to books on MS by Maccol1 (1972),

Watson (1976) and Millard (1978a) or the chemical Society (London)

Specialist Periodical Report "Mass Spectrometry" appearing biennially

since 1971.

In EIMS the sample is vaporized and bombarded (in vacuo , 10-2
-

10-6 torr) with a beam of electrons usually with energy of 70 electron

volts (ev) with converts M to [M]+. When the 70 evelectron beam is

used, some of the excess energy over that required to remove an elec

tron from the molecule, M, is transferred to the molecular ion, [M]+.
This excess energy causes the molecular ion to fragment into other

ions; usually no one ion carries more than 10% of the total ion current.

Often the molecular ion actually carries a very small portion of total

ion current and will be represented by a correspondingly small peak in

the EI mass spectrum. Numerous fragments are useful in structure elu

cidation, but not in quantitative mass spectrome tric analysis in which

sensitivity depends on the intensity of the ion (s) monitored.

In CIMS the vaporized sample is ionized by reagent ions (at -10-4

torr). These reagent ions in turn are produced in the source (~ 1 torr)

from molecules of a reagent gas which have been bombarded with electrons

(i.e. electron impact ionization) and ion-molecule collisions. Examples
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of some reactions undergone by two commonly used reagent gases, methane

and isobutane, are summarized in the scheme below.

CHEMICAL IONIZATION

Formation of Reagent Ions from

(A) Methane (B) Isobutane
eT + + + eT +

CH, -º- (CHA) , [CH3] , ICH2] (CH3)3CH –2- [(CH3)3CH)
+ + -> +ICH,): + CHA -> [CH3] + CH; [(CH3)CH) + (CH3)3CH ->

+ + + e[CH3] + CH, - [C3H5] + H, (CH3)3C + (CH3)3C + H,
+, + o[CH2] + CH, - [C2H3] + H, 4 H

+ +
(C2H3]' + CH, * [C3H3]' + H2

Proton Transfer and Hydride Abstraction Reactions between Reagent Ions

and Sample BH

(A) Methane as reagent gas (B) Isobutane as reagent gas
+ +

ICH, 1 + BH - BH, 4 CH,
+ +

[C2H3] : + BH - BH2 + c2H,
+

|
+

+ BH → B + C2H6

+
(CH3)3C + BH →- BH + (CH3)2C = CH2

+

C + BH → B + (CH3)3CH
2

(CH3)3
[C2H5

At a source pressure of 1 torr, the ions formed from me thane consist of

about 90% ■ ch," ions and [c,i,j" ions, and the ions from isobutane con

sist of about 90% ((CH3)2CHI’ ions.

Since the quasi-molecular ions (IM+1]" and [M-11”
-

(BH," and

[B]’), respectively, from the above figure) formed in the CIMS mode are

even-electron ions, they are more stable than the molecular ion, [M]?
produced under EI conditions. Also, the quasi-molecular ions are more

stable because they have less kinetic energy than ions produced under

EI conditions. In EI a 70 ev electron beam is used and in CI a 5 ev
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electron beam is used. The energy imparted to the quasi-molecular ion,

as well as the degree of fragmentation, and selectivity in compounds

being ionized, depend on the reagent gas being used. [(CH3)3CH]",
the reagent ion formed in isobutane CIMS, is a weaker Brønsted acid

than the ICH, I’ ion, formed in methane CIMS, and transfers a proton of

less energy during the chemical ionization process. Therefore, iso

butane CI mass spectra are characterized generally by fewer fragments

than observed in methane CI mass spectra. The ion intensity of the

fragments in isobutane spectra are often less than 5% of that of the
+[M+1]' peak and frequently the IM+1)* ions carry up to 70%–80% of the

total ion current. In contrast to this, EIMS produces many fragments

With the base peak representing only 10–20% of the total ion current.

Merely de creasing the energy of the electron beam does not change the

*elative molecular ion-to-fragment ion abundances appreciably until

title beam energy approaches the ionization potential. Under these con

di tions the ionizing efficiency is very low and the total ion current

V cºuld drop drimatically. The resultant loss in sensitivity could make

this technique impractical for any mass spectrometric analysis.

In the isobutane CIMS of 48 drugs, all compounds produced only

IM+1)* quasi-molecular ions except aspirin (Milne et al., 1971). In a

series of biogenic amines (not derivatized), compounds without the

side chain 3-hydroxy group exhibited simple spectra with the IM+1)*
+ora as the base peak; the ion intensity of the fragment corresponding

* the loss of ammonia from the IM+1]" ion was 0–21% that of the IM+1)*
ion. In °9mP ounds containing a 3-hydroxy group, ions corresponding to
the +

loss of W =ter from the [M+1] ion were more prominent. The result
ing

fragment save rise to the base peak in CIMS spectra of octopamine
ar■ c■

*rmetanephrine. For ephedrine, NE and me tanephrine, these

|
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fragment ions had relative abundances of 9%, 4.7% and 82%, respectively,

compared to the base peak, IM+1)* (Milne et al., 1973).

As noted elsewhere, the relative abundance of the molecular ions

in EI mass spectra is small compared to the relative abundance of the

[M+1)* ions in CI mass spectra. This means that single ion monitoring

at higher m/e values (>500) will be more sensitive in the CI mode than

in the EI mode if both modes yield the same total number of ions per

unit weight of sample. Furthermore, there is less liklihood of inter

ference while monitoring CI quasi-molecular ions, IM+1]", than an abun

dant fragment ion which could arise from more than one molecular ion

++* EIMS. Another advantage of CIMS is that the integrity of an IM+1)*
i C. n of a suitably isotopically labelled internal standard remains in

EIMS of**ct without loss of label by fragmentation or back exchange.

PFP derivatives of catecholamines leads to fragmentation (cleavage at

fº-carbon) and subsequent loss of label, if in the alkyl side chain.

ºrr
PFPO CD2&_ _ $NHPFPDO 4cD} PFPO cºrre
PFPO 192 PFP O

li 192
594

£ 432

fragments andFor example, tris-(PFP)-DA-a,c,8,8-d, (i) would yield d,
- and a d2- fragment.tetrakis-(PFP) -NE-3,6,8-da (ii) would yield a di

O
n the other Haand, deuterium located in the aromatic ring of PFP-cate

cho I* derivatives would be retained in the molecular ion during the
elec

tron ionization impact ionization process but lost by partial back
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exchange during thc sample work-up could present problems. If the

ethyl ester of ox-MD or |-ethyl ethers of NE or Cº-MNE are prepared by

action of HC1/e thanol prior to acylation with pentafluoropropicnic an–

hydride, significant amounts of back exchange of ring deuterium atoms

are observed (Freed et al., 1977; 1978). This was demonstrated also

during initial development of aromatic ring deuterated internal stand

ards described later in this dissertation. Furthermore, it was shown

that side chain deuterated catecholamines prepared for our study were

stable with respect to back-exchange during derivatization and CIMS of

their PFP-derivatives. In the EI mass spectrum of an N-methyl deriva

tive of diphenylhydantoin-2,4,5-'ºc, two of the 13c- 1abels are lost

+r, the base peak (m/e 181) which carries about 15% of the to tal ion

In the CI mass spectrum the quasi-molecular ion is the base

P** ak and carries 95% of the total ion current (Horning et al., 1977).

cur rrent.

*&ain, this shows the potential greater sensitivity of CIMS and the

+ra portance of choosing the appropriate labelled internal standard for

* *iven mode (EI or CI) of MS in quantitative mass spectrometric assays.

CHOICE OF TYPE OF INTERNAL STANDARD

Three types of internal standards are used in mass spectrome tric

*s says (Millard, 1978a):

l) a close homologue of the compound to be analyzed. The homologue

may be chosen to yield a common fragment ion but must have a dif

ferent GC retention time;
2

) a chemically related compound which has extraction and GC proper

** similar to those of the compound of interest. The internal
S tandard and sample compound may have the same m/e value but must
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have different GC retention times. Alternatively, they may have

different m/e values in which case their GC retention times may

be the same;

3) a stable isotopically labelled analogue of the compound of interest.

This type of internal standard gives a different m/e value and

nearly identical GC retention time compared to the unlabelled

sample compound.

The dibutyl analogue of mepyramine (R = n-C4H9) is an example of

a Type 1 internal standard giving a common fragment ion (m/e 121) but

having different GC properties than mepyramine (a; R-CHA) (Millard, 1978a).

121

2
SN’SN cº-Ç-och,

tºns,
a

Cº-MDA and cº-MNE represent other examples of a Type 1 internal standard

Y+elding different fragment ions than their homologues, DA and NE, re

*Pectively. In the mass fragmentographic analysis of the endogenous

***echolamines, fragment ion m/e values of 176, 190, 428 and 190 from

*** *rivatives of NE (193), a-MNE (194), DA (173), and a-MDA (174),
***P*tively . were monitored (Koslow et al., 1972). Isoprenaline (N-

isopropyl-NE) exemplifies a Type 2 standard which was used in the GC
Ina

SS fragmen tographic analyses of 6-hydroxydopamine (Curtius et al.,
19 7

4) and of NE and Epi (Jacob et al., 1978). Deuterated Type 3

---
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OPFP

* PFPO NHPFP PFPO NHPFP

PF PFPO

193 173

OPFP

PFPO NHPFP PFPO NHPFP
H

PFPO CH3 PFPO CH3

4

19% 17%

standards have been utilized in various mass spectrometric assays of

“iopa, Q-MD and their metabolites (Freed et al., 1977; 1978; Freed and

Murphy, lS78; Lehmann et al., 1977; Ko et al., 1974; Curtius et al.,

+*74; Karoum et al., 1975; Swahn et al., 1976; Castagnoli et al., 1978).

Setchell e t al. (1978) used g-MD-3,3,3-d, prepared, as part of this

thesis work, in their studies of Q-MD metabolism in pregnant women and

rheonates. Deuterated derivatives, such as the trideuteriomethyl ester

° if homovanillic acid, have been used in the analysis of the correspond

***g undeuterated samples (Sjoquist and Ánggård, 1972; Sjoquist et al. ,

** 73). However, these derivatives are usually added after sampling,

**traction and concentration steps have been performed and therefore

***ere is no correction for losses during the early steps in the analy

sis. Less satisfactory yet is the calculation of levels of compounds

based on the known amounts of standards chromatographed and monitored

at an indica ted m/e value without the use of any internal standard

(Abramson et =l., 1974).

**nternal standard should be selected to minimize the major
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sources of error. The choice must also be tailored to requirements of

the assay. Errors due to poor sampling or diluting techniques, spill

age or other accidental losses can be corrected equally well by any of

the three types of internal standards since the loss is independent of

the chemical properties of the compounds being assayed. Appreciable

loss of internal standards by adsorption to glassware (e.g. volumetric

flasks) may occur over time if 10w concentrations (ug/ml range) of in

ternal standard stock solutions are stored in unsilylated glassware.

Since the concentration will be decreasing with time, spiked analytical

samples will contain less internal standard than calculated and will

lead to higher than true values in the assay. Again any of the types

* f internal standards is suitable for use if one is cognizant of the

Pºtential problems of storing very dilute solutions of internal stand

a r■ s in unsilylated glassware.

The most important sources of error occur during the extraction,

*Vaporation, and derivatization stages (Millard, 1978b). During ex

* Praction from biological samples protein binding can contribute to

Y=riation in the internal standard-to-sample compound molar ratios if

+rasufficient time is allowed for equilibration of the internal stand

a r■ with the biological matrix. Derivatization and concentration steps

** Present two other areas where errors can arise. On the assumption

****t reasonable choices for internal standards have been made, appro

Priate derivatizing conditions can be found so that differences in re

activity or isotope effects will not affect the measured versus theo

retical internal standard-to-sample ratios. Significant losses of

sample can Q S cur during evaporation of solvents and excess reagents
(L "*" et al., 1965; Zumwalt et al., 1970). Isotopically labelled
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internal standards would correct best for any losses at this stage;

homologues would be the next choice. In consideration of all these

variables it is difficult to conceive that a compound 11ke 3,4-dihy

droxycinnamic acid ("chemically related internal standard") would be

equally effective as an internal standard for each of DA, NE, Epi,

dopa, and 3,4-dihydroxyphenylace tic acid as reported in a GC as say

(Arnold and Ford, 1973). Freed et al., (1977) demonstrated that the

volatilities of the PFP derivatives of DA and NE are different than

those of PFP derivatives of Q-MDA and O-MNE, respectively. Therefore,

these homologues could not be used as internal standards in a direct

Crion-chromatographic) mass spectrometric assay since the ion intensi

*Hes of the sample and internal standard would change with respect to

**ch other while the spectrum was being run. This problem was circum

vented by using a GC-MS-SIM (selected ion monitoring) technique in

VHaich the integrated ion currents at selected m/e values were monitored

C Koslow e t al., 1972). Alternatively, one may use deuterated analogues

* = interna 1 standards using a mass spectrometer equipped for direct

P*obe sample introduction and measure peak heights (Garland et al.,

+ =>74; Freed et al., 1977) or integrated ion currents at selected m/e

Y=lues (Phillips et al., 1974).
intuitively, one would expect the deuterated analogue to be the

ideal internal standard. From the literature available, the deuterated

standards do not appear to have a great advantage over a homologous

Type 1 *tandard; however, both are superior to the chemically related

Type 2 *tandard (Millard, 1978b). An advantage of the Type 1 standard
is

that it or its immediate precursor is often commercially available.
Iso

topically labelled standards on the other hand are very expensive to
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purchase if available at all and are expensive and time, consuming to

prepare. In a random survey of a number of publications Krahmer and

McCloskey (1978) found that only 17% of stable isotope materials for

human or clinical studies were purchased, 20% were obtained as gifts,

and 63% had to be newly synthesized. Additionally, the precision of

ion current measurement in a GC-MS-SIM assay will be greater if a sin–

gle ion for both the homologous Type 1 standard and compound of interest

can be monitored, for instrumental drift should be less as no voltage

switching is required. Because of the expense and potential difficul

ty in obtaining deuterated internal standards, it would be advantageous

a rid expedient to invest a little time to determine the suitability of

* homologue as a Type 1 internal standard (Millard, 1978b).

However, we did not have ready access to a GC-MS-SIM computer

f=cility. Therefore, it was decided to use deuterated internal stand

**ds and to obtain mass spectral data on a double focusing CIMS equipped

* +th direct probe sample introduction.

CHOICE OF STABLE ISOTOPE IN INTERNAL STANDARD

We had access to a double focusing CIMS and obtained recordings on

direct print light-sensitive paper. The peak heights at selected m/e

Y**ues for the deuterated internal standard and sample compound were

**sured with a ruler and were recorded manually. Others without in

tegrated mass spectrometer and automated data acquisition and process

ing systems or interactive GC-MS computer facilities have used this

P* ºcedure (Garland et al., 1974; Freed et al., 1977). Measurement of

Peak heights in quantitative mass spectrometric analysis is justified.
The *onization potential of isotopically labelled compounds is
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essentially identical to those of the unlabelled compound so it follows

that the ratio of their respective quasi-molecular ion abundances and,

hence, the corresponding peak heights, would be the same as the ratio

of the labelled and unlabelled compounds in the mixture. This quantita

tive relationship holds true only if there are no isotopic impurities

in one compound (or in the background) that contribute to the ion in

tensity of the other compound of interest (Millard, 1978a). Two things

can be done to help meet the conditions for this assumption: 1) mul

tiple labelling will prevent or decrease contributions from the la

belled compound to the unlabelled compound due to poor isotope enrich

ment, and 2) derivatization of the compounds to yield derivatives with

*olecular weights greater than 500 will decrease the background contri–

Butions from endogenous materials in biological samples and lessen the

Possibility of "unexpected" peaks interfering at the m/e values being

ria easured .

It also should be remembered that the abundance of molecular ions

**tually measured is the difference between the total ions produced and

**he number of ions lost by fragmentation before passing through the

If the**gnetic sector or the mass filter of the mass spectrometer.

Fragmentation involves cleavage between the labelled atom and another

a tom then isotope effects may lead to erroneous results. This is re

* ***ted in the measurement of the loss of an O-hydrogen atom in ethanol

*-* which showed a [M-'H]"/IM-H]" ratio of 3.6:1 (corval, 1970). This
*******s that the labelled atom should not be incorporated in positions

which will be involved in fragmentation of the molecule. The basic

Premise of s table isotope dilution mass spectrometry theory (Lawson and
Dra

ffan, 197s) is that the relative ion abundances arising from the

--
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unlabelled sample and labelled standard will be the same as the molar

ratio of these compounds in the mixture being analyzed. The possi

bility of scrambling of deuterium atoms, frequently accompanied by

scrambling of carbon atoms (Howe and McLafferty, 1971; Siegel, 1970)

emphasizes the need to monitor molecular ions of internal standards

1abelled in positions not susceptible to scrambling.

The number of labelled atoms in a standard and the percentage

incorporation influence the shape of the calibration curve obtained by

P 10tting the mass spectrometrically measured isotope ratio against the

Inolar ratio of sample labelled standard. One may obtain (1) a straight

1ine passing through the origin and having (a) slope equal to one

GHorning et al., 1974) or (b) slope not equal to one (Picart et al.,

1978); (2) a straight line neither passing through the origin nor

Having slope equal to one (Bertilsson et al., 1972); or (3) a curvi

1 inear plot (Picart et al., 1978; Schoeller, 1976; Schramm et al., 1979).

How these different calibration curves arise becomes apparent when

e quations for these curves are examined. Mathematical expressions

Hiave been developed to show the relationship between the number of

racles of unlabelled sample and labelled standard, X and Y, respec

* Fively, with the isotope ratio, R., of X and Y as determined from the

*=ss spectral peak heights at the respective m/e values for each of

th-le Compounds:

Pix + q1 Y
R = —- A

P2X + q2Y (A)
I

Th equation A, P1 and q1 are the probabilities that the isotopic form
r *E*resenting natural compound will occur in the unlabelled and labelled
C

S*\pounds, respectively, and P2 and q2 are the probabilities that the

|*
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i = c topic form representing labelled compound will occur in the un

Labelled and labelled compounds, respectively (Chapman and Bailey,

I-974; Pickup and McPherson, 1976; 1977). Depending on the relative

values of the p's and q's, equation A reduces to forms which charact

erize each of the types of calibration curves mentioned. To summarize

Gwithout going through the mathematical development of the equation)

One obtains a straight line passing through the origin and having slope

equal to one if neither of the two compounds contains impurities which

will contribute to the other's ion intensity. If the labelled com—

Pound is only 80% enriched in "d." but has no "do" impurity, one still

obtains a straight line passing through the origin, but the slope is

riot equal to one. In this case the peak height at the m/e value cor

responding to the "d." compound will represent only part of the labelled

compounds present whereas the peak height corresponding to unlabelled

compound will represent all of the unlabelled sample. When labelled

standards with poor isotopic enrichment contribute to the peak height

resulting from the unlabelled standard and the latter does not contri

Pu te to the peak height of the standard, one obtains a straight line

**a libration curve which does not pass through the origin and does not

** =>e a slope of one. If both compounds have significant isotopic im

** *-arities which contribute to each other's ion intensity at their re

*F sective m/e values being monitored, the expression cannot be reduced

te that of a straight line and one obtains a curvilinear calibration

S saieve. Therefore, highly enriched isotopically labelled standard which

** = s a molecular weight 3-4 amu higher than that of the unlabelled com

**s s and of interest is required in order to obtain calibration curves

*** swing a near 1:1 relationship between unlabelled compound/labelled
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standard mass spectral peak height ratios and molar ratios. Under

tlinese conditions 13c, *H, 15N and 18o occurring naturally in the un

Il-abelled compound will not appear as impurities in the labelled stand

a rq, and the highly enriched labelled standard will contain no un

labelled impurity.

Internal standards prepared with two three 13c atoms at the highly

enriched levels are extremely expensive. In addition, if the 13c atom S

are to be incorporated on the alkyl side chain of the catecholamines of

interest to us, an appreciable primary isotope effect might be detected

in the mass spectral fragmentation patterns. This, as mentioned earlier,

would influence the unlabelled compound/labelled standard ion abundance

ratios and could complicate construction of calibration curves. No

In ethods were available for preparing a catechol-1,2-"o, precursors of

Ot-MD, its amine metabolites or the endogenous catecholamines. Incor

Po ration of 15N would yield an unsatisfactory increase of only 1 amu

i-ra the labelled compounds since each of the compounds of interest con

tains only one nitrogen atom. With these considerations in mind, it was

<ie cided to prepare deuterium labelled Q-MD, Q-MDA, O-MNE, DA and NE with

**=uterium to serve as internal standards in our CIMS reverse isotope

*Hi Hution assay for these compounds. Three to six non-exchangeable deu

**=rium atoms could be incorporated into the alkyl side chain of these

****mpounds (l to 5) by using convenient synthetic methods and highly en

* = ched starting materials (e.g. 99.5% D,0, > 98% LAD) that were readily2

*Y*=ilable at reasonable prices. The syntheses are described in the

**==&t section (Synthesis of Internal Standards). The present discussion

*-***icated errors that could arise because of isotope effects in frag

**=rntation as well as back-exchange and scrambling of deuterium atoms.
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Tc circumvent these problems we made measurements at the quasi

Trn c. 1ecular IM+1)* ion m/e values on PFP derivatives of alkyl side-chain

cie uterated analogues of DA, NE, Q-MDA, O-MNE, and Q-MD (see 170 to 174)

i_rn the CIMS analysis of the corresponding unlabelled compounds described

in this dissertation.
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SYTNTHESIS OF INTERNAL STANDARDS

The following side-chain deuterated analogues (1 to 5) of

TXA 2, NE, Q-MDA, C-MNE and O-MD (6 to 10, respectively) were prepared

for use as internal standards.

TH, e. ring deuterium labelled analogues (2,5,6-da substitution) were

F’ + = pared first but these were not used as internal standards because

=<>rne of the 1abel was lost during derivatization as described later in

*** is section. Loss of label from the aromatic ring of catecholamines

** = s. been reported in the literature as well (Freed et al., 1977; 1978).

*H, e. side chain deuterium labelled internal standards are stable with

Fe- s pect to back-exchange during derivatization and other procedures of

tle * CIMS analysis. Only the syntheses of deuterated 0-MD, Q-MDA and
Cº. — *TNE are described here. Labelled DA and NE are available
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c cºrnmercially (Aldrich, Merck, Stohler) but were prepared in our

ILaboratories by Drs. D. Musson (Ph.D. Dissertation, 1979) and

YP - Jacob, III (unpublished results), respectively for use in other

studies. Syntheses of side-chain deuterium 1abelled DA and NE have

been reported previously in the literature (Perel et al., 1972;

Murphy et al., 1974). Deuterated and tritiated DA, tyramine and

their precursor amino acids also have been prepared stereo- and

regiospecifically in the O- and B-side chain positions. As none of

these methods were amenable to our synthetic requirements, references

Inentioning the preparation of these labelled compounds are listed

without discussion (Battersby, et al., 1978; 1976; Hanson et al.,

1971; Kirby et al., 1972; 1975; Wightman et al., 1972; Kirby and

Michael, 1973; Binns et al., 1970).

Of the pathways discussed in this section the synthetic

routes finally chosen fulfilled several criteria: (1) The syntheses of

* He unlabelled compounds should be readily adapted to the preparation

c f the desired deuterated analogues; (2) the synthetic routes should

t = Pºie advantage of earlier experience in catecholamine chemistry

** Firmed in our laboratories; and (3) relatively inexpensive sources

c += <deuterium should be used. The overall synthetic scheme finally

** a sected had the added advantage that one deuterated intermediate

< T_ – K3,4-dibenzyloxyphenyl)-2-propanone-1,1,3,3,3-ds, 11) could be used

a s the starting material for each of the desired labelled compounds.

Full details for the preparation of the internal standards
+al

*E e. reported following the discussion of the syntheses of unlabelled
Cº -R-1D, ol-MDA, C-MNE and related compounds are described. Figure 2.1
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surnmarizes how each of the deuterated internal standards was

Prepared from the common intermediate, 1- (3,4-dibenzyloxyphenyl)-

2—propanone-1,1,3,3,3-d; (11) and a brief outline of the synthetic

scheme is described here. The unlabelled propanone 12 WaS

prepared from commercially available 3,4-dibenzyloxybenzaldehyde

Cl3) via the intermediate nitrostyrene 14. The dº-propanone Wa S

Prepared by heating unlabelled propanone 12 in a mixture of

refluxing pyridine-º,9. Treatment of the dº-propanone with

Pyridine-H20 at room temperature led to back-exchange of the2

benzylic deuterium atoms to yield 1- (3,4-dibenzyloxyphenyl)-2-

Propanone-3,3,3-da (15). Labelled C-MD was prepared by conversion

Of the da- Or dº-propanone to the hydantoin (-d; depicted, 16),

hydrolysis to 17, and removal of the benzyl protecting groups.

The appropriately 1abelled product was isolated as the zwitter ionic

Cº. — amino acid (O-MD-de depicted, 18).5

a-MDA-de (3) was synthesized by reduction of the oxime

*ie rivative of the d followed bys-propanone 19 to 20 with AID,
* =rra oval of the benzyl protecting groups via catalytic hydrogenation.

o—MNE-de (4) was prepared by oxidation of the propanone 115

it c. the O-diketone 21 followed by mono-oximination to 22, reduction of
--

* Ha e O-oximinoketone 22 to aminoalcohol 23 with AID, and final removal

<> = the protecting groups.

Detailed discussion of the syntheses of the corresponding
Ul *** =belled compounds (Q-MD, Q-MDA, and O-MNE) or related compounds are
s *****rmarized below.
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l3
--

13 CH3
14

D D H H

CD3 CD

-->
R^r

--
**

3
O O O

12 ll 15

HN

3-NH Ngh 0

16 | *** CD3| NOH

CD3 22
R^{c} D CD3 D OH

NH2 NH2 CD3

I? 20 NH2

| | a
OHR9 co,

HO CO2H HO CD3 HO CD3
D

H NH2 HO NH2 HO NH2

18 3 4

* ==ure 2. 1: Synthetic route for preparation of a-MD-d; (18),
a-MD-de (3), and a-MNE-d, (4) from 3,4-dibenzyloxy
benzaldehyde (13) via common intermediate 1-(3,4-dibenzyl

oxyphenyl)-2-propanone-1,1,3,3,3-d; (11).
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O-METHYLDOPA

TReported Syntheses of Unlabelled and Labelled
cº-Methyldopa (C-MD) and Related Compounds

A - C-Methyldopa

Q-Methyldopa was synthesized first at Merck by Stein et al.

C 1955) by converting 3,4-dimethoxyphenylacetonitrile (24) to the

corresponding propanone 25 and the propanone to the hydantoin 27.

This intermediate subsequently was hydrolyzed, 0-demethylated, and

treated with NH,0H to yield the free base of Q-MD (Figure 2.2). The

alternate Strecker synthesis of C-MD via the amino nitrile 29 was

depicted schematically by the author without further comment in the

text except that the hydantoin route was superior.

Duhm et al. (1965) prepared 3-MD-8-"c via the hydantoin

route but prepared the labelled propanone 31 by hydrolyzing the

& Lycidic ester (C., 8-epoxy ester) 32 formed by reaction of

3 - 4-dimethoxybenzaldehyde-forgi-"c with C-chloropropionic acid

*=t Hayl ester and sodium ethoxide (Figure 2.3).

CH30 *CHO CH3CH(CI) co, Et chi,o ×
º

CHAO ---> CH3O O
31 32

1. oº CH30 >k

Tº CH30 O

33
IF =

*-sure 2.3: Synthetic scheme for preparing 1-(3,4-dimethoxyphenyl)-2-
14

C
*:propanone-1-"c C) to use in synthesis of o-MD-8-

(Duhm et al., 1965).
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CN

ºn a nº- ºr
CH3O O

-- --

O

26 27

ÇH3 CH3

CN R^{cd}
NH2 NH2
29

-->
28

SH3 CH3

NHSH,0 NH2 HO 2

30 10
-- --

igure 2.2: Synthesis of q-MD according to method of Stein et al. (1955)
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Ames and Castagnoli (1974) reported the synthesis of

c-MD-8-"c via the hydantoin method. The labelled propanone 36 Was

prepared from 3,4-dibenzyloxybenzadehyde-formy"c (34) via the

intermediate nitrostyrene 35 (cf. Figure 2.1). The 0–benzyl

protecting groups were chosen over the O-methyl groups because they

could be removed more easily.

º EtNo, BZO $2NO2—P

EzO NH,0Ac jorr
34 Bio º cº,

BZO >k

Fe/HOAc Irºr■
Bz0 O

36
--

*===ure 2 - 4 = Synthetic scheme for preparing 1-(3,4-dibenzyloxyphenyl)-
2-propanone-1-"c (36) to use in synthesis of Q-MD-6– 13c

*:
(Ames and Castagnoli, 1974); C = 13c.

Thirteen years after the first synthesis of Q-MD, chemists
sit

Merck used a resolved aminonitrile intermediate to prepare

Ks
D -o-MD C Reinhold et al., 1968; see Fig. 2.5). The unique aspect

S =
this approach was that more of the (S)-isomer could be obtained by

* =
-Semization cf the unwanted (R)-2-acetamido-1-(4-hydroxy-3-methoxy

\S. ***nyl)-2-prop ionitrile (39) and isolation of more of the corresponding

*—
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(S)-isomer from the reaction mixture by resolution of (RS)-39.

This recycling process and the subsequent high-yield reactions make

this route very attractive commercially, although it would not be as

practical on a gram scale.

ºrr ºrrº
O HO NH2HO

37 38

CH3
CN ;ºr. ºrrº

HO NHAc HO NH2

(RS)-39 (S)-10

Racemize | Resolve

(R)-39 (S)-39

F =s_
issure 2.5 : Scheme for asymmetric synthesis of (S)-O-MD, (S)-10

KReinhold et al., 1968).
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The use of optically active amines in the Strecker synthesis

of amino acids has been reported (Harada, 1963; 1964; Weinges et al.,

1971; 1977).

R"
;

RR'C=O —H Na CN + R"NH, —e R-C-CNthrº'

R"

Using (S X – (–)-1-phenylethylamine, Harada (1963, 1967) was able to

P**pare 90% optical pure (S)-alanine (49) but in only 17% yield.

1) 5N HC1,
NaCN CN reflux 20, H

w w

*** = CHO — CH,- c...H → CH,-º-h
GS)-C2He—CH-NH ■ h 2) HyPd ■ hE9 6°5 2 | 2

CH3 H - ess -ci■ , 49
C. H ... 7

-6°5 (90% (S)-alanine)

40

F ==
=ure 2.6 = Scheme for asymmetric synthesis of (S)-alanine (49; Harada,

1963; 1964).

*** = attractiveness of asymmetric syntheses of amino acids was less
== *Realing because of low yield. On the other hand, high yields of
SYHA

Firal 9-methyl-O-amino acids could be obtained using (S)-1-phenyl
st \ºylamine as a chiral reagent when the intermediate aminonitrile was
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hydrolyzed with concentrated sulphuric acid rather than with

hydrochloric acid (Figure 2.7) (Weinges et al., 1977). The amide

formed , 43, was N-dealkylated by hydrogenolysis and then was

hydrolyzed and O-demethylated in refluxing concentrated hydrobromic

acid to yield the HBr salt of (S)-O-MD. The use of HC1 by Harada

(1963, 1964) may help explain the low chemical yield obtained in the

asymmetric synthesis of (S)-alanine. In the synthesis of (S)-O-MD,

Weinges et al., (1977) reported yield of 86% and optical purity of

100%, based on NMR spectra. Unfortunately this report appeared after

°ur work was completed. It should be noted that solutions of

°Ptical Ly active aminonitriles racemize as depicted below (Reinhold et

==L. , 1968; Weinges et al., 1977). CH
3

NC–C–R
|
NHR'

+HCN
—HCN

*H, +HCN R

R – º-cN F C=NR'
NHR'

-

HCN CH, SS R <
2C-NHR'

in H,0 CH2
(D20)

*~s depicted in the preceding scheme it can be seen that enamine-imine
* =

-**9merism represents a potential step for loss of deuterium atoms
si_

** a labelled aminonitrile if dissolved in protic solvents.
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ºrr
CH3O O

* = gure 2 - 7 :

çH3

ºr•CN
CH3O NH2

HCN

e

(S)-Cah;CH (CH3)NH2
42

* Hy-ch
CEH

S 6' 15
O3H CH3

•coni, 1. H, Pd/c
CH3O NH 2. HBr, heat

3. NH, OH
OCH3 \ 4H7-CH,

43 C6H5

çH3

HO NH2

(S)-10

Scheme for asymmetric Strecker synthesis of (S)-O-MD

(10) using (S)-1-phenylethylamine as the chiral reagent.
During the hydrolysis of the aminonitrile 42 with

sulphuric acid, a 2-sulfo group was introduced in the

aromatic ring to yield the aminoamide 43. The sulfo

group was retained during catalytic N-dealkylation but

was removed during HBr treatment which yielded the HBr

salt of (S)-10 (Weinges st al., 1977).
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Another asymmetric Strecker-synthesis of (S)-O-MD

(Figure 2.8) utilized (4S,5S)-(+)-5-amino-2,2-dimethyl-4-phenyl-1,3-

dioxane (44) as the chiral amino reagent, (Weinges et al., 1971).

H. NH2
,’ H

* =

><3 * C6H5
44

Puring the hydrolysis of the nitrile group in 45 there is also a loss

° if acet one from the acetal (the 1,3-dioxane ring of 46) with

**Rºncomitant formation of a 1actone 47 -- all occuring without

* + fecting the chirality about the carbon atom which will be the

$*-carborn atom of the amino acid. The overall chemical yield of 100%

**E=tical 15- pure (S)-O-MD starting with 1- (3,4-dimethoxyphenyl)-2-

F =opanor, e (33) was 54%. Optically pure amino acids can be obtained

**T* ly if the aminonitrile can be purified by recrystallization. The

* E-tical Purity obtained at this stage dictates the final optical

+--- rity of the amino acid. Boehringer-Mannheim prepared (S)-O-MD

C. s. embrina º by this method (Weinges and Stemmle, 1976).

The use of the (4R,5R)-enantiomer of the chiral aminodioxane

**- yields LOO% optically pure (R)-amino acids. The substitution in

tº-THA
-* aromatic ring does not affect the stereochemistry at the C-carbon

*Cº- =

S-—
the aminor, itrile. However, the absolute configuration about the

carbon atom of the aminonitrile does change if there is an increase
Si

-

*\ the chain length of the alkyl group of the starting alkylmethyl

Stone. As seen in Table 2.1, alkylmethylketones with an even number

Wºº
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NaCN, CH3OH
CH3CO2H
--->O

CH3 jºr■ 44CH3O O

`--
CH3O

C H so

CH3O 'NH2 No.

NH3Cl

çH

º
§) ■ º C6HHOJ & O

l
46

CH3
º

(S)-28

–e

çH3

ºr.
NCH30 º

HA; /.r^{-ch.
45 9×9

CH3

HO NH2

100% (S)-O-MD
overall yield 54%

Scheme for asymmetric Strecker synthesis of (S)-O-MD
using (4S,5S)-(+)-5-amino-2,2-dimethyl-4-phenyl-1,3-

dioxane (44) as the chiral reagent (Weinges et al.,
1971).
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of carbon atoms in the carbon chain (i.e., n is an odd number) yield

aminonitriles with the (S)-configuration; those with an odd number of

carborn atoms in the carbon chain (i.e., n is an even number) yield

aminorii triles with the (R)-configuration if the chiral aminodioxane

(4S,5S) –44 is used. A similar change is observed when the configuration

of the aminonitriles from the acetophenones is compared with that arising

from the 2-propiophenones, homologs of acetophenones. By contrast, the

chirality of aminonitriles synthesized from ketones, potassium cyanide,

arid (SX –l-phenylethylamine is not dependent on the alkyl carbon chain

length of the ketone (See Table 2.1). Both unsubstituted acetophenones

**ad pro Piophenones yielded aminonitriles with the (R)-configuration

whºlen (SD –Q-phenylethylamine was used. However, when one or two methoxy

**Toups were introduced, the resulting aminonitriles have the

‘s)-configuration. The above observations were reported without any

* = tionale (Weinges and Stemmle, 1976). Neither of these methods was

* = ed because (1) the chiral reagent, [4S; 5S]-5-amino-2,2-dimethyl-4-

P. Ha enyl-l- > 3-dioxane (49), was not available and (2) the method using

C s )-1-phern Sylethylamine was reported after a-MD-d, and d5 had been

* > r, thesize d.

A recent communication described a general method for

E* ~ *Paring Cptically active O-alky1–0-amino acids from 1-chiral

** = Estitute a 2-imidazolin-5-ones (Schöllkopf et al., 1978). An
*** Vantage of this synthetic route is that it is possible to recover

*TE-A •e chiral reagent, (S)-1-phenylethylamine, used to prepare
Q

-5 D-N-phenyle thylisocyanoacetamide (49) from methyl isocyanoacetate (48).
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The chiral acetamide 49 was dimetallated with butyllithium and

alkylated with an alkyl or benzyl halide, Rºx, to yield an

intermediate (not shown) which cyclized to a R*-substituted

2-imidazolin-5-one 50. A second alkylation to a disubstituted

imidaz clinone 52 followed by hydrolysis yielded an optically active

N-acetylamino acid. The disubstituted imidazolidione 52 had the

(S)-cornfiguration about the C-4 atom if R” had priority over R*,
as deric ted by the sequence rule of Cahn, Ingold, and Prelog

(1966) ; otherwise, if R! had priority over R*, the chiral center at

C-4 had the (S)-configuration. The degree of enantiomeric purity

obtained depended on the size of the second entering group R*.
With this method 66% optically pure 4-methyl-4-(3,4-dimethoxybenzyl)-

l-pheny Lethyl-2-imidazolin-5-one (52 in Figure 2.9; R! = methyl,
2

R = 3, 4-dimethoxybenzyl) was prepared in 90% chemical yield. However,

the yie Lºci of (S)-O-MD, 54, (R* = methyl, R” = 3,4-dihydroxybenzy1)

obtained by hydrolysis of the imidazolinone 52 was not reported.

Another Q-MD precursor, O-methyl-3-(3,4-methylenedioxy

phenyl) alanine (58; R! = methyl, R” = ethyl., R3 = 3, 4-methylenedioxy

benzyl) was obtained in 36% yield by the electro-reductive coupling of

3,4-methylenedioxybenzyl chloride and a Schiff's base 55 formed from

benzylamirne and 2-oxopropanoic acid ethyl ester (Iwasaki and Harada,

1977). Other o-alkyl-o-amino acids were synthesized by this route in

36–86% yield. Although this is not an asymmetric synthetic procedure

it could be adapted to incorporate regiospecific isotopic 1abels in

d-MD or other O-alkyl-O-amino acids, if the appropriate macroelectric

1ytic and Polarographic equipment were available.
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Tab1e 2.2

Influence of substituents and chain length of alkyl methyl ketones

on the configuration of aminonitriles prepared from HCN, ketone and

chiral amine, (4S, 5S)-(+)-5-amino-2,2-dimethyl-4-phenyl-1,3-dioxane

(44) or (S)-1-phenylethylamine.

Configuration of aminonitrile from:

Ketone and chiral amine

(4S,5S)-aminodioxane 44 or (S)-1-phenylethamine

In R R"

3
O

n

l S –

2 R
-

3 S
-

4 R
-

ºr-º-º-º:
1. H H S R

1. OMe. H S S

l OMe OMe S S

2 H H R R

2 OMe
-

S

2 OMe OMe
-

S
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ÇH3

CN–CH2–CO2Et —- cº-cºconº-cº.
H

48 49

º ■ º
Nº. 2SN-C-C6Hs , Nº N-C- C6H5

— —- R. \ v)={\ }
O H R Soli H

CH3

50 51

■ º
-

R! __NHAc
R2-X Nº-é-chs >

RH-\ } R CO2H

A Yo H CH3
-

|R2 |
52 —H2NC- C6H5 53

H

R! 2" NH2
2. º

R `co2H
54

Figure 2.9 - Synthesis of optically active O-alkyl-o-amino acids
54 from 1-chiral-substituted 2-imidazolin-5-ones.
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R1 R!
| 2 3. 2e" | 2

- - M - I - --> - - -- - -%H5 CH, N=C co,R + R. X. +H+ C6H5 CH2 NH ; Co.,R
(cathode R3

55 56 Reduction)

H2 – Pd/C

Or H"; H, - Pd/C

R”
I

H,N-C-co,H
! 3

R

58

B. Cº-Allºyl Cº-Amino Acids – Potential Applications
to OL-NML Synthesis

Alkylation of N-[bis (methylthio) methylenelglycine ethyl

ester (59, Figure 2.10) also affords a method to prepare variously

isotopically labelled O-alkyl-O-amino acids (Hoppe, 1975). Although

the author stated that the starting material, N-[bis (methylthio)-

methylene Il glycine ethyl ester can be prepared conveniently from

glycine ethyl ester hydrochloride, no discussion of or reference to

its synthesis was made. The sequential addition of potassium tert

butoxide arid alkyl halides as indicated in Figure 2.10 provides a

"one-pot" synthesis of O-alkyl-3-amino acid derivaties 61 which,

upon treatinent with formic acid and 30% hydrogen peroxide, can be

converted to the amino acid esters 58 in good yield.
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— + O

(CH4)2C=N-CH2-coach 1) (CH,),Co K, 702 - 2-2°3 →
2) R^X

- +º 1) (CH,),co K ,-70°
(CHA) - C=N-CH-CO2C., H —X

3’ 2 2 2°5 2) Rºx

1
R 1) HCO2H, H20,

(CHA). C-N-C-CO., C.H —X.

3’ 2 i, 22°5 H.O
R 2. 1

-CH,so,h,-CO,

#1 º
H N-

- -> -- -

2 ºeozº, H2N º co,H
R 2

R

Figure 2 - 10: General method for synthesis of O-alkyl-C-amino acids
by alkylation of metalated O-[bis(methylthio)methylenel
glycine ethyl esters (Hoppe, 1975).

The Curtius reaction on malonic acid half esters has been

reported as a method to prepare amino acid derivaties (Yamada et al.,

1973; Nirnomiya et al., 1974). The Curtius reaction involves the

$92% is 1) N3P0(occhº), $0.0;hs
R-3-h —C- R–C–H|

co,h N(C2H5)3, C6H6. A NHCo.,R.'
2) R'OH

63 64
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transfer of the azide group from diphenylphosphoryl azide to the

carboxylic acid group of 63 Or 65. The resultant acyl azide 66

rearranges to the isocyanate 67 which is converted to the

carbarnate 68 by treatment with alcohol. The amine 69 is formed if

water is added instead of alcohol. (Smith, 1946, Saunders and

Slocombe, 1948).

N.,PO (OC2. He )
RCOOH 3 º' 4– IRCON, - RNco

N(C2H5)3 A65 66 67

ROH R" =
> º -RNHCO, R ( > RNH, + CO2)

68 69

This reaction should be applicable to dialkylated malonic

acid half esters which would lead to a general synthesis of O-alkyl-O-

amino acids. For our purposes R could have been 3,4-(B20) 2-C6H3-CH,
(or CD2 > and a second alkyl group, CH3 Or CP3, could have been

introduce ci into the mono-alkylated malonic acid half ester 63 which

would lead to the synthesis of G-MD-do-d2, d3, Or –d5. depending on

the Protic- or deuterio- alkylating agents used.
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SYNTHESIS OF a-METHYLDOPA-d, AND a-METHYLDOPA-d;

Our synthetic scheme for preparing deuterated C-MD was

based on a modification of the first published synthesis of Q-MD

via the hydantoin (Stein et al., 1955; Ames, 1974). As described

earlier the choice of this method was based on the experience of

this laboratory (Ames, 1974; Marshall, 1973), the methods and material

available, and the applicability of the hydantoin route to the

synthesis of deuterated Q-MD analogues (see Figure 2. 1). Since

catech Cls are easily air-oxidized, especially under basic conditions,

they were protected as 0–benzyl ethers. These protecting groups are

stable under strongly basic conditions and can be removed readily,

efficier, tly, and mildly by hydrogenation over Pd/C. 0-benzyl

protect ing groups have been utilized in the synthesis of C-MDA

(Marsha L 1 and Castagnoli, 1973), a-MD-8-”c (Ames and Castagnoli,

1974), arid 6-hydroxydopa (Ong et al., 1969). The benzyl groups can
be cleaved from 0, 0–dibenzyl-O-MD by treatment with a mixture of

concentrated HC1 and benzene at room temperature for 18 – 24 hours

(Ames and Castagnoli, 1974) or by catalytic hydrogenolysis

at room temperature for 30 minutes. Removal of 0-methyl protecting

groups used in syntheses described earlier require much more

vigorous Haydrolysis conditions -- refluxing in concentrated HBr for

48 hours - Although the milder and much faster 0-demethylation by

BBr., in CH _709
- -

3 2012 at –70 C could have been performed (McComie et al.,

1968; Musson, 1979), this laboratory's experience with synthesis of

0-benzyl Protected catecholamines and amino acids warranted continued
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use of this method. Hydrogenolysis of the 0-benzyl groups offered

the extra advantage of yielding the free base of C-MD rather than

a hydrohalide salt. These amino acid salts are extremely

hygros copic and must be converted to the free base to facilitate

handling and weighing. The free base was also required during the

resolution of Q-MD. The potential loss of labelled product due to

treatment with base and incomplete recovery during this last step

is "expensive". Hydrogenolysis of the 0,0-dibenzyl ethers affords

a quantitative yield of the free base. Any grey-to-off-white

Product can be decolorized by treating an aqueous solution of the

amino acid with decolorizing charcoal.

The key intermediate, 1- (3,4-dibenzyloxyphenyl)-2-propanone

12 was prepared from commercially available 3,4-dibenzyloxybenzal

dehyde 13 via the corresponding nitropropene 14 (see Figure 2.1).

The reaction conditions reported previously (Marshall and Castagnoli,

1973; Annes and Castagnoli, 1974) for the formation of 14 entailed
heating the reaction mixture to reflux for 15–18 hours. After workup

the yields ranged from 64–88%. Improved yields (91-95%) were

obtained when water, which formed as the reaction proceeded, was

collected in a Dean-Stark trap and the reaction time was shortened

to 2 hours. Very little starting material could be detected on a

silica gel thin layer plate when a sample of the reaction mixture

was chroma tographed (TLC) after 1 hour reaction time. After the

reaction had proceeded 2 hours, no starting material could be

detected Cu. v. visualization). The product formed is predominantly
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or completely in the E- or trans-configuration as are other 1-alkyl

or 1-aryl-2-nitroethylenes formed in this manner (Hesse and Jager,

1970; Baskov et al., 1964; Lese ticky et al., 1971, 1976; Descote

st al- > 1970; Drefahl and Heublein, 1960). The reported character—

izatic n of the configuration was based on dipole moments and NMR

data. In the PMR (CDC1,) spectrum of 14, the peak at $ 7.99 ppm

(sing Let, 1H) and absence of a single at 6 6–6.6 ppm agreed well with

that expected of the methine proton of the E-isomer (7.90 – 7.95 ppm)

as opposed to that expected of the Z-isomer (6.2 – 6.6 ppm; Lese ticky

et al- > 1976). Integration of the peak areas was in good agreement

with there being one proton at 7.99 ppm compared to thirteen aromatic

protons (7.0 – 7.7 ppm) and four methylene (C6H4CH20-) protons

(5.21, 5.23 ppm). The base peak at m/e 376 in the CIMS of 14 agreed

with that expected of 14 with the molecular weight of 375. The

melting point, 117°c., was the same as that reported in the literature

(Ames arid Castagnoli, 1974).

Nitropropenes undergo reductive hydrolysis to the

correspo riding propanones in a toluene-iron/HC1 medium via the following

steps (Hass et al., 1950). Reduction of 1-(2-methoxyphenyl)-2-

HA H
ArCH=C-NO #2 (Arcºcºon.

! 2 HCl run
R

70 71

H,0
–X- Arch,--R > Arch,--R

| HC1 !
NOH

72 73
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nitropropene (74) is reported to yield 63 – 71% of the desired

propanone 75 (Heinselman, 1963). However, pure 1- (3,4- dibenzyloxy

phenyl)-2-propanone (12) could not be isolated from the Fe/HC1

OCH3 OCH3

reductive hydrolysis of the corresponding nitropropene 14 (Hohenlohe

Oebringen and Call, 1968; Marshall, 1971). Reasons for failure to

isolate the desired product became apparent when it was realized that

HC1 can cleave the benzyl protecting groups at room temperature (Bruckner

et al., 1943).

Milder reducing conditions using a mixture of iron filings

and acetic acid were employed in order to avoid cleavage of the

0-benzyl groups of 14. This procedure provided a pale yellow oil (12)
which solidified after distillation (b. p. 195°-200°C. /0.025 torr; m.p.

36.5°). The I.R. spectrum showed an absorption band at the

characteristic carbonyl (C=0) stretching frequency at 1713 em". The

PMR (CDC13,é) spectrum of 12 displayed the expected signals at 1.94 ppm

He ) and(s.3H,CH3CO), 3.49 ppm (s.2H,CH,CO), 5.07 ppm (s, 4H,0CH2C6H,
6.56 - 7.67 ppm (m, 13H, aromatic).
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The CI mass spectrum of 12 displayed a parent ion (MH")
at mass 347 (relative intensity, 100%) and fragment ions at m/e 329

(MH' - H,0; 10.6%), and at 257 and 255 (MH' - 90 and Mi' - 92; 37.8%
and 10.3%), due to various modes of debenzylation. The EI mass

spectrum displayed a base peak at m/e 91 (100%), molecular ion at

346 (18.2%), and other peaks at 328 ( (M-H,0):, 0.2%), 303 ( (M-cCHA)',
0

0.7%) and 255 ( (M-ch,)", 4%).

During an early experiment when solid 12 was not obtained,

the 2,4-dinitrophenylhydrazone (DNPH, 76) derivative was prepared by

standard procedures (Shriner et al., 1964). The yellow product melted

at 108° - 109°C. and its CI mass spectrum showed a prominent ion at

MH." 527 expected of the 2,4-DNPH derivative which has the empirical

formula C29526N496 and molecular weight of 526. Additionally, the

PMR spectrum was fully consistent with the expected structure of the

DNPH derivative 76 (see experimental section).

The solid form of 12 was used in the preparation of the

deuterated propanones, 11 and 13. Winnik (1973) has reported that

phenyl-2-propanone (77) can undergo selective deuterium exchange

(see below). Treatment of the propanone in D.,0 and pyridine at room2

- - - - - --
Pyridine

-- - - - - - -C&HS-CH2-g-CH3 -> C6H5-CD2-C-CH3
| D20, 25 ||
O O

77 78

D,0, pyridine,reflux

C, H.--CDA-C-CD Pyridine > C. H. -CHA-C-CD6*5 °2 3 O 6°5 “2 3
|| H20, 25 |
O O

79 80
--
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temperature led to exchange of the benzylic protons to yield 78

but not the methyl protons. Treatment in a refluxing mixture of

D20 and pyridine resulted in exchange of all the alkyl side chain

protons to form 79. Treatment of the d;-propanone 79 in a H,0-
pyridine mixture at room temperature caused back exchange of the

benzylic deuterium atoms to yield the do-propanone 80. Winnik3

used a D,0-to-propanone molar ratio of abour 8:1; the deuterium

enrichment of the D20 used was not stated. In a theoretical paper,

Buser et al. (1960) made some suggestions concerning optimal D,0-to2

substrate molar ratios, number of exchanges, and D,0 purity. The2

ultimate degree of deuterium incorporation depends on the deuterium

content of the D20 used. Buser et al. (1960) calculated that a

compound containing four equivalent exchangeable protons theoretically

would contain about 67% of the da species if the compound were

equilibrated five times with a 20-fold molar excess of 92% D20; 92%

d, if in 98% D,0; and 98% d4 2 if in 99.5% D20. To obtain 95% purity4

of a da-compound these authors suggest a minimum of three exchanges in

a 10-fold molar excess of 99.5% D20. The maximum purity to be

expected would be about 98% d A molar ratio larger than 20:1 has4."

no advantage provided five exchanges are performed (Buser et al., 1960).

This was the ratio used in our synthesis of the d;-propanone 22.
The preparation of 1-(3,4-dibenzyloxyphenyl)-2-propanone

1,1,3,3,3-ds (11) was carried out in a three neck flask fitted with

Dean-Stark trap, condenser and a nitrogen inlet. Between exchanges

the D20 was removed by azeotropic distillation with pyridine and the
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volume of D,0/pyridine removed was measured after withdrawing it

from the Dean-Stark trap. By this technique the appropriate amount

of dry pyridine and D20 to be added could be determined. PMR spectra

can be run directly on the pyridine-do O solutions to follow the rate2

of exchange of protons. Peak areas are compared to those of the

0-methylene protons. These reagents were added to the reaction

system (under a dry N., atmosphere) via syringes without exposing any2

of the reactants to atmospheric moisture. After the third 24 hour

exchange (fourth in >20 g samples) the solvent volume was reduced by

distillation. The remainder was removed under vacuum (~20 torr) on

a rotary evaporator; dry ice traps between the reaction flask and

the water aspirator protected the deuterated compound from exposure

to water. The purified-propanone-d; 11 was obtained in essentially
quantitative yield by high vacuum distillation (190° - 195°/0.005 torr)

in a Kugelrohr (bulb-to-bulb) distillation apparatus. An air-driven

motor rotated the distillation flasks back and forth which prevented

any undesirable material from bumping over from the distillation bulb.

The distilled product solidified after cooling to room temperature

(mp 36.5°C., the same mp as the unlabelled propanone 12). The EI

mass spectrum of the de-propanone 11 was similar to that of the5

unlabelled propanone 12 except that all peaks were shifted to

corresponding higher m/e values ([M]+, (351 (intensity relative to

base peak, 15.7%); 333 (0.2%); [M-CCD, ■ º, 305 (0.7%); IM-cyli,j}, 260||
O

(0.2%); cyli,', 91 (100%).
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The intensity of molecular ions observed in EI mass

spectra can be used to determine the degree of deuterium

incorporation. After comparison of the spectra of the deuterated and

unlabelled propanones and correction for 13c and 18o isotope

abundances and (M-1)* contributions, the deuterium enrichment was

calculated to be 97% of that expected. The isotopic composition of

ll was comprised of 85% - d , d15% — da, and 0% – d. d1, and d5 * 3’-2 O'

Therefore, in a 100 molecules, 85 will contain 5 deuterium atoms

each and 15 will contain 4 deuterium each for a total 485 deuterium

atoms out the 500 expected if each of the 100 molecules were to

contain 5 deuterium atoms. This means that the enrichment is 485/500

or 97% of the expected theoretical 5 deuterium atoms per molecule.

From the *H-NMR (PMR) spectrum it appears that the

propanone ll was deuterated essentially completely in the methyl and

methylene groups oc to the carbonyl group. However, both the geminal

*H_*H coupling constant (~2.3 Hz for CH,DC-) and the shorter spin-spin

relaxation time (T2) for deuterium atoms have the effect of broadening

the observed signals. In PMR spectra of compounds having high but

not complete deuterium enrichment, the broadened peaks may be

indistinguishable from baseline noise. Integration of the peak areas

could give the impression that the compound has greater deuterium

enrichment than it actually does.

PMR spectra could no longer give any structural information

about the alky1 side chain of the propanone-d CMR (**c-NMR) spectra5’

of 11 and 12 were obtained as an added check on the idenity of the
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deuterated compound. Table 2.3 summarizes the assignments of the

peaks in the proton-decoupled CMR spectra of 11 and 12. The

carbonyl carbons absorbed farthest downfield fo all the signals. A

small isotope shift of +0.15 ppm (downfield) was observed for the

CD,C(=O)CD3 carbonyl carbon signal compared to the chemical shift of

the CH,C(=O)CH, carbonyl carbon at 207.91 ppm (downfield from TMS;

solvent, CDC13). This is in the same order as the NMR isotope shift

of +0.28 ppm observed for the carbonyl carbon of acetone—de compared6

to acetone-do (Maciel et al., 1976). The multiplicity of the CP2
methylene carbon signal displayed the expected quintet (2N+1

multiplicity; relative peak intensities 1:2:3:2:1; J = 20.0 Hz)13c-D
which was centered at 50.1 ppm, 0.6 ppm upfield from the CP2

methylene carbon signal at 50.7 ppm. The CD3 methyl carbon displayed

a septet (relative peak intensities 1:3:6:7:6:3:1; 913 = 19.6 Hz)
C-D

and centered at 28.0 ppm, 1.1 ppm upfield from the CHA methyl carbon3

signal at 29.1 ppm. The observed values are in 1jne with those

reported for acetone-de : NMR isotope shift, -0.8 ppm (upfield);

*13 = 19. 3 Hz (Colli, Gold, and Pearson, 1973). The signals for
C-D

aromatic carbon atoms were assigned tentatively as listed in Table 2.3.

Assignments were based on comparison of these spectra with those of

related compounds and on a table of 13c substituent effects on

substituted benzenes (Levy and Nelson, 1972). As expected, the

chemical shifts of the aromatic carbons in 11 and 12 were the same.

Since it was the alky1 side chain carbons which were of interest,

further detailed assignment of the aromatic carbon CMR peaks was not

persued.
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Table 2.3: Tentative assignments of peaks in proton-decoupled CMR
spectra (25MHz) of 11 and 12 (see text for discussion).

12, R=H

C6H5CH2O 11, R=D
(1t 6") !'

C6H5CH2O

CARBON (type) CHEMICAL SHIFT (ppm downfield from TMS)

12 11

C-2 (C=O) 207.91 208. 06

C-4" (Ar) } 149.9 149.9C–3' (Ar) 149.1 149.1
C-1" (Ar) 138. 1 138. 1
C-1" (Ar)
C–3" (Ar) 129.2 129. 2
C-4" (Ar) 128.6 128.6
C-2" (Ar) 128. 1 128. 1
C-6' (Ar) 123.2 123.2

C—5' (Ar) } 117.0 117.0C–2' (Ar) 116.0 116.0

C-7' (CH29) 71. 7 71. 7
C-1 (CH3CQ) 50. 7 50.1%
C-3 (CH3CO) 29.1 28.0 kºk

* - -quintet, J 20.0 Hz13c-p

** septet, J = 19.6 Hz13c-D
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The da-propanone 15 was prepared by back exchange of the

benzylic deuterium atoms by protons when a solution of de-propanone 115

in pyridine-H,0 was stirred at room temperature. Five 12 hour2

exchanges were required. Between each exchange the solvent was removed

by freeze-drying. After distillation of the product the yield was

greater than 95% and the melting point of the solidified product was

36.5°C. The PMR spectrum indicated that exchange of the methylene

protons was not complete and that the do-propanone was actually ~ 95%3

CDAC and ~90% CH,C. These figures indicate that the d3 -
3-propanone is

"103% da"; this suggested, as the EI mass spectrum confirmed, that

some propanone-d, was present. More important than the overall4

deuterium enrichment is the amount of da-labelled propanone 15 compared

to the amount of do- Or dº-propanone (12 or 11 ) contaminant in the

sample of 15. The EI mass spectrum shows the presence of a mixture

of deuterated analogues in the "d,-propanone" 15 – 21.3% d. , 67.6% da,4 *

11.1% d2 and no detectable amounts of do-, di- Or d5– propanone.

These values were corrected for 13c and 180 contributions to (M+1):
+

and (M+2). ion intensities. It was decided that if the do-propanone3

(15) could be converted to the da-hydantoin (81; cf. 16, Figure 2.1)3

without back-exchanging any of the do-propanone to the do-propanone3 0

this material would be sufficiently enriched to prepare the internal

standard, Q-MD-d., (5).3

Hydantoins are usually prepared by the reaction of a ketone,

potassium cyanide, and ammonium carbonate in hot or refluxing ethanol

and water. However, such treatment would probably lead to the exchange
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C6H5CH2O CR3

C6H5CH2O 2—NH

82 :
--

16 : R = R' = D

R - R - H

81
--

R - D R - H

of the labelled propanone. Therefore, milder conditions were

required. Since all reactants were soluble in methanol the reaction

was studied first with unlabelled compounds in methanol at room

temperature instead of a refluxing ethanol-water mixture. Following

an 18 hour reaction time the reaction flask was full of fine, white

needles. The hydantoin 82 was obtained in 95% yield and melted at

184.5°-185°C. (lit. mp : 188°, Hohenlohe-Oebrigen and Call, 1968;

182°–184°, Ames, 1974). The CI mass spectrum displayed a parent ion

at 417 consistent with a compound with empirical formula C25H2AN294
and molecular weight 416. Fragment ions of the unlabelled hydantoin

82 and of the labelled hydantoins, 16 and 81, are listed in Table 2.4.

The [MH-90]" and [MH-92]” peaks are associated with different modes

of debenzylation. The MH-1681" peak was not assigned but is listed

in Table 2.4 since all three hydantoins displayed this peak. This

peak was reported for the *c-labelled hydantoin, but also was not

assigned (Ames, 1974; Ames and Castagnoli, 1973). The [MH-180]." peak
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is associated with the bis-debenzylation of the hydantoin. The peaks

at 181 and 91 arise from 1 oss of benzyl groups. These last three

peaks are common in CIMS of 3,4-dibenzyloxy-substituted catechols

(R. Weinkam, personal communication).

The labelled hydantoins were prepared in a similar manner

to give high yields of the desired hydantoin -d 2 81 and hydantoin-d3 5

16. The reaction conditions for the preparation of 16 were modified
-- * aw

from those above to prevent loss of label by back-exchange in the

case of propanone-d; 11. The reaction was carried out in methanol-O-d
in the presence deuterated ammonium carbonate, whereas MeOH was used

in the preparation of the hydantoin-da 81. Ammonium carbonate-ds

was prepared by sublimination of ammonium carbonate from hot D20
solutions. The procedure was performed six times to ensure high

deuterium incorporation. From the CI mass spectra it was estimated

that the hydantoin-da 81 contained an overall enrichment 94.7% of the

theoretical da (2% da, 75.3% da,
for the basis of this calculations). The deuterium enrichment in the

19.6% d2, and 3.1% di (See p. 189)

hydantoin-d 16. was 95.6% (3.3% da). From the mp and spectral data

it appears that the desired hydantoins can be prepared in high yield

under room temperature reaction conditions. These conditions also

permitted a high enrichment of deuterium in 16 and 81 from the

precursor propanone-ds and –d4. respectively, without any significant5

contaminating do species.O



Table2.4:Summaryofthem/evaluesforthemolecularandfragmentionsofthe

o'-43,ds(82,81and16,
respectively)obtained
byCIMS.

Therelativeionintensitiesarewrittenin
parenthesesandareexpressed
as

hydantoin-d
a

percentage
ofthemolecularion(basepeak)intensity.

MolecularIonFragmentIons

Compounds
+++++

[MH][MH–90
J

[MH-92][MH–168][MH–180]18191

hydantoin-do,
82417(100)327(25.4)325(4.1)249(11.3)237(5.3)181(38.9).91(22.6) hydantoin-ds,

81420(100)330(13.8)328(8.6)252(48.3)240(20.4)181(41.4)91(23.1) hydantoin-de,
16422(100)332(53.8)330(36.6)254(17.2)242(11.6)181(23.6)91(15.5)

5”

§
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R’ R’

C5H5CH2O º
HNTS2

C5H5CH2O 2—ºr
82 : R = R' = H

16 : R = R' = D

81 : R = D; R' = H
--

Hydrolysis of hydantoins to yield corresponding O-amino

acids may be achieved under either acidic or basic conditions

(Ware, 1950). Basic hydrolysis conditions were chosen because the

benzyl protecting groups are stable under basic conditions but are

cleaved under acidic conditions. The hydantoins 16, 81, and 82 Were

hydrolyzed in aqueous ethylene glycol or methyl carbitol solutions

containing barium hydroxide. Ames (1974) found that increasing the

reaction time from 36 hours to 72 hours and performing the reaction

in a Teflon flask simplified isolation of the product and improved

the yields (from 65% to 98%). In the present study it was noted

that yields were 10wer if the reactants did not dissolve completely in

the reaction medium. It was helpful to maintain maximum solubility by

mixing the ethylene glycol solution of the hydan to in with the

aqueous barium hydroxide solution while both solutions were near the

reaction temperature (ca. 100°). The barium hydroxide solution was

decanted to remove any insoluble barium carbonate and the reaction

mixture was maintained under an atmosphere of nitrogen to prevent the
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formation of more barium carbonate from atmospheric CO Excellent2 ”

yields (ca. 97%) of 3,4-dibenzyl-a-MD-3, (16) were obtained when

dilute solutions of the reagents were heated for 48 hours.

CMR spectra of 83 and 84 were obtained. The following

assignments were made on the basis of those reported for related

compounds (Kelley et al., 1976; Levy and Nelson, 1972) and those

observed for Q-MD. The O-methyl carbon of the unlabelled compound 83

had a chemical shift of 22.9 ppm (downfield from TMS in DMS0-dg).
This signal was not detected in the CMR spectrum of the labelled

compound 84. In comparison of 84 with 83, there were minor, perhaps

insignificant, upfield shifts in the COOH and C-C-CO., H carbon signals2

at 171.7 vs. 171.8 ppm and 60.2 vs 60.3 ppm, respectively. Both had

the same chemical shifts for the aromatic carbons in the 114.3 —

147.9 ppm range. In addition, the OCH, (70.1, 70.2) and CH2C (41.2)

chemical shifts also were the same. These and other spectral data

as well as mp indicate that the products from the hydantoins-do, -da,
and –d5 are the desired dibenzyl analogues of a-MD-do, -da, and -ds,
respectively.

* • * *

R. R. CR3 R R 2CR3
C6H5CH2O CO2H HO CO2H

-->

C6H5CH2O NH2 HO NH2

83 : R = R' = H
-

10 : R = R' = H

17 : R = R' = D 18 : R = R' = D

84 : R = D; R' = H 5 : R = D; R' = H
•w - -
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The amino acid 83 was bis–0-debenzylated by stirring it

for 18 hours at room temperature in a heterogenous mixture of

benzene and concentrated HCl (Ames, 1974; Brossi and Teitel, 1970).

This reaction was carried out under an atmosphere of dry nitrogen

to prevent oxidation of Q-MD. The debenzylated product 10 isolated as

the hydrochloride salt was extremely hygroscopic. Such a hygroscopic

compound was unsuitable for use as an internal standard. To permit

accurate weighing of Q-MD, the non-hygroscopic free base was required.

This was prepared by treating an ice-cold aqueous solution of O-MD HC1

with triethylamine until the pH was 5.5, the isoelectric point of O-MD

(Lippold and Jaeger, 1973). The operation was performed under an N 2

atmosphere with solvents which previously had been purged with N A2 ”

white precipitate usually formed within one hour. Acetone was

added to ensure complete precipitation of Q-MD (Bloomquist et al., 1973).

Yields varied from 68% to 90%. Various other bases (diethylamine,

ammonium hydroxide, aqueous hydrazine) have been used to precipitate

o-MD free base from solutions with final pH values ranging from 4.5

to 8.0 (Stein et al., 1955; Reinhold et al., 1968; Weinges et al.,

1971).

Because the yields of Q-MD (free base) isolated from its

hydrochloride salt were variable, another method yielding the free

base was tried. Atmospheric pressure catalytic hydrogenolysis of

the 0–benzyl protecting groups of 3,4-dibenzyl-O-MD (free base) in

methanol was found to proceed completion within 35 – 45 minutes.
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No additional hydrogen was taken up over the next hour. The yields

of O-MD were practically quantitative by this method. The catalytic

reduction of 17 to a-MD-d; was under taken in methanol-0—d with

deuterium gas because there was a report that benzylic protons may

exchange partially (ca. 85%) under these conditions (Chamberlin,

1964). Hydrogenolysis employing hydrogen at this stage could have

led to loss of label.

The samples of oz-MD by either method had mp ca. 300° (1it.

mp 300°–301°; Stein et al., 1955). The PMR spectrum of the Q-MD

prepared was the same as that of authentic material received from

Merck: 1.74 ppm (6) (s, G-CH3); 3.25 ppm (AB quartet, BT 15 Hz,"A
"ABT 14.3 Hz, CH,C); 6.78 – 7.25 ppm (m, Ar–H). The PMR spectrum of

a-MD-da (87) was similar except that the peak at 1.74 ppm was greatly

diminished (integrated for ca. 6.5% of expected protons) and the

AB quartet at 3.38 had parameters "Ab" 14 Hz and "AB" 12. 1 Hz. The

CMR peaks for 10 were assigned as follows by analogy to the reported

CMR spectrum of Dopa (Kelly et al., 1976).

TABLE 2.5: *c-chemical Shifts in Aqueous Solutions of Q-MD and

dopa (with dioxane as internal standard at 66.5 ppm)

C-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 C-9 C-10

O-MD (R-CHA) 124.6 117.9 141.1 143.8 116.5 121.6 41.5 60.8 173.3 21.5

126.4 117.1 144.3 143.7 ll6.6 121.9 35.1 54 - 5 171.7 -Dopa (R=H)
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The CI mass spectra of Q-MD-d d., , and -do' Tº 3 5

tris-(PFP) ethyl ester derivatives (170, 189a, 189b) displayed the
- - -

, as their

expected molecular ions (678, 681, 683) and fragment ions associated

with loss of ethanol (632, 635, 637) and with loss of HCO2C2H5 (604,

607, 609).

R ■ '
PFFO $2CO2C2H5

PFPO NHPFP

tris-(PFP) ethyl ester of: a-MD-do (R=R'-H) , 170- - -

a-MD-d, (R-D R-B) , 189a- - -

a-MD-d; (R=R'-D) , 189b- - -

As calculated from the mass spectra, the deuterium enrichments of

the labelled compounds o-MD-d, (5) and a-MD-d; (18) were 91.3% and

98.0%, respectively, of the expected amounts. Although a-MD-d, Was

comprised of about 91% of the total do-enrichment expected (75.9% d3

21.1% d2. 1.9% d, ), an examination of the CI mass spectrum of the

3”

tris-(PFP)-a-MD-d, ethyl ester (189; Figure 2.11) established that

the do contribution is probably s 0.1%. The peaks associated with

the da- and d2- species are off-scale in the upper scan and the peak

height at the m/e value for the do-species is about one-half that of

the noise level. Clearly, this amount of do contaminant will not
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& 3

■
**—- AW

681 636 607

MH" (MH" - EcoH) (MH" - Hco, Et)

Figure 2.11: Partial isobutane chemical ionization mass spectrum

of tris-(PFP)-a-MD-d, ethyl ester (189a), MW 680.
---
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contribute significant errors in determining levels of Q-MD when

the peak heights are about the same order of magnitude for Q-MD-d 3

standard and a-MD-do sample as it was in the assays in the present

study. Q-MD-d., (5) was used as the internal standard in our assays,3

as mentioned elsewhere, since it was found that some tissue samples

occasionally manifested a peak at m/e 683, coinciding with the peak

for tris-(PFP)-O-MD-de ethyl ester (189b). The source of the ion was5 ---

not identified, but even its occasional appearance precluded the use

of a-MD-d; as an internal standard.
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Resolution of g-Methyldopa-da

Since the use of a-MD-d, in some in vivo metabolic studies

was anticipated, resolution of g-MD-d, was undertaken to isolate

(S)-O-MD-d., . It is only L- or (S)-(–)-O-MD which is metabolized3

in vivo, acts as an inhibitor of L-Dopa decarboxylase, and has

antihypertensive activity (Tristram et al., 1964; Yamada et al., 1965;

Duhm et al., 1965; Ames et al., 1977; Hess et al., 1961; Porter et al. ,

1961, Gillespie et al., 1962). Methods for preparing (S)-O-MD were

reviewed in the preceding section describing reported syntheses of

unlabelled O.-MD. These methods were not used because they were not

compatible with the synthetic scheme chosen or else they were published

following the completion of the resolution described here.

Some methods are available for resolution of racemic C-MD

by preferential crystallization procedures. However, these are more

appropriate for large scale resolutions than for small scale (1 g)

experiments (Jones et al., 1963; Yamada et al., 1973; 1975). Further

more, these methods required that resolved material was already

available for seeding the solutions of the racemic amino acid being

resolved. Another method for the resolution of (RS)-O-MD has been

reported (Tris tram et al., 1964) and has been used successfully in the

resolution of small amounts (i.e. , 1 g) of labelled Q-MD (Duhm et al.,

1965; Au et al., 1972 Ames et al., 1977). In this method racemic o-MD

(free base) is converted to the corresponding N, 3,4-triacetyl

derivative 85 in reluxing pyridine and acetic anhydride. Treatment of

(RS)-N, 3,4-triacetyl-O-MD with quinine in acetone led to the rapid
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CR3 CR3
HO CO2H A*29 – Aco CO2H

py

HO NH2 AcO NHAC

10, R-H 85, R-H
3, R=D 87, R=D

CR3

quinine ºr-ºw
• r * * + r +

quinine salt

(CH3)2CO AcO NHA c

(S)-86 (R=H) (precipitates from acetone)
(S)-88 (R-D)

—º

CR3

ºrrº • quinine saltAcO CO2H

(R)-86, R=H (soluble in acetone)

(R)-88, R=D

çR3

(S)-86 dilute 1. 6N HC1 HO Sºrrºr--- [.

(S)-88 HC1 A NH

--> 2 Etºn HO 2(S)-10, R=H

(S)-5, R=D

Figure 2.12: Scheme of chemical pathway for resolution of Q-MD

(10) and g-MD-4, (5) (Tris tram et al., 1964).
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precipitation of the (S)-(–)-N, 3,4-triacetyl-O-MD quinine salt (86).

The (S)-isomer of the acetylated acid, (S)-85, was freed from the salt

by treatment with dilute HC1 at 0°–5°. Subsequent hydrolysis

(S)-N, 3,4-triacetyl-O-MD in refluxing 6N HC1 followed by treatment

of the resulting (S)-O-MD HC1 with ammonium hydroxide afforded the

free base of (S)-O-MD (Tris tram et al., 1964). The acetylation of

(RS)-O-MD-d., was carried out in refluxing pyrdine and acetic anhydride3

(both freshly distilled) under an atmosphere of N Unfortunately the2 *

isolated yield of the triacetyl derivative of Q-MD was found to be

variable, 50%–75% (Ames, 1974; results, this study). In one experiment

about 1 g of Q-MD-do was lost because none of the triacetyl derivative3

could be isolated from the tarry reaction product when "recently"

distilled reagents were used; 63% yield was obtained when reagents

were distilled just before use. It should be noted that 4-dimethyl

aminopyridine (DMAP) and 4-pyrrolidinopyridine (PPY) have been used as

highly active asylation catalysts which are up to 10° times more

active than pyridine (Review -- Hofle et al., 1978). DMAP and PPY are

useful in acylating sterically-hindered secondary or tertiary alcohols

or phenol when the pyridine catalyzed method fails. Often the

reaction takes place at room temperature. Although these reagents

have been used seldomly for acylating amines, there is a paper which

reports the relative rate constants (in parentheses) for amine

catalyzed acylation of 3-chloroaniline with benzoyl chloride in

benzene for the following amines: N,N-di-methylaniline (0.1);

triethylamine (0.072); 2,6-dimethylpyridine (0.03); pyridine (1.80);



4-methylpyridine (10.0) and DMAP (10,600) (Litvinenko and Kirichenko,

1967). The author became aware of the catalytic properties of DMAP

only recently. It appears that DMAP would be worth studying in

connection with the acylation of Q-MD. Perhaps the potentially

milder reaction conditions of acetylation using DMAP and acetic

anhydride would lead to higher yields of triacetyl-O-MD.

The PMR spectrum (CDC1 ö) of the triacetyl derivative 87,3”

had signals (singlets) at 2.22 and 2.20 ppm associated with the two

acetoxy-CH, protons and at 1.94 ppm, assigned to the N-acetyl

protons. The PMR resonance absorption of benzylic methylene protons

adjacent to an asymmetric carbon usually is characterized as an AB

quartet (JAE * 13 Hz, = 12 Hz) but was recorded here as a broad"AB
singlet centered at 3.38 ppm. The base peak (MH") in the CI mass

spectrum was at mass 341 as expected for N,0,0-triacetyl-a-MD-da
(87), C16516N0793P3, molecular weight = 340; fragment ions appeared

at m/e 323 (MH'-H,0), 299 (MH" - c(=O)CD.), and 295 (MH"-co, , ;
decarboxylation). A minor peak at m/e 257 and one at 299 could arise

from small amounts of mono- and diacetylated O-MD-do or they could be3

fragment ions of triacetyl-O-MD-d The metastable peak at ca. 262.23 *

(299°/341 = 262. 17) suggests that the m/e 299 ion is a fragment of the

molecular ion at 341. Within the limits of error for integrating PMR

peak areas, it appears that the acetylation was complete. Furthermore,

the mp (190 – 193°C) agrees with literature values (191° – 193° and

197° - 199°; Ames et al., 1977; Tristram et al., 1964).
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Formation of the quinine salt of triacetyl-a-MD-d, (88)

followed readily at room temperature after mixing triacetyl-a-MD-d,
with a 10% excess of quinine in acetone. Similar to the experience

reported by Ames (1974), the mp 138° – 149°C for 88 was much lower

than the mp 164° – 166°c for 86 reported by Tristram et al. (1964).

As suggested by Ames, this lower mp may reflect the degree of

enantiomeric impurity in the quinine salt. It could also indicate

that acetylation of C-MD-d, did not go to completion. After freeing

25 -
589

–59.2° for (S)-87 also lower than reported range of values of –64.8°

3

(S)-87 from its quinine salt, (S)-88, the specific rotation [O]

to -74.5° (Ames, 1974; Tristram et al., 1964). A second resolution

of this compound resulted in an increase in the specific rotation to

–65.1° but there was no significant change in the mp (175° – 179° to

176° – 178°). An specific rotation of –65.1° is equivalent to 87.5%

optical purity or 93.8% enantiomeric enrichment based on the specific

rotation of -74.5° for 100% (S)-O-MD.

Gal and Ames (1977) reported a GC method for determining

enantionerie purity of Q-MD. Carbon-13 labelled (S)-O-MD prepared

by Ames (1974) which had specific rotation equal to –68.7° was shown

to be at least 98% optically pure. On the basis of high enantiomeric

purity associated with "low" specific rotation, it was considered

worthwhile to use this GC procedure to check the enantiomeric purity

of the C-MD-d a resolved as its triacetyl derivative. The resolved3

triacetyl-O-MD-d (S)-87, was freed from its quinine salt by3”

treatment with cold dilute HC1 and was extracted from the aqueous
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phase with ethyl acetate. Hydrolysis of S-87 with refluxing 6N
--

hydrochloric acid yielded (S)-a-MD-da-HC1 which was converted to its

free base by treatment of a concentrated aqueous solution of the HC1

salt with distilled, nitrogen-purged trimethylamine as described

earlier. The grey-coloured 3-MD-da melted at 300° – 305°c (lit. mp3

306° – 308°, Tris tram et al., 1964). The product was dissolved in a

minimum about of water at room temperature. The solution was shaken

with so, treated decolorizing charcoal. The mixture was centrifuged

and the supernatant solution was transferred to a flask cooled in a

dry ice-acetone bath. The frozen a-MD-d, solution was lyophilized to

yield a white product with mp 308° – 310°.

The enantiomeric purity of (S)-O-MD-d, was determined using3

the method of Gal and Ames (1977). In their method the carboxy- and

phenolic hydroxy groups of (RS)-Dopa and (RS)-O-MD were methylated

with diazomethane. As the reaction time was increased, the amount of

N-methylation and dimethylation increased (Gal and Ames, 1977; Suida,

1975). Next, the 3–0, 4-0-dimethyl-o-MD and Dopa methylester

derivatives (179) and 196, respectively) were treated with (S)-o-

methoxy-O-trifluoromethylphenyl-acetyl chloride (89) to yield the

corresponding N-acylated derivates (180 and 196, respectively).
- - -
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Figure2.13:

:

El

GC
tracings
of

N-[(S)-O-methoxy-o-trifluoromethylphenylacetyl]
derivatives180of

methylated(S)-O-MD(tracingA),(RS)-O-MD(tracingB),and(S)-a-MD-da(tracingC). Themeasuredretentiontimesforthesederivateswere20.6minutes
in(A);21.1and 23.3minutesforthe(S)and(R)-O-MDderivates,respectively

in(B),and20.6 minutesforthederivative
of

(S)-2-MD-d,(180c)in(C).
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The parent acid 90 of 89 was prepared first in the laboratory

of Dr. H. Mosher; hence the name Mosher's acid (Dale et al., 1969;

Hub and Mosher, 1970). This chiral reagent has been used to

determine enantiomeric purity of amines, alcohols, diols, phenyl

glyoxylic acid, and amino acids by GC and by *H- and *F-NMR of

the corresponding Mosher acid derivatives (Dale et al., 1969, Dale

and Mosher, 1970; Ejchart et al., 1971; Nichols et al., 1973; Gal,

1977b; Gal and Ames, 1977). By gas chromatography of the trimethyl

acylated-derivatives of (S)-O-MD, (RS)-O-MD and (S)-O-MD-d 180 a ,3 (180
b,c), it was determined that the derivatives of the (R)- and (S)-O-MD

could be separated easily (retention times, about 21 and 23 minutes,

respectively) and that (S)-O-MD-d., was at least 98% pure (S)-isomer3

with only about 2% contamination with the (R)-isomer (Figure 2. 13).

This degree of enantiomeric purity was suitable for in vivo metabolic

studies. Although this deuterium labelled (S)-O-MD was only 92%

deuterium enriched (CIMS determination) it was suitable for use as

an internal standard since there was no significant (< 0.1%) do
contaminant.

O-METHYLDOPAMINE (C-MDA)

Reported Syntheses of Unlabelled and
Labelled Q-MDA and Re1ated Isopropylamines

The first reported synthesis of Q-MDA appeared in 1910.

Starting with 1,2-dimethoxy-4-(2-propenyl)benzene (91), Mannich and

Jacobsohn (1910) prepared the corresponding 1- (3,4-dimethoxyphenyl)-

2-propanone (33) via the dibromide 92, bromohydrin 93, and epoxide 94
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intermediates. The oxime derivative 95 of the propanone was reduced

to the corresponding amine with 3% sodium amalgam and Q-MDA (8), as its

3,4-(CH2O)2–Cºha-CH=CHCH,
91 92, Ar=3,4-(CH30)2C6H,-

> Arch(Br) CH(Br) CH,

O

/\
—C. Arch(Br)cH(OH)ch, —C- Arch-CH-CH,

93 94

--> - —X. - I - I - -Arch,0( O)CH, Arch, C(=NOH) CH3

33 95

–X Arch,-CH(NH2)-CH, — O-MDA HBr

8 * HBr

halide salt, was obtained by 0-demethylation of 96 with hydroiodic

acid. Also starting with styrenes (cis- or trans-2-(3,4-dibenzyloxy

phenyl)-2-butene, 97), erythro- and threo-O-methyl homologs of C-MDA.

The intermediate cis-epoxide 98 was ring-opened to yield the

corresponding erythro-butane-2,3-diol 99. This diol was treated

with tosyl chloride in refluxing benzene to yield the 3-butanone 100.
---

The threo-aminobutane 102 was prepared by reducing the oxime derivative
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101 of the intermediate ketone with sodium bis (2-methoxyethoxy)
- - -

aluminum hydride. When LAH was used as the reducing agent a 3:1

0
/\

cis-3,4-(C6H3CH20) 2-Cel5C(CH)-CHCH > Arº-CHCH,
CH

97 3
- -

cis-98, Ar=3,4-(ceh;CH,0) ,-
C6H3

OH º|

-> Arc(CH2)CHCH —X. Arch(CH2)C(=O)CH,

erythro - 99 100

-> Arch(CH3)c (=NOH)CH, —X. Arch (CH2)CH(NH2)CH,
100 threo — 102
--> -- - - -

mixture of the threo- and erythro-amines was obtained. The erythro

isomer was prepared stereospecifically by treatment of the mesylate

194 of the threo-alcohol 103 with sodium azide in DMF followed by

reduction of the resultant erythro-azide 105 with LAH.

Arch(CH2)CH(OH)ch, —X. Arch(CH2)CH(oso,CH2)CH,
threo - 103 threo — 104

--- - - -

> Arch(CH2)CH(N3)CH —S. Arch(CH2)CH(NH2)CH,3

erythro – 105 erythro – 102
- - - - - - -
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Similarly, Sommers and Weston (1951) have prepared 3-benzyloxy-4-

methoxy- and 4-benzyloxy-3-methoxyphenylisopropylamines (yields

40–56%). LAH has been used successfully for the reduction of a

number of other oximes to amines, but the yields are only moderate

to low (40–70%) (Yoon and Brown, 1968). Better yields (80-95%) can

be obtained by using aluminum hydride (AlH4) and the reaction is

complete within 30 minutes compared to 3–8 hours required for LAH

reductions (Yoon and Brown, 1968). During LAH reductions of oximes,

the formation of side products such as a ziridines and secondary

amines (e and c in schemes below), both of which have been isolated

and characterized, may account for the lower yields of the desired

primary amine b (Kotera et al., 1968; Kotera and Kitahonoki, 1969;

Smith et al., 1952; Yoon and Brown, 1968). The secondary amines (c)

may arise from an initial Beckmann rearrangement of the oxime (a)
prior to reduction (e.g. Scheme A, below; Yoon and Brown, 1968). On

the other hand aziridines (d) may form as a consequence of the LAH

reduction of an azirine (d) an intermediate which probably arises

from an unsaturated nitrene (see Scheme B below; Kotera and

Kitahonoki, 1969; Kotera et al., 1968). AlH4 reductions of oximes
lead to higher yields of primary amines and smaller amounts of

contaminating secondary amines (Yoon and Brown, 1968).

The methods of Mannich and Jacobsohn (1910) and of

Smissman and Borchardt (1971) allow for the incorporation of only one

deuterium in l-phenyl-2-aminopropanes. Amphetamine-o-d1 was prepared

by reducing phenyl-2-propanone oxime with lithium aluminum deuteride
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Scheme A: Pathway for formation of a secondary amine during

preparation of a primary amine via LAH reduction of an

oxime.

H-Aîh
3

LAH
C, He-C-CH (CHA) > C, He-C-CH (CHA)

6°5 ** (c.H.).0, 6'52 m 3’ 2
NOH 2°5’ 2 9N-0AH,

reflux 6)
a

ceh;CH-CH (CH3)2 1) LAH > Cah;CHCH (CH3)2
| 2) H20 |

:N : NH,

! b

c.H.-N-cºch■ ch.), *-*— c.H.-NH-CH,CH(CH.)
6*5 ** 2) H.o 6°5 2 3’ 22

C

Scheme B: Pathway for formation of an aziridine (e) during

preparation of a primary amine (b) via LAH reduction of

an oxime (a).

H
H |c.h.ch-c-clic. H. —”– c.H.-è■ ºc-ch.c. H

6°5°2 6°5 THF 6°5 i■ “2-6°5
NOH Q-oAIH,

G)
a

LAH
> C2H CH2C6H —C.6°5Sc – c’ 5 HAO

/ N + 2
H N

d

CzHs. CH C6H5
6'5"c – c. 2 + (C6H CH3)2CHNH2

H H
N
H

e
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(Foreman et al., 1969; Lindeke and Cho, 1972). Similarly,

reductive amination of the intermediate ketone with deuterated

sodium cyanohydridoborate leads to a monodeuterated product

(Borch et al., 1971). As described earlier, a monodeuterated

compound will not serve effectively as an internal standard.

However, the introduction of additional deuterium atoms at the

ketone 73a stage by deuterium exchange in basic media (Winnik,

1973); provides an opportunity to incorporate as many as 6 deuterium

atoms into C-MDA. This reaction sequence will be discussed later

in further detail.

Arch, (-0)CH, > ArcD,(c=0CD, -->

73a 73b

ArcD, (C-NOH) CD, > ArcD2CD (NH2)CD3

109b 112b

A second approach to deuterium labelled was available.

Reduction of nitrostyrenes 107 yielded directly 0-alky1

derivatives of Q-MDA and related isopropylamines 108 (Ramirez and

Burger, 1950; Bu'Lock and Harley-Mason, 1951; Pratesi et al., 1964;

Marshall and Castagnoli, 1973; Butterick and Unrau, 1974). Whereas

reduction of oximes 192a with deuterated LAH (LAD) yielded

o-deuteroisopropamines 110 (Foreman et al., 1969; Kotera et al., 1969;
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ArCHO
> Arch=c(NO),CH, —S

107

Arch,0H(NH2)CH,
108
---

Lindeke and Cho, 1972; Freed et al., 1977), LAD reduction of

nitrostyrenes 107 yielded C., 3-dideuterio-isopropylamines 111
- - - ---

(Lindeke and Cho, 1972). NaBD, reduction of 107 yielded the

corresponding 6-deuteronitroalkane which was subsequently reduced

with zinc dust in acid to yield the desired 6-deuteroisopropylamine

(Rotman et al., 1975).

Arch, CG-NOH) CH, —º-y Arch,CD (NH2)CH,

109a 110•v *w ºw.

Arch=c(No.2)CH, —Hº-> Arch (D) CD (NH2)CH,

197.
-

!!!,

1. NaBH
ArCH=C(NO.,) CH −% Arch(D)cH(NH,)ch

2” “3 + 2” -“32. Zn/H

107 112
**-v ~ * *

The terminal methyl group of arylisopropylamines also

can be labelled. Amphetamine-da (1-phenylisopropylamine-3,3,3-da Or

o-methylbenzeneethanamine-3,6,0-d 113) was prepared from the
----->
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intermediate 1-phenyl-2-propanol-3,3,3-da (114) obtained as the

Grignard reaction product from phenylacetaldehyde and methyl iodide-da.
The labelled alcohol was converted to its tosylate and the tosylate

to its azide which was reduced with LAH to yield the desired (+)-

amphetamine-da (Lindeke and Cho, 1972).

CH2CHO + CD3Mg1 —X. CH,CH(OH)CD,
114

1. TsC1

—X. CH2CH(NH2)CD3
2. NaNa,
3. LAH 113

---, -

Trideuteromethyl-labelled amphetamine 113 has been
- - -

synthesized stereospecifically from D- or (R)-(+)-phenylalanine.

Gal (1977), after modifying an earlier procedure for preparing

unlabelled (S)-(+)-amphetamine (Karrer and Ehrhardt, 1951), increased

the overall yield from 5% to 33% with isotopic and enantiomeric

purity both better than 99%. Phenylalanine (115) could be reduced
•w -- ~~

directly to the labelled aminoalcohol 116 without going through the
--~~

intermediate amino acid ester. The aminoalcohol was converted to the

ditosyl derivative 117 which was reduced to yield the labelled
* - -

sulfonamide. The sulfonamide was cleaved with naphthalene radical

anion (Li et al., 1967) to yield the desired amphetamine-da (113)- - -

without racemization of the asymmetric center adjacent to the nitrogen

atom (Jacobus et al., 1968; Gal, 1977). With this procedure (S)- or
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LAD
cgis-CH2-CH(NH2)CO2H > ceh, CH2-CH(NH2)CD20H

(R) – 115 (R) – 116

TsCl < ceh, CH2-CH(NHTs)CD,0Ts 1) Hº
py 2) Na, THF,

naphthalene
(R) – 117

cghs-CH2-CH(NH2)CD3

(S) – 113
- - -

(R)-113 could be prepared from (R)- or (S)-115, respectively, with

enantiomeric purity of at least 99%.

These procedures provide methods for incorporating one,

two, or three deuterium atoms regiospecifically into the side chain

of Q-MDA and related 1-aryl-2-aminopropanes. As discussed earlier

on the requirements for isotpically labelled internal standards, it

would be preferable to have more than one deuterium atom in the

labelled O-MDA internal standard.

A de-analog of Q-MDA was chosen as the internal standard

for the analysis of Q-MDA. a-MDA-de (3) was prepared by reduction of

the oxime 19 prepared from ll, a 1-aryl-2-propanone 1abelled by

exchange in D,0 and pyridine (see Figure 2.1, p. 165). This route2

was chosen because the labelled propanone 11 could be obtained in

good yield and because this one intermediate, 1- (3,4-dibenzyloxyphenyl)-

2-propanone-1,1,3,3,3-d; (11) could be used as the starting material

for the preparation of labelled Q-MDA (3) as well as labelled C-MD

(5 and 18) and C-MNE (4) as depicted in Figure 2.1.
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Synthesis of C-Methyldopamine-d 6

Unlabel1ed C-MDA has been synthesized in our laboratories

by reduction of the nitro group of the 0,0-dibenzylnitrostyrene (14)

with aluminum hydride (AlH4) followed by hydrogenolytic cleavage of

the 0-benzyl groups. Reduction of the nitrostyrene with Alh., gave3

better yields of amine than did LAH reduction (Marshal and Castagnoli,

1973). To obtain side-chain perdeuterated C-MDA one would have to

start with nitroethane-dg,3,4-dibenzyloxybenzaldehyde-formyl-d (118),

ammonium acetate-d's, and acetic acid-0-d to form the deuterated

nitrostyrene (119), and reduce 119 to 29. with A1D Because of the3 *

3,4-(C6H4CH29)2–Caha-CDo + CD3CD3NO2 —X.

118

3,4-(C6H3CH,0)2-Célig-CD=c(No.2)CD, >

119

3,4-(CeB,CH2O)2-C6H3-CD2CD(NH2)CD3 —> a-MDA-de
20

number and amount of deuterated materials need, this procedure was

less convenient and more expensive than the synthetic pathway (ll ->

19 - 20 - 3) outlined in Figure 2.1 (p. 165). Accordingly the unlabelled

analogs were used to check the feasibility of this synthetic scheme.

The oxime 120 of the unlabelled propanone 12 was prepared

by refluxing a solution of 12 and hydroxylamine hydrochloride in dry
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pyridine-ethanol for 2 hours. The IR spectrum of the crude product

showed that the carbonyl (C=O) stretching band at 1713 em." of the

3,4-(C6H3CH2O)2-C6H3-CH2-C(=O)-CH3 —X.

12

3,4-(ceh;CH,0) ,-cha-CH2-c6-NOH)-CH2—,
120
---

3,4-(C. He CH.,0) —CH -CH(NH,)-CH6H3CH20) 2-C6H3-CH2 3

121
---

starting ketone had been replaced by the imine (C=N) stretching

band at 1680 cm". The PMR spectrum (CHC1, , 6) displayed a broad3 *

peak at 9.63 ppm (N-OH; 1H), a complex multiplet between 6.55 and

7.53 ppm (aromatic H; 13H), two singlets at 5.00 and 5.02 ppm

(OCH2Ar; 4H), singlets at 3.63 ppm (syn - CH,C=NOH: 0.46H) and

3.38 ppm (anti - CH,C=NOH: 1.54 H) and two close singlets at 1.73

and 1.70 ppm (anti- and syn- HON-CCH, respectively; 3H) (Lustig,

1961; Karabatsos et al., 1963).

Arºl■ Arº
N N

OH HC,
syn-methyl anti-methyl

isomer of 120 is omer of 120
--- -- -
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The CI mass spectrum displayed peaks for the parent ion

MH' at m/e 362 and fragment ions at 344 (MH'-18, loss of water),

303 (MH'-59, cleavage between O. and 8 carbons), 272 (MH'-90) and

270 (MH'-92). The last two ions are associated with two modes of

debenzylation. These data are consistent with the structure of the

oxime (120) of 12 which has the empirical formula C23H23NO3 and

molecular weight 361. Although the oxime could not be obtained in

crystalline form, reduction of the oily product 120 with A1H2 did
--- 3

yield l- (3,4-dibenzyloxyphenyl)-2-aminopropane (121 whose mp

(121 HC1, 134°-135°) and PMR spectral data agree with those
reported by Marshall and Castagnoli (1973).

The deuterated oxime 19 was prepared by refluxing a dry

pyridine and ethanol-0-d solution containing the propanone-d; ll

and hydroxylamine-da-deuterochloride (ND,0D-DC1) under an atmosphere

of N2. In order to remove D20 formed during the reaction, the

reaction flask was fitted with a small Soxh1et extractor containing

about 3 ml of molecular sieves (1:1 mixture of 3A and 4A which had

been activated at 350°C and cooled to room temperature in a desiccator

containing phosphorus pentoxide). After two hours the solvent in the

reaction mixture was evaporated under vacuum on a rotary evaporator

and then dried at room temperature under high vacuum (0.05 torr).

D20 was added to the reaction mixture and the oxime was extracted with

diethyl ether. The solvent was evaporated under vacuum and the residue

was dried by azeotropic removal of water with carbon tetrachloride.

The PMR spectrum showed no methylene (CH,CO) protons but did show

about 3% methyl protons. The overall deuterium enrichment of the
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oxime-d; 26 as calculated from PMR data was 98.2% {(97% x 3) + 100%

x 2) / (100% x 5) = 0.982}. The C1 mass spectrum displayed a parent

ion at m/e 367 (MH") and fragment ions at 349 (MH'-18), 305 (MH"-62)
which are associated with loss of water and C-cleavage of the oxime,

respectively.

C6H5CH2O
N{CH,

—18

–62

C6H5CH2O

(19+H]”

To prevent any further loss of deuterium atoms, the labelled

oxime-de 26 was reduced without any additional purification. Aluminum

deuteride required for the reduction of the oxime-de was prepared5

immediately before use. To a suspension of lithium aluminum deuteride

in THF was added 100% sulphuric acid. The following stoichiometric

expression describes the reaction.

2LiAlp, + H2SO, -> 2AID, + HD+ + Li280,"
Loss of label because of back-eschange is not a probelm since hydrogen

ions are reduced by the hydride and hydrogen (HD) gas is evolved (Yoon

and Brown, 1968).

The reduction proceeded smoothly and the product,

3,4-dibenzyl-o-MDA-de (20), was isolated as its hydrochloride salt

in about 75% yield. Its mp (134°–135°) was the same as that of the

unlabelled analog. The PMR spectrum was devoid of any peaks



223

corresponding to protons in the alkyl side chain. Removal of the

benzyl protecting groups of 20 by catalytic reduction under D2 OVer

Pd/C in methanol-0-d yielded C-MDA-de-HC1 (3) with mp 132°–134°, the6

same as that for the unlabelled compound, 8 HC1. The CI mass

spectrum (Figure 2.14) of the tris (pentafluoropropionyl) derivative

of o-MDA-de displayed a prominent peak at m/e 612, 6 amu higher than

the parent ion for the corresponding PFP derivative of Q-MDA. From

the relative peak heights observed between m/e 606 and 612 the

calculated overall deuterium enrichment for a-MDA-de was 95.1%

(73.1% d. , 24.6 d, , 2.3% da) and there were no peaks corresponding6 * . 4°

to do-do forms of Q-MDA in the sample of C-MD-d0 °3 6"



- | | i |

% • 3.

612

Figure 2.14: Partial isobutane CI mass spectrum of tris- (PFP)-

a-MDA-de, MW 611.
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O-METHYLNOREPINEPHRINE

Reported Syntheses of Unlabelled and Labelled
Q-Methylnorepinephrine (G-MNE) and Related Isopropanolamines

The first mention of Q-MNE was in the patent literature

(Bayer and Co., 1911; 1912). The first step in the preparation of

Q-MNE was the isolation of the reaction product from a Friedel Crafts

reaction between 1,2-dimethoxybenzene (122) and C-phthalimidopropionyl
- - -

chloride (123); the product 124 was hydrolyzed and 0-demethylated to
---

yield 2-amino-1-(3,4-dihydroxyphenyl)-1-propanone (125).
- - -

1,2-(CH,0) —C H., + C H,-(co), NCH(CH4)coci2 - 6°4 6

122 123

3,4-(CH30) 2-ceh,0(=O)CH(CH3)N(CO)2C6H, —-3,4-(Ho), cº-cG-0)-
CH(NH2)CH,

124 125
- - - •w - -

> 3,4-(HO)2-ceh, CH(OH)ch (NH2)CH,

9

The aminoketone 125 was reduced by H., over a catalyst, "a colloidal
- - - 2

metal of the platinum group", (Bayer and Co., 1911; 1912), to give

O-MNE (9) which could be resolved into its d- and l- forms. Beckett

et al. (1964) started with D-(-)-alanine to prepare optically active

o-phthalimidopropionyl chloride in their preparation of threo-3,4- (0–
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methyl)-O-MNE (i.e. , Q-(1-aminoethyl)-3,4-dimethoxybenzenemethanol).

Hartung et al. (1931) prepared Q-MNE by conversion of

1- (3,4-dihydroxyphenyl)-1-propanone (126) to the corresponding
- - -

isonitrosoketone (1-(3,4-dihydroxyphenyl)-1,2-propanedione-2-oxime,

12Z) which was followed by the catalytic reduction of 127 in ethanolic
---

HC1 solution to the aminoketone 128 and then in water to the desired
- - -

O-MNE (9)
-

3,4-(OH)2-ceha-C (=O)CH2CH, > 3,4-(HO)2-ceh, cº-0)c (=NOH) CH,
126 127
--- - - -

—X. 3,4-(HO), C -cG-0)CH(NH2)CH, > 3,4-(HO) -ceha-CH(OH)CH(NH2)CHA6H3 2

•v -v ºv

128 9

1-Aryl-1-propanones have been starting materials in other

preparations of Q-MNE. In one scheme, 1- (3,4-dihydroxyphenyl)-1-propanone

(126) was 0-benzylated (129) to protect the catechol from oxidation. The
•v ºw-w

propanone was brominated with bromine in glacial acetic acid to prepare

the Q-bromoketone 130 and then 130 was treated with dibenzylamine to
--- ---

form the aminoketone 131. During the catalytic hydrogenolysis of this
- - -

dibenzylaminoketone 131 to the corresponding dibenzylaminoalcohol, the
- - -

N- and 0-benzyl groups were also removed to yield erythro-o-MNE.

Reduction of the aminoketone 131 with LAH to the intermediate
---

dibenzylaminoalcohol followed by catalytic hydrogenolysis to remove
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3,4-(HO)2-C. H.;C (=O)CH2CH, —X. 3,4-(B20) 2-ceh 5-0 (=O)CH 42H3

126 129 (B2 - Cºh;CH,)

3,4-(B20) 2-ceh, CG-0)CH(Br) CH, —S. 3,4-(B20) 2-ceh, co-0)CH(CH3)NB2,
130 131

H2/Pd
> erythro – Q-MNE

1. LAH
> threo-O-MNE

2. H2/Pd

N- and 0-benzyl groups yielded threo-o-MNE (LaManna et al., 1967a).

Farrugia et al. (1969) reported the preparation of threo-o-MNE by

essentially the same procedure as that of LaManna et al. (1967a) except

that an O-chloroke tone rather than the Q-bromoketone 130 was used to
---

prepare the dibenzylaminoketone 131.
Bruckner et al. (1943) prepared optically inactive Q-MNE

from a styrene. 1- (3,4-diacetoxyphenyl)-1-propene (132) was converted

to the corresponding 1- (3,4-dibenzyloxyphenyl)-2-nitropropene (14) via

the intermediate, 1- (3,4-dibenzyloxyphenyl)-1-nitroso-2-ntiro-propane,

134. The nitrostyrene (14) was reduced electrochemically at a lead

electrode to form the corresponding 1-hydroxy-2-acetamidopropane.

Hydrolysis of the acetamide and benzyl ether protecting groups in

refluxing 12% HCl yielded C-MNE HC1 where hydrolysis in two equivalents

of refluxing 2% HC1 followed by catalytic hydrogenation yielded C-MNE

as its free base.
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3,4-(CH3CO2)2-Célig-CH
-

CHCH,

132
* -->

> 3,4-(B20) 2-cah, CH(NO)CH(No.2)CH,

134

, 3,4-(B20) 2-ceh, CH = CH(NO2)CH,

14

3,4-(HO)2-calis-CH(OH) CH(NH2)CH,
9
-

— 3,4-(Bz0) 2

133
---

-Caha-CH
-

CHCH,

(Bz = C6H3CH2)

In the synthesis of O,8-dimethyl-NE (4-(2-amino-1-hydroxy

1-methyl)-1,2-benzenediol, 135), the starting material was another
- - -

styrene, 2-[3,4-(dibenzyloxy) phenyl]-2-butene (97).

3,4-(Bz0)., -C2H2 6 3-cCHA)-CHCH –X.3

BZ = C6H5CH2
OH
|

3,4-(B20), cº-cCHA)-CH(Br)-CH

97,

3

136 O

3,4-ºxo), cº-º-º-ch, —X

CH3 H

$H
2-&#3-5 – ? -

CH3 NH2

137
--->

3,4-(Bz0)

138
---

* |

2-cº-º-º-ch
threo-135 CH3 NH2

- - -

3,4-(HO)

The cis-isomer
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nitrostyrenes could be isolated from the crude reaction product. The

analogous 1-(3,4-diacetoxyphenyl)-2-nitropropanol has been prepared

(Kanao, 1929) from which Q-MNE could be prepared by catalytic

hydrogenolysis of the nitro group followed by acid hydrolysis of

the acetoxy protecting groups.

Each of these methods could be adapted for the preparation

of deuterated Q-MNE. The synthetic route chosen for the present

study (see Figure 2.1, p. 165) utilized deuterated water as the major

source of deuterium. The cost of this relatively inexpensive source

of deuterium can be decreased since Bio-Rad (Richmond, Calif.) offers

a refund on returned, used D20. The choice of synthetic pathways

other than those outlined in Figure 2.1 would necessitate the synthesis

of several different labelled precusors. On a cost-reaction

efficiency basis none of the synthetic pathways discussed here had a

significant advantage over the one chosen.

If alanine-d, were used in the patent method (122- ... +9;
Bayer and Co., 1911; 1912), deuterium labelled C-MNE could be prepared.

However, Beckett et al. (1965) reported that racemization could occur

during the Friedel–Crafts reaction used to prepare the phthalimido

ketone 124 and during the hydrolysis step to convert the phthalimido
* *w “w .

ketone to the corresponding aminoketone, 125. This indicates that
* - -

inversion occurred at the Q-carbon bearing the N-phthalimido-group;

any source of protons in reactions starting with alanine-d, would
+

cause the 10 ss of the methine-d if H were to react with the carbonium

ion at the O-carbon. The use of deuterated solvents (e.g. : D20, DC1)
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A1C12 . CS
-

3’ 21,2-(CH30) 2-C6H, + C1-C (=0) CH(CHA) N (CO) C6H4
o >10% race

122 123 mization

O

3,4-(CH,0)-c.H.-ceo)-ch(CH,)N(co)..C.H., P-º-º->
3 * 2 °6°3 3 2 6 4 2) HC1

124 100% racemiza
- - - tion

3,4-(CH,0)2–C -CH(CH3)NH2. HC1643

125

and reagents (e.g. : sodium hydroxide–0-d) could prevent the loss of

deuterium label.

The preparation of deuterated C-MNE from styrene precursors

necessitates the use of ethyl iodide-d; (197) and 3,4-dibenzyloxy

benzaldehyde-formyl-d (198) to prepare the appropriately labelled

styrene 199 via a Grignard reaction followed by dehydration. With

the deuterated styrene in hand, a-MNE-d; could be prepared according

to the procedures of McManus et al. (1973) and of Smissman and
Borchardt (1971).

—HOD

ArCDO + C2D5MgT —S. ArcD(OH)c,ps — ArCD = CDCD,
198 197 199
---> ---> ~ *w ev

The nitroalkanol method of Heacock st al. (1961) does not

permit direct incorporation of deuterium during the synthesis of

labelled alkanolamines (140 + 141). Therefore, deuterated starting
- - - ---
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materials, an appropriately substituted benzaldehyde-formyl-d (a;

scheme below) and nitroethane-d; (b) would be required to prepare

o-MNE-d; via the intermediate 1-aryl-2-nitropropanol-d; (c).

Ar-CDO + CAD, NOA -> Ar-CD (OH)CD (No.) CD,2° 5' 2 > Ar-CD (OH)-cD(NH,)CD,

a b C

Rotman et al. (1975) modified this procedure to allow the

incorporation of a benzylic deuterium or tritium atom in several

6**4 2 6 4 >

142 143
-, *w ºv ---

4–RO-C-H -CH(OH)-CH(CHA)-No —S 4–RO-C2H -cG-0)-CH(CHA)No,

4-RO-ceh, CD (OH)-CH(CH3)NH2
144
---

arylethanolamines. One benzylic deuterium atom in O-methyltyramine

was introduced by oxidizing the intermediate 2-nitropropanol 142
- -, -,

with Jones reagent (Croa in aqueous H2SO4) and then reducing the

resulting 2-nitropropanone 143 with sodium borodeuteride in ethanol
- - -

to yield 144. This provided the precursor for a-methyltyramine-a-‘h.
Incorporation of additional deuterium atoms by this methods requires

starting with other deuterated reagents as noted above.

The general method for preparation of arylalkanolamines

reported by Tiffeneau and Levy (1925, 1926) could be used to introduce

deuterium atoms in various alkyl side-chain positions. However,

this method was not favoured by Hartung and Munch (1929) because of

the low overall yield. Deuterium could be incorporated in 1) the
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HCN RMg|I

ArCHO > ArCH (CN) OH > ArCH (OH) C(=O) R

a d

NH,0H H2
> ArCH (OH) C (=NOH) R > Arch(OH) CH(NH,)R

e f
- ->

benzylic position by using a labelled benzaldehyde-formyl-d (a);
2) the O-alkyl position of the ultimate substituted O-alkyl-NE

analogue f by using a deuterated alkyl Grignard reagent; and 3) the

O-methine position by reducing the oxime e with a deuterated reducing

agent.

Both the O- and 3- protons of arylisopropanolamines could

be replaced by deuterium atoms if Q-oximoketones (e.g. 127; Hartung

et al., 1931), were reduced with deuterated reducing agents. Hallhagen

and Waldeck (1968) reduced 1- (3,4-dibenzyloxyphenyl)propanedione-2-

Oxime (145) with tritium gas over palladium on charcoal suspended in

ethanolic HC1. After separating the reaction products by ion exchange

chromatography, the authors established that both erythro- and threo-oº

3
O NOH OH H

3,4-(B20) 2-ceh, !
-

!
-

CH3 —X. 3,4 (HO), -º-
-

:
-

CH3 +

*H NH2

145 146

*H *H

3,4-Go-Gº-
-

: - CH,
°h NH,

147
- - -
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2 (146) along with significant amounts of a-MDA-3,3,3-ta
(147) were formed. The overall yield for the identified 1abelled
--->

MNE–0, 3–t

amines was about 40% with erythro-O-MNE-C., 3-to being the major2

product. A more selective synthesis of labelled Q-MNE was desirable

for the preparation of internal standards.

Isotope labelling in the O-methyl position of O-methyl

phenylethanolamines also has been accomplished by using 1abelled methyl

iodide in alkylation methods for preparing norephedrine-a-"ch, (148;---

Nguyen Hoang Nam et al., 1974) and a-MNE-ded, (156; Kalir et al.,

1977). In the synthesis of labelled norephedrine, 148, the a-"ch,
group was introduced by treatment of C- (N,N-dibenzylamino) acetophenone

(151), obtained from the reaction of dibenzylamine with the Q-bromo
---

acetophenone 150, with n-butyl lithium in THF and HMPT (hexamethyl
---

phosphoric triamide). Catalytic reduction of this alkylated amino

ketone 152 yielded the desired norephedrine (148) labelled in the
--- ---

O-methyl position (Nguyen Hoang Nam st al. , 1974).

Br2 HNBz,
cgh;-CO-CHA > cañº-co-ch, Br —-

149 139 14
n-Buli CHAI

C. H.--CO-CHNB'z > >

6”5 * THF/HMPT
151

14 H2 14C. He-CO-C (*"CH,) NBZ > C2 He-CH (OH) CH (*"CHA)NH2. HC16*5 3’ “--2 6° 5 3’----2Pd/C
152 148 - HC1
•v -w ºw EtOH, 5%HCl

---
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In another method, alkylation preceded the bromination step

in the preparation of the labelled O-methyl-O-amino-acetophenone 155
* - -w

(Kalir et al. , 1977). Methylation of the acetophenone (152) with
- - -

CD31 and 1jithium diisopropylamide in THF yields both mono- and

i-PranLi
3,4-(CH2O)2-Celia-CO-CHA –H– 3,4-(CH30) 2-Célig-CO-CH3CD3

152 153

+ -

C6H5N (CH3)3Bra
>3,4-(CH,0) ,-ceha-CO-CH(Br) CD,

154

HNBzz
—X. 3,4-(CH2O)2-ceh, co-CH(CDA)NBz,

155

DBr H2
–X. > 3,4-(HO), cºha-CH(OH) CD (NH,)CD, HBr
-CH3OH Pd/C

156
---

dialkylated products which had to be separated by distillation on a

spinning-band column. The desired propiophenone-d. 153 was purified
---

further by crystallization and was then brominated with phenyltri

methylammonium perbromide. The resulting O-bromopropanone 154 was
- - -

treated with dibenzylamine to yield the aminoketone 155. When the

0-methyl protecting groups were removed by treatment in refluxing HBr,

the degree of deuterium enrichment of 156 decreased (according to CI

mass spectra) which indicated that some of the label was lost by back

exchange. Therefore, the protecting groups were removed by heating

in DBr which also resulted in deuterium atoms replacing the methine
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proton and the protons in the aromatic ring. Catalytic hydrogenolysis

of the demethylated aminoke tone yields the desired deuterium

---

labelled O-MNE (156). From CIMS of the 3-ethyl ether tris- (penta

fluoropropionyl) derivative of the labelled C-MNE (cf. 172), the
- - -

authors estimated that the compound was about 43%-d-: , 43%-dz and 14%-dg;7. 6

In O da O r da species were detected. The chemical shift data from the

PMR spectra of 156 indicated that only the aromatic and benzylic

protons were present. The relative abundance of these protons could

not be calculated since PMR peak areas (integration) data were not

reported. Except for the ring-labelled deuterium atoms, the isotope

labels are stable with respect to back-exchange during derivatization.

Therefore, there was little probability that any do-species would

6, 7 during CIMS analysis. Thus, a-MNE-de,d, Was

a suitable internal standard having a molecular weight more than 4 amu

arise from O-MNE-d

higher than that of the unlabelled sample compound. However, these

data demonstrate that care must be taken in choosing synthetic pathways

and reaction conditions so as to minimize undesired loss (or incorpor

ation) of deuterium atoms during preparation of the labelled internal

standard or during subsequent analytical procedures.

Synthesis of o-MNE-ds (4-(2-amino-1-hydroxypropyl
1,2,3,3,3-dg)-1,2-benzenediol)

The critical intermediate to prepare for the synthesis of

o-MNE-ds by the pathway in Figure 2.1 (p. 165) was the deuterium labelled5

oximinoketone-d., 22. Could it be prepared from the 2-propiophenone-d;
11? Could it also be reduced without giving mixtures of Q-MNE and O-MDA
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as reported by Hallhagen and Waldeck (1968) 2 These authors prepared

the unlabelled l- (3,4-dibenzyloxyphenyl)-1,2-propanedione-2-oxime

(145) by treatment of the corresponding 1–propiophenone with butyl

nitrite and HC1, a standard procedure for the preparation of

oximinoketones (Slater, 1920; Hartung st al. , 1931). Catalytic

hydrogenolysis of 145 yielded a mixture of Q-MNE and O-MDA.

The procedure of Hallhagen and Waldeck (1968) was not used

since the synthesis of O-MNE–de by their route would require the5

preparation of 1-(3,4-dibenzyloxyphenyl)-1-propanone-3,3,3-d, (a)

Or –2,2,3,3,3-d; (b). Although the labelled 1-propanone (a Or b)
could be prepared by hydrolysis of the product of the Grignard

reaction between deuterium-labelled ethyl magnesium iodide and

3,4-dibenzyloxybenzonitrile, it was decided to use the readily

available 1-(3,4-dibenzyloxyphenyl)-2-propanone-1,1,3,3,3-d; (21)

3,4-(CeBigCH20) -º-c-ocºco,

2-oxime-da (22) via the intermediate diketone 2. There have been

reports that 1-phenyl-1,2-propanedione-2-oxime has been prepared

from the reaction between the corresponding propanedione and hydroxy

1amine at pH 9.5 (Ponzio and Torres, 1929; Pigenet et al. , 1970).

To determine the feasibility of this pathway, model experiments with

1–(3,4-dimethoxyphenyl)-1-propanone (156) were undertaken since 157
- - - - - -

--
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Seo,
3,4-(B20) 2-cºhs-CD2-cG-0)-CD3 ––

D_0
2

11

ND,0D-DC1
3,4-(B20), cºis-cG-0)-cG-0)-cG-0)-CD, →

21

3,4-(B20); cºis-cG-0)-cG-NoD)-CD,
22

and 158 have been characterized (see references below and in

Experimental Section). With this as a starting material, the

corresponding oximoke tone (157) was prepared in two ways: (1) by

the action of amyl nitrite and HC1 on the dimethoxyphenylpropanone

(156) and (2) by the selenium dioxide oxidation of the

dimethoxyphenylpropanone (156) to yield the corresponding

1, 2—propanedione (158) followed by treatment of the dione with

hydroxylamine in ethanol and pyridine. The products from the two

pathways were indistinguishable by TLC and the mp, 159°–160°,
either alone or as an admixture. 1- (3,4-Dimethoxyphenyl)-1,2-

propanone-2-oxime (157) prepared by the alkyl nitrite method has

been reported to have mp 157°–160° and 163° (Kochetkov and Dudykina,

160; Iwamoto and Hartung, 1944).

The CI mass spectrum had a base peak at the molecular

ion (MH") at mass 224 and fragment ions at m/e 206 (MH"-H,0) and

165 (MH'-59), the latter due to cleavage between carbons–1 and -2
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of the 1,2-propanedione-2-oxime 157. This is consistant with the
---

CI mass spectrum expected of oximoke tone 157 having empirical
---

formula C11H13NOA and molecular weight 223. The peaks in the PMR

spectrum (CDC13, 6 ppm) were assigned as follows: 2.22 (s, C-CH3,

3H), 3.95 (s, 0–CHA, eH), 3.98 (s, 0–CH, 3H), 6.93 (d, J5 6 T
9

= 2Hz, Ar–H–1, 1H), 7.72 (q,

3

8Hz, Ar–H–5, 1H), 7.58 ppm (d, J 1,6

Ar–H–6, 1H). These data indicate that the product obtained here is

the same as that reported in the literature (Kochetkov and Dudykina,

1960; Iwamoto and Hartung, 1944). This finding also confirms the

earlier report that the 1-aryl-propanedione-2-oxime can be preared

directly from the corresponding propanedione (Ponzio and Torres,

1929).

Both 1-phenyl-1-propanone and 1-phenyl-2-propanone can be

oxidized by selenium dioxide (Seo, to yield the same 1-phenyl-1,2-

propanedione; the former gives a higher yield of the desired pro

panedione than the latter (60% vs. 50%; Wegmann and Dahn, 1946;

Riley et al., 1932). This was encouraging since the Seo, oxidation2

of 1-(3,4-dimethoxyphenyl)-1-propanone (157) yielded only about 35%

of the theoretical amount of corresponding 1,2-dione; this is similar

to the 34% yield reported by Pepper and Saha (1964). However, Seo,
oxidation of the analogous 1-(3,4-dibenzyloxyphenyl)-2-propanone (12)
yielded only 30% of the desired diketone 159. A report appearing

---

3,4-(B20) 2-cºh-CH2-c6-0)-CH3 2 3 —C. 3,4-(B20), cº-0)-cG-0) CH,
12 159

- - -

---
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after the completion of this work describes a method of preparing

O-dike tones d from ketones 3. (Nagao et al., 1978). This involves
a sulfenylation at the C-carbon atom of a carbonyl group of a by

methyl 2-nitrophenyl disulfide (b) followed by treatment of the

resulting O-oxodimethylthioketal c with mercuric perchlorate (MPC)

(5 minutes in THF at room temperature'). The method is reported to

O N O O
d H / THF SCH MPC-º- 3

N02 SCH3 THF

9. SSCH3 C d

b

be a new, general synthesis of O-diketones from ketones. Only a

few steroid ketones were reported in this paper; yields for the

introduction of the Q-ketone group to these compounds was 55%–65%.

This method might provide an alternate route to prepare arylpropan

ediones in higher yields. It would also circumvent the difficult

problem of removing selenium from the Seo, oxidation reaction2

product.
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For the synthesis of the diketone-d 21, the propanone-d 11

was oxidized with Seo, in D,0 and dry dioxane (i.e. , H20 removed to

prevent possible back-exchange of deuterium atoms) to yield the

corresponding diketone-d, 21. No proton signals for the methyl group

could be detected in the 2–3 ppm (6) range; the analogous protio-form

of the diketone 159 had a peak at 2.44 ppm. The -0CH 2 signals were

at 5.20 and 5.26 ppm and the aromatic protons, between 6.8 and 7.7 ppm.

The corresponding signals in PMR (CDC13, § ppm) of 159 were observed

at 5.12 (s, 2H, OCHA), 5.20 (s , 2H, OCHA), 6.83–7.65 (m, 13H, ArH).
The proton-decoupled CMR spectra of the unlabelled diketone and the

diketone-da were identical except for the CH3 and CD3 carbon atom

resonances. The methyl carbon (c(=O)CH,) signal in the unlabelled

diketone 159 appeared as a singlet at 26.6 ppm downfield from TMS

(CDCl3). In the case of the deuterated diketone 21, several small

signals centered about 25.4 ppm were present. When that part of the

spectrum was replotted at higher amplitude (~15x), a septet

c-DT 16.8Hz) was observed. Since "N" deuterium atoms on a carbon

atom give rise to "2N+1" peaks in CMR spectra, the presence of a

(J

septet indicates that there are three deuterium atoms on the carbon

atom (C-3) assigned to the peak at 25.4 ppm. The two carbonyl carbon

signals at 191.1 ppm (C-1) and 202.3 ppm (C–2) were the same in

spectra of the two diketones 21 and 159, as were the OCH2 carbon

signals (71.4, 71.1 ppm) and the aromatic carbon signals (113.5 -

155.5 ppm; individual peak assignments not attempted).
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The CI mass spectrum of 1-(3,4-dibenzyloxyphenyl)-1,2-

propanedione (159) had base peak at the molecular ion (MH") a t
- - -

mass 361 and fragment ions at m/e 343 (MH'-H,0), 317 (MH"-coch,), and

271 (due to 0-debenzylation). The CI mass spectrum ahd base peak

at the molecular ion (MH") at mass 364 and fragment ions at m/e

346 (MH'-H,0) and 320 (MH"-coco, and 274 (due to debenzylation).

There were clusters of peaks about each of those mentioned above

which indicated that some back-exchange of deuterium atoms was

occurring during chemical ionization of the diketone-da molecules.

The relative intensities of the peaks at m/e 361-364, corresponding

to propanediones-do to -da, suggest that the product was only 73%

deuterium enriched (49.8%—d 28.3%—d 13.7%-d1, and 8.2%-do).3” 2 ”

On the other hand, the PMR spectrum of 21 in CDC13 indicated that

the product was about 95% deuterium enriched. The latter value is

probably closer to the real value since chloroform-d is aprotic1’

and cannot effect any loss of deuterium-label by back-exchange

which can occur during the recording of CI mass spectra of compounds

which labile deuterium atoms such as (C-0)-CD, The deuterium

content and relative ratios of the d d d2-, and do-speciesOT, “17, 3

will be determined by CIMS at the stage after reduction of the

oximinoketone 22 to the corresponding 3,4-dibenzyl-a-MNE-d; (23).
The C=0 stretching vibrations of 19 and 159 (in KBr pellets)

absorb at 1710 and 1645 cm." and at 1707 and 1650 em", respectively.

This is consistent with values expected of diketones. Two peaks

appear since both cis- and trans- forms of the dike tone can exist in
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the solid state whereas only the trans- form is likely to exist in

solution (Nakanishi, 1962). Characterization of the product from

the Seo, oxidation of the 2-propiophenone-d,
CIMS established that it is the desired 1-(3,4-dibenzyloxyphenyl)-

by IR, PMR, CMR, and

1,2-propanedione-3,3,3-da (21).

The oximinoketones 22 and 160 were prepared by reaction of
---

hydroxylamine hydrochloride and the diketones 21 and 159 respectively,
- - -

in pyridine and ethanol. The elemental analysis for 160 was
--->

3,4-(Bz0) 2-cº-co-co-cº, > 3,4-(B20) ,-ceh, co-cG-NOH)-CR,
21, R = H . 22, R = H

159, R = D 160, R = D
- - - --->

satisfactory. For the preparation of the deuterium labelled

oximinoketones dry pyridine, deuterated hydroxylamine hydrochloride

(ND.,OD-DC1) and ethanol-0-d were used to prevent any loss of2

deuterium in the diketone-d, by back exchange. Deuterated hydroxy

1amine was repared by repeated exchanges in D20. Ethanol-O-d Wa S

purchased from Bio-Rad. The IR diketone carbonyl (v0=0) absorption

bands were absent in the two oximinoketones 22 and 160. The

unlabelled oximinoketone (KBr pellet) showed C=0 and C=N (stretching)

absorptions at 1635 cm." and 1622 cm". These values are close to

those observed in the IR spectrum of the O-form of benzil in Nujol

mull (Palm and Werbin, 1953) and those observed, 1632 and 1619 em",
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CCH C6H5 O
6' 5 C6H5 C6H5

O—form 3-form

—1 -1
v(C=N), 1635 cm v(C=N), 1622 cm

v(c-0), 1660 cm." v(c-0), 1632 cm."

for 1-(3,4-dimethoxyphenyl) propanedione-2-oxime 152 prepared in
---

preliminary model experiments. The C=N (stretching) absorptions for

the 1abelled compound 160 were essentially the same at 1633 and
---

1622 cm". The PMR spectra for unlabelled and labelled oximinoketones

were virtually the same: both had the same aromatic proton signals

in the 6.8 – 7.7 ppm range and the 0-CH, proton resonances were

similar –- 5.21 and 5.17 ppm for 22 and 5.15 and 5.12 ppm for 160.

The signal assigned to the oxime proton of 160 was found at 9.18
---

ppm. This is in the range (7.4 – 10.2 ppm) where C=N-OH protons

are usually found (Jackman and Sternhell, 1969). A small signal at

2.12 ppm was barely discernable above noise. This indicated that

the methyl group c(=O)CH, whose PMR resonance signal in 160 OC Curs

at 2.12 ppm, is highly deuterium-enriched. Comparison of the

proton—decoupled CMR spectra of 22 and 160 corroborated that these---

two compounds were identical except that the methyl group is labelled

in 22. The methyl carbon signal in the spectrum of 160 was at 11.4

ppm whereas the methyl carbon signal in the spectrum of 22 was absent.
- -
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After about 10,000 scans the resonance of the CD,-carbon at Om

could not be detected and no further attempts were made to obtain CMR

data for this carbon. The cG-NOH) CH,-carbon signal observed at

154.9 ppm was slightly downfield from the corresponding oxime carbon

atom in the labelled oximoketone-da-(153.4 ppm) as expected by the

comparison of CMR spectra of several protio- and deutero compounds

(Levy and Cargioli, 1972). The other carbon resonance signals

in the CMR spectra of the two compounds were the same: C=0

(190.9 ppm), aromatic-C (113.4 – 148.8 ppm), and OCH, (71.7, 71.3

ppm). These data are also consistent with those expected of these

oximinoketones and indicate that these two compounds, 22 and 160,
- - -

are identical except that the methyl group in 22 is deuterated.

Additional evidence to support this view comes from the CI mass

spectra. The protio-oximinoketone 22 (C c, No,MW-375) has a base23

peak (MH") at maSS 376 and fragment ions at m/e 360 (MH'-CH,), 358

(MH'-H,0), 317 (MH'-CH,CH=NOH) and 286 (MH'-90). The latter was3

assigned to fragment ions due to debenzylation. The corresponding

peaks in the CI mass spectrum of the deuterated oximinoketone 22

(C23H18N04P33 MW=378) were recorded at the following m/e values:

379 (MH"), 360 (MH'-methane-da), 361 (MH'-water), 317 (MH'-CH=NoHCD,
and 289 (associated with debenzylation). After making corrections for

the natural abundance of 13c, 1°N, and 180, the deuterated oximino

ketone was estimated to be about 92% deuterium enriched (817-da,
14.2%-d 2.8%-d, and 2%-do). This value may be slightly low since2 ”

some back-exchange could occur during the chemical ionization process.

However, this degree of enrichment is comparable to the 95% value

obtained from the PMR spectrum of 22. All these data (IR, PMR, CMR,
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CIMS) indicate that the desired deuterated oximinoketone 22 had

been prepared.

Metal hydride reduction of the oximinoketone 160 would
- - -

yield 3,4-dibenzyl-O-MNE (161). Hartung et al. (1931) prepared

erythro-O-MNE by hydrogenolysis of 1-(3,4-dihydroxyphenyl)-, 2

propanedione-2-oxime in ethanol containing HCl to the co-responding

aminoketone; the reaction was stopped at this stage and a second

reduction using fresh catalyst was carried out in water to yield

O-MNE HC1. The desired product was not isolated when hydrogen

chloride was not added to the reducing regiºn. Catalytic reduction of

2-(N,N-dibenzylamino)-1-(3,4-dibenzyloxyphenyl)-1-propanone (162)
also yielded erythro-O-MNE whereas LAH reduction of the N,N-

dibenzylaminoketone 162 to the N,N-dibenzylaminoalcohol 163 followed
--- ---

H2
- - - - - - - -3,4-(B20), ceh, co-CH(CH3)-NB2, > erythro-3,4 (HO), C6H3 CH(OH) HGH,)

-
CH

3
162 (Bz = C, He CH
--- 6° 5 2) erythro-9

LAH

3,4-(B20) ,-ceh, CH(OH)-CH(CHA)-NBz *— threo - 9
163
---

by hydrogenolysis of 163 yielded threo-O-MIE (9) (LaManna et al., 1967).
•w “v "w

3,4-(B20) ,-ceh, co-cG-NOID-CH, —S. 3,4-(B20), cº-CH(OH)-CH(NH,)-CH,
160 164

4
O-MNE

9
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Preparation of Q-MNE by catalytic hydrogenolysis of the

oximinoketones was not attempted in the present study because it has

been reported that the product Q-MNE and analogous NE form

O-alkylethers in alcoholic HCl solutions (Arnold and Ford, 1973;

Freed st al., 1977). This would result in 10wer yields of isolated

O-MNE. Instead, it was decided to carry out metal hydride reductions

of the oximinoketone 160 to prepare 3,4-dibenzyl-O-MNE 164; subsequent
* - - ---

hydrogenolysis of 164 would yield the desired O-MNE. The absolute

configuration of the final product was not crucial for it has been

shown that heating either pure erythro- or threo-o-MNE in dilute acid

solutions for 30 minutes yields the same ratio of erythro-/threo-O-MNE

of 1:2 (Waldeck, 1968). Q-MNE would be exposed to such treatment

during actual analyses. The results obtained from fluorimetric

studies described by Waldeck were confirmed by NMR experiments

described later in this section (see section on NMR Studies with

Q-MNE). LAH reduction of 1-(3,4-dibenzyloxyphenyl)-1,2-propanedione

2-oxime (22) yielded the desired 3,4-dibenzyl-O-MNE (165). From the

PMR spectrum it appeared that the product contained about 85–90%

erythro-O-MNE and 10–15% threo-O-MNE. This was calculated from

the relative peak areas associated with the erythro- and threo-3-

benzylic protons which appear as doublets at 4.25 ppm (6, CDC13,
J = 2.9 Hz) and 4.05 ppm ("aft = 4.3 Hz), respectively. The O-methine

proton signals of erythro- and threo-O-MNE occur as multiplets

centered at 2.93 ppm and 2.84 ppm, respectively (Hyne, 1961;

Ghislandi et al., 1971; Farrugia et al., 1969). Aluminum hydride was

tried also and the resultant crude product appeared to be a 1:1 mixture
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of threo- and erythro-dibenzyl-O-MNE as determined from PMR spectra.

spectra. In this case the deuterated oximinoketone 22 was reduced
---

A1H

—co-cG-NOH)-CD, H– 3,4-(B20) ,-C3,4-(Bz0) 32-C6H3 ghs-CH(-OH)-CH(NH,)-CD,
22 165

--->

with AlH4 to yield 3,4-dibenzyl-3-(methyl-d,)-NE (165). The multiplcity

of the PMR signals associated with the O-methine proton was simplified.

In 164, the C-proton was associated with a multiplet arising from
---

splitting by the Q-proton and three O-methyl protons. In 165 with a

deuterated O-methyl group, the C-proton is split by the 3-proton only

and a doublet in the PMR spectrum results. This now provides two

useful, diagnostic PMR signals for determining the ratio of erythro

to—threo-O-MNE in the aluminum hydride reduction product. In the PMR

165) there were prominentspectrum of 3,4-dibenzyl-o-MD-3-methyl-d, (

doublets at 4.07 and 2.84 ppm (Jo = 4.3 Hz) assigned to the 8-benzylic3

and O-methine protons, respectively, which arise from the (+)-threo

form of 165. Virtually no peaks from the erythro-form could be detected.

The aromatic proton resonances appeared the same but the 0-CH2-C6H,
proton peaks shifted downfield slightly from 5.02, 5.08 ppm to a

single peak at 5.13 ppm. Integration of the peak area around 0.83 ppm

indicated that the methyl group was about 95% deuterium enriched which

is the same as the deuterium content of the oximinoketone, 22. From

the PMR data it appears that 3,4-dibenzyl-O-MNE can be prepared

enriched in its erythro-form. Other stereochemical
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aspects of oximinoke tones were not studied further since the primary

objective of this study was to prepare deuterated analogues of

Q-MD, C-MDA, and C-MNE as internal standards for use in metabolic

studies, not to study their stereochemistry. However, since it is

(–)-erythro-O-MNE which has the highest biological activity

(Luduena et al., 1957; Farrugia and Kirk, 1968; Ciarlone, 1976),

it was decided to prepare (+)-erythro-O-MNE by lithium aluminum

deuteride reduction of 160. The PMR spectrum of the product after

work-up was devoid of any peaks associated with the 3-benzylic or

O-methine protons. The 0–benzyl CH2 protons had peaks at 5.09 and

5.12 ppm and the integration of the peak area at 0.8 ppm indicated

that the compound was 95% deuterium enriched at the methyl position.

The CI mass spectra are also consistant with those expected for

unlabelled and labelled dibenzyl-O-MNE (See Table 2.6). The 3,4-

dibenzyl-O-MNE-d was estimated to comprise of 81%-d 14.9%-d,3

3.6%–d, and 0.5%—d

3”

o' for an overall deuterium enrichment of 91.5%;

3,4-dibenzyl-O-MNE-de, 81.2%-d 17.3%–d, and 1.5%–d., (no other peaks5’ 5° 4 3

over signal-to-noise ratio of 2) for an overall deuterium enrichment

of 95.9%.

Only C-MNE–de was prepared as an internal standard. The5

0-benzyl protecting groups of 3,4-dibenzyl-3-MNE-d; were cleaved by

catalytic reduction with deuterium to yield 95% of the expected O-MNE

d5 which was purified as its HCl salt (mp 176°-177°; lit. mp 176°;

Hartung et al., 1931). The reaction was carried out in methanol-0-d

to prevent any loss of label on the 3-carbon atom. Hydrogen-deuterium
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Table2.6:Summaryofmassspectraldatafor
3,4-dibenzylderivative
of
G-MNE-do,d4,and

—d(164,165,and23,
respectively).

5------

+

m/evaluesforMH'andfragmentions

CompoundEmpiricalFormulaMol.Wt.MH."MH'-NH,”MH'-H,o
o,
3-cleavageMH"-90”MH'-Bzoh --

C23H25NO3363364347346319274256 --

C23H22N93P3
366367350349319277259 --

C23H2ON93P5368369352351320279261
*
basepeak **

associatedwithdebenzylation
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exchange on benzylic carbon atoms has been reported to occur under

these mild conditions (Chamber 1jn, 1964). The deuterium-NMR

Spectrum agreed well with that expected of erythro-o-MNE-d; (4).
The chemical shifts (ppm at 15.36 MHz) for the deuterium signals are

the same as those for the corresponding proton signals (at 100 MHz:

Mantsch et al., 1977). However, the observed peaks are much

broader and no splitting is observed. The following signals were

observed in the deuterium NMR spectrum of o-MNE-d;’ HC1 (compared to

CD30D external standard, 3.30 ppm) : 1.08 ppm (3D, 3-CD3), 3. 40 ppm

(1D, C-CD); and 4.82 ppm (1D, 3-CD). This agrees with the PMR

signals observed in the spectrum of Q-MNE (CD,0D solvent; TMS inter3

nal standard): 1.12 ppm (d, J–6.7 Hz; 3H, G-CH3), 3.42 ppm (0, 1H,

o–C–H); 4.78 ppm (d, J–3.8 Hz; 1B, 8–C–H). The partial C1 mass

spectrum of the tris-(PFP) 3-ethyl ether of o-MNE-d; (see below)

shows a parent ion at mass 655 and fragment ion at m/e 609 (MH."
-

EtOH). There also is a metas table peak at 570.6 (609%/655). From

the relative peak heights around the parent ion, it was calculated

that 1abelled Q-MNE was comprised of 85%–de , 14% - da, and 1% d5 3

isotopic forms (overall enrichment 96% of expected amount). There

was no significant do species present. All these data indicate0

that the desired erythro-G-MNE-d; . HC1 was prepared with sufficient

deuterium enrichment for use as an internal standard.
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Partial isobutane CIMS spectrum of tris- (PFP) 3-ethyl ether
derivative of O-MNE.
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Synthesis of Some Ring Deuterium Labelled Analogues of Endogenous and

Cº-Methylated Catecholamines

Prior to the preparation of any deuterium labelled internal stand

ards, NMR experiments were under taken to study the reported conversion

of erythro–C–MNE to threo-O-MNE in dilute acid (Waldeck, 1968). These

studies were carried out to determine if erythro-O-MNE was converted to

threo-O-MNE during the formation of the Q-MNE 3-ethyl ether derivative

(178). Since authentic threo-O-MNE was not available, ery thro-O-MNE was

heated in 2N DC1 to yield a mixture of the threo- and erythro-isomers of

9. The PMR chemical shifts and coupling constants of the enantiomers of

9 were obtained from the mixture (see later section on NMR Studies with

O-MNE). However, during this study, it was observed that the PMR signals

OEt

PFPO CH3

PFPO NHPFP
178
* * *

of the aromatic protons diminished upon prolonged heating in deuterated

hydrochloric acid. To confirm the suspicion that the aromatic protons

were being exchanged for deuterium atoms, an argon-purged solution of

erythro-o-MNE HC1 in 2N DC1 was heated at 70°–80° for 100 hours. PMR

spectra were taken at 24 hour intervals. The data showing the peak area

ratio for aromatic and ot-methyl proton signals and percentage exchange

are summarised in Table 2.7. Figure 2.15A and B show the spectra taken

before heating and after heating 100 hours.
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Table 2.7: Summary of aromatic ring deuteration in C-MNE after heating
-

in 2N DC1 solutions for different periods of time

Heating Peak Area Ratio of Percent Deuterium
Time (hr) Aromatic/Methyl Protons Exchange

0 1:1 O

4 0.88: 1 12

24 0.32:1 68

48 0.14:1 86

75 0.08:1 92

100 0.08:1 92

The CI mass spectrum of the sample obtained after removal of the sol

vent showed a base peak at mass 169 corresponding to loss of water

(MH'-H,0). The MH" ion intensity was only about 6% that of the base peak.

The relative intensity of the ions m/e 166–169 showed that significant

back-exchange occurred during the recording of the CI mass spectrum.

From the relative peak heights it was estimated that a-MNE-2,5,6-d, (166)

was apparently a mixture of 46.2%-da, 33.7%–d, 13.7%-d1, and 6.4%-do for

an overall 73.2% deuterium enrichment. The CI mass spectrum of the tris–

(pentafluoropropionyl)-O-ethyl-e ther derivative (167) of a-MNE-d, (166)
+

showed a molecular ion (MH") at m/e 653 and base peak at m/e 607 corre—

sponding to loss of ethanol. This was confirmed by the presence of a

P QC2H5
PFPO CH3

PFPO D NHPFP
D

167
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Figure 2. 15: PMR spectra of (+)-erythro-O-MNE” HC1 dissolved in 2N DC1

before heating the solution (upper scan, A) and after

heating at 80° for 100 hours (lower scan, B).
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metastable peak at m/e 564.2 (-607”/653). From this spectrum it was

estimated that the sample of a-MNE-d, was composed of 69.5%-da,

19.6%–d, 1.8%-d1, and 0.8%-do, equivalent to an overall 90.7% deuter

ium enrichment based on pure C-MNE-d This value agrees favourably with3 *

the 92% figure obtained from the PMR spectrum. The east of ring labelling

o—MNE suggested that it was considered worthwhile to pursue ring labelling

experiments to determine if this represented a practical, general way to

prepare deuterium labelled cate cholamines for internal standards. Simi

1ar NMR tube experiments were carried out with C-MD, C-MDA, and 6-hydroxy

DA. The PMR spectra of these compounds (~50 mg dissolved in 1 ml 2N DC1)

before and after one exchange (90°C, 24 hours) shows how successful this

method was . (See Figures 2.16–2. 18.) Figure 2.19 shows spectra of (A)

(S)-dopa in DC1 before heating and (B) after two 24 hour exchanges in

2N DC1 at 100°. Before these experiments were scaled-up to prepare larger

amounts of these ring-labelled compounds, the literature was searched to

determine if these compounds had been prepared.

A check in the literature revealed that aromatic amino acids such as

substituted phenylanines and tryptophans have been ring-labelled by

treating the amino acid in basic or acidic solutions in D,0. Deuteration

of (S)-tyrosine and (RS)-dopa in 4.1N DC1 at 100° is reported to yield

83% (S)-tyrosine-4,5-do in 5.5 hours and 87% dopa-2, 3,6-d., in 2 hours.2 3

Similarly, ring labelled tryptophan also was prepared. No deuterium atoms

were incorporated into the alkyl side chain of the amino acid (Kirby and

Ogunkoya, 1965; Kirby et al., 1967; Bak et al., 1967). Side chain deu

terium labelling of tryptamine, serotonin, and their N-methylated metabo

1ites by solvent exchange methods has been reported recently. When these

compounds were heated at 100°–140° for 24–48 hours in D., SO, /D,0 exchange4’ “22
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PMR spectra of (S)-O-MD in 2N DC1 before heating (upperFigure 2.16:

scan, A) and after heating at 90° for 22 hours (lower

scan, B).
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Figure 2.17: PMR spectra of Q-MDA in 2N DC1 before heating (upper scan,

A) and after heating at 90° for 22 hours (lower scan, B).
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PMR spectra of 6-hydroxydopamine in 2N DC1 before heatingFigure 2.18:

(upper scan, A) and after heating at 90° for 22 hours

(1ower scan, B).
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Figure 2.19; PMR spectra of L-Dopa in 2N DC1 before heating the solu

tion (upper scan, A) and after two exchanges at 100° for

24 hours (1ower scan, B).
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occurred at all of the indole ring protons as well as at the carbon

atom O- to the ring. Under conditions of platinum-catalyzed exchange,

the indole ring sites were deuterated more readily and after 48 hours

of treatment all the alkyl side positions were labelled also. However,

the EI mass spectra of these compounds displayed broad molecular ion

clusters with no ion representing more than 25% of the particular pre

deuterated species (Räisänen and Kärkkäinen, 1979). These exchange pro

cedures do not yield homogeneously labelled compounds, especially if only

one exchange is performed. As discussed earlier, the basic exchange of

1- (3,4-dibenzyloxyphenyl)-2-propanone to yield the propanone-d ll re

quired 4–5 exchanges to obtain complete exchange of the five O-keto

pro tons. Regiospecific labelling of the aromatic ring of aromatic amino

acids has been accomplished by reducing the appropriately bromo- or

chloro-substituted precursor with deuterium or tritium gas (Kirby and

Ogunkoya, 1967; Schreier et al., 1963; Birkofer and Hempel, 1963; Kovacs

et al., 1975). Blomquist and Cedergren (1968) prepared L-phenylalanine

do by starting with benzene-d8

in the aromatic ring.

6 to ensure complete deuterium incorporation

Just as aromatic ring deuterated catecholamines were being prepared

for this study, Lindström et al. (1974) reported the synthesis of ring

1abelled tyrosine-3,5-d, (183), dopa-2,3,5-da (184), DA-2,3,5-d, (185)--- --- ---

and some metabolites by the same method that we were utilizing. They

D CO2H

HO NH2

3.18



259

reported that these labelled compounds were stable with respect to back

exchange during in vivo experiments, isolation, and preparation of deri

vatives for EI mass spectral assay. This encouraged us to continue de

veloping ring labelled O-methylated cate cholamines.

D R! 2
HO R

HO D NH2
D

R*. R*
184 H COOH

185 H H

186 CH3 COOH

187 CH3 H

188 D COOH
-- -

For preparative scale synthesis, the compounds were heated at 90°

100° under an atmosphere of argon in a flask fitted with a condenser and

gas inlet adapter or at 200° in a bomb. The bomb consisted of a brass

cylinder with a screw cap, and was fitted with a Teflon liner and cap.

The capacity was about 8 ml. a-MD-da (186), a-MDA-da (187), dopa-da (184),

and DA-da (185) were prepared by 3–4 exchange treatments in 2N DC1 at 90°---

100°. Dopa-2,3,5,6-d, (188) was prepared by several exchanges in 2N DC1--> -
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Figure 2.19C: PMR spectrum of (S)-Dopa in 2N DC1 after (S)-Dopa was ex

changed twice for 24 hours in 2N DC1 at 200°. Note that

the peaks centered at 3.13 ppm resemble an AB quartet ra

ther than the more complex ABC pattern observed for the

methylene protons of (S)-Dopa before heat treatment in DC1

(cf. Figure 2. 19A). The pattern was simplified since a

bout 80% of the C-protons were exchanged thereby reducing

the interactions observed in the PMR spectrum of (S)-Dopa.

Only about 4% of the aromatic protons remained unexchanged

for deuterium after two exchanges.
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at 200°. (See Figure 2. 19.c for PMR spectra of L-Dopa in 2N DC1 after

two exchanges.)

However, none of these ring-deuterated compounds was used as an

internal standard. Significant back-exchange occurred during the esteri

fication step, as will be described in the following section on derivati

zation. When Freed et al. (1978) used ethanolic HCl to derivatize O.-MD

da and its amine metabolites, label losses due to back-exchange were

large enough that these authors measured a range of masses corresponding

to fragments – do to -d, of derivatized g-MD-da, O—MDA—dO 3 , and O-MNE-d3 3 *

These problems were eliminated in the present study since the side-chain

deuterated internal standards used (l to 5) are stable with respect to

back-exchange. There was also a statistical advantage over the method

of Freed et al. (1978). Less error is introduced since the method used

in this study requires one measurement for the labelled internal stand

ard instead of two or three.

Derivatization of Deuterium–Labelled Internal Standards

One of the requirements of deuterium labelled internal standards is

that no back-exchange of deuterium occurs during isolation, derivatiza

tion, and analysis. If these compounds are used in metabolic studies,

the label should be stable under these in vivo conditions as well. (S) —

Tyrosine-3,5-d, (183) and (S)-Dopa-2, 3,4-da (184) have been administered

to aminals and humans and no evidence of deuterium exchange was found
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following isolation of urinary metabolites. The carboxylic acid groups

were converted to methyl esters by brief treatment with diazome thane in

ethyl acetate; the phenolic and amino groups were acylated with tri

fluoroacetic anhydride in ethyl acetate. These conditions were mild

enough to prevent any loss of deuterium label by back-exchange (Lind

strom et al., 1974). Unfortunately, as described below, this was not

the case in our studies.

Methyl esters of dopa and O-MD and 3-methyl ethers of NE and O-MNE

could not be used in our assay. Incomplete derivatization at this stage

could interfere with the analysis of NE since o–MNE and the 6-methyl

ether of NE would have the same molecular weight. The use of diazo

ethane (Marshall and Partridge, 1968; 1969) could overcome this potential

ambiguity. This reagent was not used since it was not convenient to pre

pare fresh diazoe thane for routine sample analysis. Furthermore, it is

a potential explosive and N-nitroso compounds from which it can be pre

pared are highly irritating and carcinogenic (Searle, 1970).

The initial plan required the conversion of amino acid (C–MD) and

the alcohols (NE and O-MNE) to their corresponding ethyl ester and 3–

ethyl ethers by treatment in 2N anhydrous HC1 in ethanol, a modification

of the method of Arnold and Ford (1973). This was followed by the con

version of the phenolic and amino groups to their pentafluorop ropionyl

(PFP) derivatives (see figure 2.20 for sturcture of derivatives).

Derivatization of Q-MD-2, 5,6-do to yield 189 under these conditions3

was studied to determine if such a ring-labelled compound would be stable

to back-exchange. First, a small sample of G-MD-2,5,6-d, whose PMR

spectrum showed no detectable aromatic protons, was dissolved in PFPA with

gentle heating for 5–10 minutes. The derivatized sample was submitted for
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CIMS to determine the degree of back-exchange that would occur under

the least drastic of the proposed derivatization conditions. The da:

d2; d.1 ratio of 100:4.7:0 was measured at m/e 653, 652, and 651. These
+

m/e values monitored were the molecular ion (MH) of the tris- (PFP) de

rivatives of G-MD-da, d, and di.

PFPO %,
PFPO p NHPFP

D

189, tris-(PFP)-a-MD-da

HO ■ 2 CO2H PFFO 52CO2C2Hs.J■ . 1. HCl / EtOH DCT■ .
HO NH2 2. PFPA PFPO NHPFP

168, R=H 169, R=H
--- --> --

10, R=CH3 170, R=CH3
--->

Next o—MD and Q-MD-2, 5,6-d., (1 mg each) were added to 1 ml Reactivials3

(Pierce Chemical) containing 200 u1 of 2N anhydrous HCl in absolute

e thanol. After these solutions had been heated for 90 minutes, the sol

vent was evaporated under a stream of nitrogen. PFPA (100 p.1) was added

to both vials which then were capped and heated at 60° for an additional

20 minutes. Comparison of the CI mass spectra showed the following rela

tive peak heights at Mú", MH'-1, MH'-2, and MH'-3:



264

PFPO

OEt

ºrrº ºº 2'sNHPFP PFPO NHPFP
173 171

(MH* 592) (MH* 606)

OEt

ºrrºr. ºrrºr.
PFPO NHPFP PFPO NHPFP

Figure 2.20:

174 172
(MH* 636) (MH* 650)

PFPO £:ºJ l HPFP

179
(MH* 678)

Structures and m/e values for the MH." ions of the penta

fluoropropionyl (PFP) derivatives of Q-MD and the following

cate cholamines: 173, tris-(PFP)-DA; 171, tris-(PFP)-NE 8–
- - -

ethyl ether; 174, tris-(PFP)-O-MDA; 172, tris-(PFP)-O-MNE
---

3-ethyl ether; 170, tris- (PFP)-O-MD ethyl ester.
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Compound derivatized Relative Peak Heights at
as tris-(PFP)
ether ester (MH") (MH'-1) (MH'-2) (MH'-3)

o-MD-do 100
-- -- --(678) (677) (676) (675)

G-MD-2,5,6-d, 100 11.5 2.6 2.6
(681) (680) (679) (678)

At the end of three hours the measured d5; d2 ratio is 100:47 l. The

use of such ring-deuterated compounds as internal standards would require

measurements at several m/e values in order to account for all of the

labelled compound as reported by Freed et al. (1977) who used a-MNE-de, 7
(4-(2-amino-1-hydroxypropyl-2,3,3,3-d,)-1,2-benzendeiol-2,5,6-d2, d3) aS

an internal standard. When G-MD3, a-MDA-da, and a-MNE-d, were heated in

ethanolic HCL at 60° for only 20 minutes only the trideutero- and corre

sponding dideutero-compounds were observed in the mass spectrum (Freed

et al., 1978). However, our data show that only about 7% of the G-MD

(50 pig scale) is esterified in 30 minutes at 60°–65°. We reversed the

addition of reagents so that the pentafluoroacylated mixed anhydride

(190, 191) was formed first.
•w ºw. --> -- -

R -

HO CO3H ■ 169, R=H

HO NH2 PFPO NHPFP 170, R-CH,

168, R=H 190, R=H

10, R=CH3 191, R-CH3
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Since the PFP group is a good leaving group, it should enhance the for

mation of the ester when ethanol is added (Greer et al., 1968). In spite

of this, the yield of C-MD ethyl ester was low and significant back

exchange was observed. These findings led us to abandon the use of ring

labelléd internal standards and concentrate on more efficient esterifi

cation methods using the stable alkyl side chain labelled C-MD-methyl

da (3).

The rate of a-MD-methyl-d, ethyl ester formation was determined by

measurement of the peak heights corresponding to the MH." ions of deriva

tized o-MD-da/o-MD-do. Pure O-methyldopate (Merck) was mixed with an

equimolar amount of a-MD-da (5). This mixture was esterified under vari

ous conditions and the PFP-derivatives were submitted for CIMS. The per

centage esterification was calculated from the peak height ratio at m/e

values for the M■ " ions of o-MD-d, and -do tris-(PFP) ethyl ester deri

vatives. Peak height corrections were made since the da-species repre

sents only 77% of the total a-MD-d, (other contributions: 22% -d2, 1%

-d1, O% -do). This degree of deuterium incorporation meant that the

standard curves (Q-MD/C-MD-dº molar ratio vs. peak height ratio) should3

be a straight line that passes through the origin and has a slope less

than one (see discussion in section on Construction of Standard Curves).

A "one pot" derivatizing method of Dziedzic et al. (1973) using an etha

nol-PFPA mixture (1:4 by weight) was undertaken with duplicate samples

containing equimolar amounts of O-methyldopate and C-MD-d The degree3 *

of esterification following different reaction times was calculated from

the relative peak heights measured manually from the spectra of the

tris-PFP derivatives of q-methyldopate and esterified o–MD-d The fol3 *

lowing data summarize the degree of esterification observed.
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Time (hr) % Esterification

0.25 7.0

0.50 6.5

1.00 17.6

2.00 10.3

3.00 18.8

Such a degree of esterification was considered insufficient. The

following experiments were designed to study the individual effects of:

(1) heating samples in PFPA alone for varying lengths of time while

keeping the time for subsequent treatment with ethanol constant (cf.

Greer et al., 1968) and (2) heating samples in PFPA alone for a constant

time and varying times of subsequent treatment with (a) ethanol alone or

(b) ethanol containing 10% boron trifluoride etherate (BF4'0Etz) (cf.

Dziedzic et al., 1972). In each of these cases PFPA was evaporated under

a stream of dry nitrogen before e thanol was added. In another experiment

(3) the ethanol-BF4'0Et, solution was added directly to the PFPA solution

(cf. Coggins et al., 1970; Dziedzic et al., 1972; Kadaba, 1974). Follow

ing the ethanolysis of the Q-MD-PFP mixed anhydride (191), the solvents

were evaporated under a stream of dry nitrogen and the oily residue was

redissolved in a small amount of PFPA (15 minutes at 60°). These samples

were concentrated to a volume of 5–10 ul and were submitted for CIMS.

The percentage esterification was measured from the CI mass spectra in

the manner mentioned above. From the data summarized in Table 2.8, it is

clear that the last experiment, treatment of the PFPA solution with

Etoh-BF,'0Et, gave the best results.
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Table 2.3: Percentage esterification of Q-MD-d 3’ →.

reaction conditions*

5, under different

% Esterification in Experiment ##

Time (h. 1 2a 2b 3

0.25 20. 7 -- Kºk --
100

0. 50 26.1 9.8 24.3 100

l 24.7 18.0 26.8 100

2 34.4 26.9 43.0 100

3 --
28. 3

--
100

6
--

30.2
-- --

* #1: PFPA treatment

#2a: PFPA treatment

#2b: PFPA treatment

times varied; EtOH treatment time = 2 hours

time 30 min; EtOH treatment times varied

time 30 min; EtOH-BF., “OE to treatment time varied3 2

#3: PFPA treatment time = 2 hr; Etoh-BF,'oet, treatment time varied

** -- indicates measurements not taken at time indicated

Perfluoroacylation followed by alkanolysis was reported to be appli

cable to the formation of 3-alkyl ether N,0-perfluoroacylated derivatives

of amino alcohols such as 3-methoxy tyramine and norme tanephrine, e.g.:

175 - 177 (Greer et al., 1968).
--- ---

OH

HO NH2

CH30 TFAA
75°

OTFA

TFAO NHTFA

CH30
176
-

QCH3
CH3OH HO NHT FA

R. T
CH30
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Arnold and Ford (1973) converted NE to its 3-methyl ether 181 with
~ *w -

methanolic HC1 and then formed the corresponding perfluoroacylated de

rivative 182 by treatment of 181 with PFPA.
- - -

In our hands treatment of
---

NE and O-MNE with 2N HC1. EtOH followed by reaction with PFPA resulted in

complete NE 3-ethyl ether formation in 20 minutes. However, the forma

HO H OH QCH,
CHOH. Ho

HCl

7
-

181

OCH,
PFPA PFPO

PFPO NHPFP

182

tion of the corresponding ether of Q-MNE was only 80% complete at the

end of 30 minutes (Freed et al., 1977). Derivatization of DA (6) and

O-MDA (8) is complete within this time period.

R’ R’
R R

HO H PFPO H

HO NH2 PFPO NHPFP

7, R=H; R' =OH (NE) 171, R=H; R’=0C2H,
- - * =

- t - - -9, R CH3; R" =OH (Cº-MNE) 172, R CH3; R 0C2H5
6, R=R' =H (DA) 173, R=R' =H

8, R=Me; R' =H (O-MDA) 174, R-CH3; R" = H

In experiments with Q-MNE-d 0 and –d5, similar to those described for

the derivatization of Q-MD (experiment #3; Table 2.8) it was shown that

3-ethyl ether formation was complete after treatment with EtOH-BF 3'0Et2
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at 60° for 15 minutes. The samples were redissolved in PFPA after treat

ment with ethanol containing BF3'0Et, since it has been reported that

trifluoro-acetylated (TFA) phenolic hydroxy groups in 176 are deacylated

when treated with me thanol at room temperature (Greer et al., 1968).

Heating the PFPA solution ensures complete acylation.

The derivatization conditions in all the analytical procedures used

in our metabolic studies (described in Chapter III) were as follows:

(1) the samples were heated in PFPA (100 lul for amines; 200 pil for amino

acids) at 60° for 2 hours; (2) 10% BF '0Et, in absolute ethanol (100 pul)3

was added to the PFPA solution and the resultant solution was heated for

an additional 15 minutes at 60°; (3) the solutions were evaporated to dry

ness under a stream of dry nitrogen and the residues were re-dissolved in

PFPA (100 p.1) and were warmed for an additional 30 minutes at 60°; and

(4) the solutions were concentrated under a stream of dry nitrogen to 5–

10 kil in a tube that was tapered at the bottom to accommodate a short

capillary tube at the tip (concentratubes“, see diagram). The samples

were then submitted for CIMS analysis. Figure 3.3 (Chapter III) shows

examples of partial isobutane CI mass spectra of (A) a mixture of cate

cholamines and their deuterated internal standards and (B) amines isolated

from the hypothalamus of a rat treated with (S)-O-MD (25 mg/kg per hour)

for 24 hours. The spectrum of the tissue extracts is amazingly free of

X

\
x
Y &

Total volume, ca. 15 ml

Tip volume, ca. 25 ul
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interference from other endogenous compounds. Sample purification was

achieved by ion exchange chromatographic procedures described by Ames

(1975, Ames et al., 1977). The clarity of the CI mass spectra testifies

to the efficiency and usefulness of the cate cholamine PFP derivatives.

These derivatives have been used since the early 1970's (Anggård

and Sedvall, 1969; Costa et al., 1972; Koslow et al., 1972); however,

they have never been characterized. Freed (unpublished results) pre

pared the tris-(PFP) derivative (173) of DA (mp 5.4°) by heating DA HC1

in a mixture of PFPA and ethyl acetate (see Figure 2.20 for structure).

In the present study N, O,0-tris-(PFP)-O-MDA (174) was prepared in the

same manner (mp 101°, pentane). The elemental analysis was satisfactory.

Tris- (PFP)-dopa ethyl ester (169; mp 70°–73°, pentane) was prepared by

conversion of dopa to its ethyl ester followed by treatment of the ester

with PFPA. Tris-(PFP)-O-MD ethyl ester (170) was prepared in the same

manner but could not be isolated as a solid. It was obtained by molecu

lar distillation (65°–72°, 0.03 torr), as a very viscous liquid. Both

amino acid derivatives had satisfactory elemental analyses and CI mass

spectra were consistent with those expected (see Experimental Section).

More difficulty was encountered in the preparation of the tris- (PFP)-3-

ethyl ether derivatives of NE and O-MNE. Each compound was heated under

an atmosphere of dry nitrogen in refluxing absolute e thanol containing

dry HC1 to form the corresponding 3-ethyl ether. The glassy, white pro

ducts were treated with refluxing PFPA (bp 74°). The NE derivative 171
---

was obtained as a gummy solid and the C-MNE derivative 172 as a beige

coloured solid with mp range 65°-75°. Neither of these derivatives could

be obtained as crystalline solids. GC recordings of these samples showed

several peaks (see Figures 2.21 and 2.22). High levels of the
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Figure 2.21:

- al

lº■ m.º., c ■(c) º - (Prº),
}Jr. º. f*** ■ º Jº

■ frº)
- -

t . .
| !

-- | ----

GC recordings of (A) the tris-(PFP)-3-ethyl derivative of

NE (171), (B) tetrakis-(PFP)-NE, and (C) a ca. 1:1 mix

ture of the two. Peak 2 is probably the desired 171 peak

and peak 3 and 4 may be incompletely acylated derivatives.

CIMS confirmed that the sample (A) contained these com

ponents.
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Figure 2.22:
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GC recording of reaction product after treatment of Q-MNE

with ethanolic HC1 followed by treatment with PFPA. By

analogy to Figure 2.20, the sample appeared to contain the

desired tris-(PFP) 3-ethyl ether derivative of O-MNE (172)
plus the tetrakis—(PFP) derivative and incompletely acyl
ated derivatives.
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tetrakis— (PFP) derivatives were not present as suggested in the GC

tracings since their retention times are less than those of the first

major peak in the GC tracing (Arnold and Ford, 1973). The peaks with

greater retention times may correspond to incompletely derivatized NE

and O-MNE. Peaks in the mass spectra were consistent with those expected

of the desired products. No other research group who has used these de

rivatives in cate cholamine analyses has reported the isolation and char

acterization of any of the PFP derivatives (see references in sections

on GC and MS assays). Even in NE and Q-MNE are not derivatized com—

ple tely on a preparative scale (1 g), derivatization at the micro- or

submicrogram scale has been carried out successfully in analyses of cate

cholamines isolated from tissues as described earlier in the review of

GC and MS assays. In the present study methods were developed which ap

peared to derivatize the catecholamines (ug range) completely as de

scribed previously. One of the great attractive features of this assay

is that all of the sample compounds and the corresponding deuterated in

ternal standards have unique m/e values for their respective molecular

ions and none of the fragment ions or ions arising from incomplete de

rivatization interferes with the molecular ion of another compound (Fig

ure 2.23). This was demonstrated in the analysis of Q-MD, its amine

metabolites, and the endogenous catecholamines as described in the Phar

macology Section (Chapter III).

NMR Studies with CC-MNE

During preliminary studies on the preparation and characterization

of the o-MNE-3-ethyl ether PFP derivative (172), PMR studies were under
---

taken to determine if erythro-O-MNE was converted to threo-O-MNE during

the formation of the Q-MNE-3-ethyl ether (178). A solution of Q-MNE in
---
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Figure 2.23: Partial isobutane chemical ionization mass spectrum of a

mixture of derivatized cate cholamines and their deuterated

internal standards. The structures and MH." values are

given in Figure 2.20. All samples were passed through an

ion exchange column according to the procedure outlined in

the Pharmacology Section (Chapter III). The peak at m/e

588 is an artifact from the chromatography step and does

not arise from an impurity in any of the compounds in the

mixture.
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OH OC2H5
HO CH3 HO CH3

EtOH/HCl

HO NH2 HO NH2

9 178

2N DC1 was heated at 80° and PMR spectra (60 M Hz) were recorded at 0.5,

1.5, and 3 hour intervals after initiation of the experiment. The chem

ical shifts (Table 2.9) were recorded, and their values and assignments

agree with published data (Ghislandi et al., 1971). Since pure threo-o'-

MNE was unavailable, data in the present study were obtained from samples

containing a mixture of erythro- and threo-isomers. The data of Ghis

landi et al. (1971) were obtained from PMR spectra of pure erythro- and

threo-O-MNE.

The relative amounts of erythro- and threo-O-MNE were calculated

from the PMR spectra peak areas corresponding to the erythro- and threo

Q-protons. After heating erythro–C–MNE for 30 minutes the calculated

erythro-to-threo ratio was about 0.56 and this ratio remained constant

up to three hours. This value agreed with the value of about 0.5 calcu

lated from fluorescence data reported by Waldeck (1968).

PMR spectra of D.,0 solutions containing equimolar amounts of erythro2

O-MNE and ethanol were taken to demonstrate that the methyl protons of

these compounds could be differentiated from each other (see Figures

2.24 and 2.25). These spectra were compared to the spectrum of erythro–C–

MNE which had been idssolved in 2N anhydrous HCl in absolute ethanol and

was allowed to stand at room temperature for 72 hours (Figures 2.26 and
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Table2.9
:

PMRChemicalShifts(6)andCouplingConstants(J)forerythro-andthreo-o-MNE
ProtonRecordedDataReportedDataMultiplicity

(thisstudy)(Ghislandi
etal.,1971)

ô
(ppm)
J(Hz)
ô
(ppm)
J(Hz)

erythro-G-CH3
l.3071.276.8doublet threo-G-CH31.22

7
1.196.7doublet erythro-G-H.3.68Octet

3.6-4.1,unresolved

threo-C-H.multiplet3.61Octet erythro-3-H5.064.84.914.7doublet threo-3-H
4.759.14.6l8.6doublet
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2.27). The PMR spectrum shows the presence of a doublet at d in Figure

2.26 arising from the 3–protons of threo-O-MNE (4.71 ppm, J = 9 Hz) and

another doublet at c (4.32 ppm, J = 9 Hz) attributed to the 3-proton of

threo-O-MNE ethyl ether. This chemical shift is in 1jine with the up

field shift expected (pp. 164, 179; Jackman and Sternhell, 1969). There

was a less intense double t centered at 4.63 ppm (J = 4.5 Hz) which was

attributed to the 3–proton of erythro-O-MNE ethyl ether. The 3-proton

of unreacted erythro-O-MNE could not be detected since the solvent peak

masked the 5 ppm region. However, little is expected to be present since

integration appears to account for all the other protons. The quartets

at b in Figure 2.26 (3.80 ppm, J = 7 Hz and 3.43 ppm, J = 7 Hz) were as

signed to the methylene protons of ethanol and of the ethyl ether of

threo-O-MNE, respectively (cf. spectra in Figure 2.24 and 2.25). The

3–proton peaks were masked by the two quartets. Interpretation of the

methyl-proton region was more difficult. Peak assignments were made by

comparison with other spectra (Figures 2.15, 2.24, 2.25) and these assign

ments (see Figure 2.27) are consistent with those made for the 3-proton

and methylene protons described above. The ethyl ether was converted

back to threo-O-MNE as seen from PMR spectra taken immediately after dis

solving the reaction product of erythro–C–MNE in D,0 and ethanolic HC12

and after the product had remained in the D20 solution for 24 hours.

The initial ether-to-alcohol ratio was 1.6:1 and after 24 hours it was

0.9:1 as calculated from the relative peak areas associated with their

8-protons.

The ratio of erythro–to–threo-tris-(PFP)-O-MNE-3-ethyl ether (172)
--->

could not be determined from the PMR spectrum. A double t at 4.52 ppm

(J = 7 Hz) was assigned to the 3-proton. This overlapped a broad peak



279

º

- - - - r - - ------ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -------------- - - - - ----------- - - - - - --------- *

--------1 - - - - - - - - - ----- - - - - - ------------------------1 ... -------,-----------1------ r -----1--------- 1:--------- tº-----
x -x

- re -- -- * --.

Figure 2.24: PMR spectrum of (+)-erythro–0-MNE HC1 (9) plus equimolar

amount of ethanol in D,0-Dss. Peaks assigned to 9 are

marked * and those assigned to ethanol are marked x. See

Figure 2.25 for 10-fold scale expansion.
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Figure 2.25: Expansion (50 Hz sweep width) of O-methyl (A) and O-methine

(C) protons of C-MNE-HC1 samples without ethanol (upper

scan) and with ethanol (1ower scan). Q-MNE protons indicated

by * and ethanol protons by x. Insert below upper scan (B, D)

is part of the normal (500 Hz sweep width) scan of O-MNE • HC1 in

D20. See Figure 2.15 for the full spectrum of O-MNE and Fig

ure 2.24 for the full spectrum of a 1:1 o-MNE-ethanol mixture.
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Figure 2.26: PMR spectra of reaction product between erythro-o-MNE and

ethanolic HC1. The upper scan is the complete 500 Hz scan

(at 60 M Hz) and the 10wer scan is the expansion (50 Hz

sweep width) of the portions of the upper scan designated

b, c, and d. Assignments are discussed in the text.
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Figure 2.27:

-->

… " ºil. --- ----
-

2. -- – 3.

Portion of PMR spectrum shown in Figure 2.26 (500 Hz sweep

width) along with expansion (50 Hz sweep width) showing

methyl proton resonances. Tentative peak assignments:

Peak #'s

2, 5a, 8

Tentative Assignment

ethanol ch,
8–0CH, CH2***3

a-CH3 of threo-G-MNE 3-ethyl ether

a-CH, of threo-O-MNE

o—CH., of erythro-o-MNE3 o

a-CH3 of erythro-a-MNE 3-ethyl ether
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(4.28–4.92 ppm) which was assigned to the O-methine proton. There was

another broad peak (3.38–3.92 ppm) which contained an apparent triple t

(3.67 ppm, J = 7 Hz). The latter was probably associated with the

methylene protons (-0CH,CH3). The peaks corresponding to methyl protons

(1.08-1.80 ppm) was extremely complex and could not be analyzed. Com

pared to this spectrum the spectrum of the tetrakis- (PFP) derivative

of o-MNE was simple: G-CH3 (1.39 ppm, d, 3H, J = 7 Hz), C-H (4.85,

broad multiplet, 1H), 3–H (6.44 ppm, d, 2H, J = 5 Hz), NHPFP (7.20 ppm,

d, 1H, J = 9 Hz), and Ar–H (7.58 ppm, s, 3H). These peak assignments

are consistent with those expected (Jackman and Sternhell, 1969). The

complexity of the PMR spectrum of tris-(PFP)-O-MNE-3-ethyl ether may

arise from incomplete derivatization as suggested by the GC analysis de

scribed in the discussion of derivatization of the catecholamines.

Construction of Standard Curves

Standard calibration curves were constructed for each of the deu

terated internal standards, a-MD-da, a-MDA-de, O—MNE-d DA-da, and5 *

NE-da- Each of the internal standards and corresponding unlabelled com

pounds (ca. 6 moles) was weighed accurately on a Cahn Electrobalance

and diluted in 0.01 N HCl to give a final concentration of about 100

mmol/ml. For each compound 100 ul aliquots of the labelled internal

standard was added to six tubes, in duplicate. A different amount of un

labelled compound was then added to each of these tubes - 0, 20, 50, 100,

250 and 500 pil. The range of unlabelled compound-to-labelled compound

molar ratio was about 0.2:1 to 5:1. Since each of the compounds was

weighed accurately, the molar ratios can be calculated. Each of the

samples was 1yophilized and was derivatized in the manner described

earlier. The samples were submitted for CIMS and at least five scans of
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the appropriate mass range were obtained. The sample-to-internal stand

ard peak height ratios were calculated and averaged after measuring the

appropriate peak heights at their respective molecular ion m/e values.

Figure 2.28 shows the standard curves drawn from the data obtained from

samples containing C-MD, C-MDA, O-MNE, DA and NE. The lines were drawn

according to the equation obtained by carrying out the regression of

the mole ratios (Y) on the peak height response ratios (X). In the

analytical work described in the Pharmacology Section (Chapter III), the

cate cholamine levels were calculated from the regression equations

listed in Table 2.9. This was accomplished easily with a calculator and

was considered less subject to human error than reading the values di

rectly from the graph.

Table 2.9: Summary of regression equations and correlation coefficient

showing the relationship between the unlabelled-to-labelled

compound molar ratio (Y) and the peak height response ratio

(X)

Compound Equation Correlation
Coefficient

(r)

O-MD Y = 0.871x -0.037 0.9996

O-MDA Y = 0.713X -0.004 0.9997

O—MNE Y = 0.815x +0.032 0.9996

DA Y = 0 . 729X 1.0000

NE Y = 0.975X +0.006 0.9998

The slope of each of the lines is less than one since the deuterated

internal standard is not 100% deuterated in the desired deuterated

species (M); some M-1 and M-2 species are present. The relationship
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between molar ratios and peak height ratios is linear to a very highly

significant level (r = 1.000). The y-intercepts are very close to zero

indicating low probabilities of the isotopic form representing unlabelled

material being in the labelled material or the isotopic form representing

labelled material being in the unlabelled material. A positive y

intercept value suggests that the labelled compound may contribute to

the peak height response from the unlabelled sample, and a negative y

intercept value suggests that the unlabelled compound may contribute to

the peak height response of the labelled compound (pickup and McPherons,

1976; 1977; Chapman and Bailey, 1974; Schram et al., 1979; Schoeller,

1976; cf. discussion on Choice of Isotopically Labelled Compound). These

calibration curves met our requirements for use in analysis of C-MD,

o-MDA, O-MNE, DA, and NE (see Chapter III).
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Solvents were removed under vacuum (~20 torr) on a rotary evaporator

equipped with a dry ice cold finger condenser. Melting points were taken

on a Thomas-Hoover apparatus and are uncorrected. Literature melting

points refer to unlabelled compounds. Unless otherwise stated, PMR spec

tra were recorded 60 MHz instruments on (Varian A-60A or a Beckman R-12B).

100 MHz PMR spectra were recorded on a Varian XL-100. This instrument

was interfaced with a Nicolet multinuclear (MONA) attachment to record

proton-decoupled carbon-13 NMR or CMR spectra at 25.1 MHz and *H-NMR at

15.4 MHz. The chemical shifts are expressed in ppm (6) downfield from

TMS in spectra obtained in organic solvents and from DSS in D20. Chemical

ionization mass spectra were taken on an AEI-MS-902 double focusing mass

spectrometer equipped with a direct inlet system and modified to operate

in the chemical ionization mode. The reagent gas was isobutane at an ion

chamber pressure of 0.5 to 1.0 torr, at the indicated source temperature.

Electron impact spectra were obtained on an AEI-MS-12 instrument. Gas

chromatographic analyses were performed on a Varian Model 2100 with a 2 mm

x 2 m Pyrex column packed with a 3% OV-1 on acid-washed, DMCS-treated Chro

mosorb W. Infrared spectra were obtained on a Perkin-Elmer 337 spectro

photome ter. Specific rotation reasurement. were taken on a Perkin-Elmer

141 electronic polarimeter. Microanalyses were performed by the Microana

lytical Laboratories, University of California, Berkeley. D,0 (99.8%),

ethanol-0-d (98%), and me thanol-O-d (99%) were purchased from Bio-Rad and

lithium aluminum deuteride (99%) from Stohler. The nomenclature used in

the Experimental Section is that used in the Index Guides of current is—

sues (1977–1979) of Chemical Abstracts.
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1-(3,4-Bis(phenylmethoxy) phenyl)-2-nitro-1-propene, 14

3,4-Dibenzyloxybenzaldehyde (30 g., 94.2 mmoles), ammonium acetate

(dry, 3.64 g, 47.1 mmoles), and nitroe thane (300 ml) were added to a

1000 ml, three-neck flask fitted with a condenser, Dean-Stark tube, and

gas in 1et adapter. After the reaction system was flushed with nitrogen,

the reaction mixture was heated to reflux for 2 hours while stirring mag

netically. After cooling to room temperature the reaction mixture was

transfered to a 1500 ml beaker containing me thanol (~500 ml). The flask

was washed out with methanol and the washings were combined with the rest

of the methanol solution. When the solution was cooled in an ice bath,

crystallization occurred. The resulting yellow solid product was fil

tered and dried to yield 33.23 g (93.9%); mp 108°–109°. The product was

recrystallized from ethanol to yield the desired, yellow nitropropene

(31.97 g, 90.4% yield): mp 118°–119° (lit mp 117°, Hamlin, 1958; Hohen

1ohe-Oehringen and Call, 1968); PMR (CDC13) ■ ppm. 7.99 (s, 1H, CH=C);

7.0–7.7 (m, 13H, Ar-H) ; 5.21 (s, 2H, -och,); 2.26 (s, 3H C-CCHA).

1- (3,4-Bis(phenylmethoxy)phenyl)-2-propanone, 12

Purified iron (reduced, very fine, Mallinkrodt; 60 g) was poured

into a 2 1 three-neck flask with a condenser, mechanical stirrer, and a

nitrogen inlet adapter. Glacial acetic acid (100 ml) was added and the

mixture was stirred vigorously while heating to reflux under an atmos

phere of N2. The mixture appeared milky-gray after 30 minutes of heating

and 1- (3,4-dibenzyloxyphenyl)-2-nitro-1-propene (14; 84.9 g, 226.1 minoles)

in warm glacial acetic acid (400 ml) was added. The resulting reaction

mixture was heated at reflux and stirred vigorously for an additional

2.5 hours. The colour of the supernatant solution had changed from bright

yellow to almost colourless. After the reaction mixture had cooled to
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room temperature, it was filtered through celite which was washed with

glacial acetic acid (HOAc) and finally with Et20. The Et2O was removed

from the combined HoAc-Et,0 washes by evaporation under vacuum on a ro

tary evaporator. The remaining acetic acid was removed by lyophiliza

tion. The lyophilized product was mixed with 0.1N HC1 (700 ml) and the

organic product was extracted with Et20 (2 x 250 ml, 2 x 100 ml). The

combined extracts were washed with 5% NaHCO3 (3 x 100 ml) and water

(2 x 50 ml). The pale yellow organic extract was dried with any drous

MgSO, and the solvent was removed under vacuum to yield a pale yellow

oil (72.75 g, 93%). This crude product was purified by high vacuum dis

tillation on a preparative Kugelrohr distillation apparatus to yield a

pale yellow oil which solidified upon cooling to room temperature (70.05

g, 89.5%); bp 195°–200° at 0.025 torr; mp 36.5° (lit. bp 160°, molecular

distillation at 0.05 torr; Ames, 1974). IR (CC1,) 1715 en", v(C-o).
PMR (CDC13) 6 ppm: 1.94 (s , 3H, CH3CO), 3.49 (s, 2H, CH,Co.), 5.07 (s,

4H, OCH2C6H4), and 6.56-7.67 (m, 13H, aromatic-H). CMR (CDC13) 6 ppm:

29.1 (CH,Co.), 50.7 (CH2CO), 7i.7 (CH,0), 116.0-149.9 (aromatic-c; see
Table 2.2 for tentative assignments), and 207. 1 (C=O). CIMS (210°) m/e

(rel. intensity): 347 (100), 329 (10.6), 257 (37.7), 254 (10.3), 181

(63.0), 179 (80.1), 91 (31.5). EIMS: 346 (18.0), 328 (0.2), 303 (0.7),

225 (4), 181 (7.0), 91 (100). Anal. Calculated for Co., Ho,04: C, 79.74;23**22° 3 "

H, 6.40. Found: C, 79.64, H, 6.40.

1-(3,4-Bis (phenylmethoxy) phenyl)-2-propanone 2,4-dini trophenylhydrazone, 76

The propanone, 12, (0.1 g, 0.3 mmol) in ethanol was added to a fil

tered solution of 2,4-dini trophenylhydrazine (0.15 g, 0.76 mmol) dissolved

in a mixture of concentrated H., SO, (0.75 ml), water (1 ml), and 95% ethanol2 4

(3.5 ml) (p. 126 Shriner et al., 1956). The resulting solution was put in
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the refrigerator. Thirty minutes later the crystals formed were centri

fuged; the supernatant was removed; the yellow product was washed with

e thanol, recrystallized and after drying yielded 0.129 g, 85%: mp 108°

109°. PMR (CDC13) 6 ppm : 1.82 (s , 3H, CH3); 3.58 (s , 2H, c(=N)CH,);
5.13 (s, 4H, OCH2); 6.70–7.60 (m, 13H, aromatic (dibenzyloxyphenyl)-H),

7.93 (d., 1H, J –Ø–= 9 Hz, 2,4-(NO2), —%–H–6); 8.28 (q, 1H, 2,4-(NO 292
–Ø–H–6); 10.95 (s, 1H, N=NH).

292
= 2.5 Hz, 2,4- (NO

3,5

H–5); 9.07 (d, 1H, '5,6 292
CIMS (285°) m/e (rel. intensity): 527 (35), 437 (38), 346 (100), 181

(35).

111-(3,4-Bis(phenylmethoxy)phenyl)-2-propanone-1,1,3,3-3-ds,
--

The unlabelled propanone, 12, (11.2 g, 32.4 mmol) in dry pyridine

(12 ml) was transferred to a 100 ml three-neck flask fitted with condenser,

graduated Dean-Stark trap with stop cock, and nitrogen inlet and outlet

adapters. (All glassware was dried at 120° overnight, assembled while

hot, and cooled to room temperature as dry nitrogen was flushed through

the apparatus. Pyridine and D,0 were transferred with dried syringes,2

flushed with dry N2, out of contact with air.) Toluene (1 ml) and D.,02

(6 ml, ca. 330 mmol) were added and the reaction mixture was heated to

reflux while stirring magnetically. The azeotropically distilled water

was withdrawn from the Dean—Stark trap. About 6 ml of the pyridine-toluene

mixture also was removed. Another charge of dry pyridine (16 ml) and D20
(8 ml) was added and the resulting solution was heated to reflux for 24

hours. The water was removed azeotropically in about 20 ml of pyridine

water distillate collected in the Dean-Stark tube. An additional charge

of pyridine (22 ml) and D20 (12 ml) was added to the reaction flask.

After another 24 hour reflux period about two-thirds of the solvent mix

ture was removed by distillation. The flask was then transferred to a
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rotary evaporator having two dry ice traps between it and the water as

pirator. The solvent was removed under vacuum (~20 torr). The product

was purified by high vacuum distillation in a preparative Kugelrohr ap

paratus to yield 10.9 g (95.9%) of the desired propanone-d bp 190°–5

195°, 0.005 torr; mp 36.5°. PMR (CDC13) ô ppm : 5.02 (s , 4H, OCHA);
6.54–7.68 (m, 13H, aromatic-H); No CH,co or CH3CO protons detected.

CMR (CDC13) 6 ppm: 28.0 (septet, = 19.6 Hz, CD3C0) 50.1 (quintet,'130p
J13 = 20.0 Hz, CD2C0), 7. 17 (OCH3), 116. 0-149.9 (aromatic-C), 208.1CD

(C=O). CIMS (240°) m/e (rel. intensity): 351 (54.5), 334 (6.5), 262

(66.5), 260 (21), 181 (100), 179 (20.5), 91 (96.5). EIMS: m/e (rel.

intensity) 351 (11.0), 305 (0.3), 260 (2.3), 181 (4.7), 91 (100).

Anal. Calculated for C23H1793P5: C, 78.60; wit. of H20 + D20 from com—

bustion of 4.305 mg 11, 2.487 mg. Found: C, 78.94; wit. of H,0 + D20,
2.462 mg.

1-(3,4-Bis(phenylmethoxy)phenyl)-2-propanone-3,3,3-ds, 15

The propanone—de 11 (20.32 g, 57.89 mmol) was dissolved in a mix5

ture of pyridine (50 ml) and H20 (25 ml). The solution was stirred mag

netically at room temperature for 12 hours. The reaction mixture was lyo

philized. This back-exchange process was repeated an additional five

times (12 hours each). The amount of pyridine (ml) and H,0 (ml) used and

percentage CH,CO are listed: 1st repeat – 50 ml, 25 ml, --; 2nd – 50 ml,

50 ml, 80%; 3rd – 75 ml, 40 ml, 90%. Each lyophilization yielded a pale

yellow solid, mp 35°–36°. Distillation yielded 19.11 g (94.3%) : mp 36.5°

37°. PMR (CDC13) ô ppm : 3.38 (s , 1.8H, CH,Co.); 5.00 (s , 4H, 6.5-7.6

(m, 13H, aromatic H). EIMS: m/e (rel. in tensity) - 349 (7), 303 (0.4),

26 (2.0), 181 (5.6), 91 (100).
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5-[[3,4-Bis(phenylmethoxy)phenyl]-methyl-d2]-5-(methyl-dy)-imidazoli

dinone 16 (hydantoin-d;).

The propanone-d ll (3.18 g, 9.05 mmol), ammonium carbonate-ds
(7.96 g, 76.5 mmol), and potassium cyanide (1.18 g, 18.1 mmol) were dis–

solved in a mixture of me thanol-O-d (30 ml) and D20 (4 ml). (Ammonium

carbonate–ds was prepared by subliming ammonium carbonate from hot D,0
solutions; the procedure was repeated six times.) The reaction was

carried out in the same way as in the preparation of the corresponding

unlabelled hydantoin 16 but with the added precaution of performing op

erations under nitrogen. The yield of the hydantoin–de 16 was 3.55 g5

(93.1%) : mp 184.5°–185°. CIMS (200°) : m/e (rel. intensity) – 422 (100),

332 (56), 330 (37), 254 (17), 242 (12), 181 (24), 91 (16). EIMS: m/e

(rel. intensity) — 421 (4), 330 (0.5), 305 (13), 181 (16.4), 91 (100).

5-[[3,4-Bis(phenylmethoxy)phenyl]-methyl]-5-(methyl-do)-imidolidinone

(hydantoin-da), 81---

The same procedure was used to prepare the hydantoin-d, except that3

the following amounts of propanone-da and the protio-form of the reagents

were used: propanone-d 15 (19.48 g, 55.8 mmol), ammonium carbonate

(42.88 g., 446.4 mmol), potassium cyanide (7.27 g, 111.6 mmol), me thanol

(180 ml), and water (25 ml). The overall yield of the desired hydantoin

81 was 21.84 g (93.4%); mp 184°–185°. CIMS (210°) : m/e (rel. intensity)
— 420 (100), 330 (14), 328 (9), 252 (48), 240 (20), 181 (41), 91 (23).

3,4-Dibenzyl-O-methyldopa (cº-methyl-3-(phenylmethoxy)-0-(phenylmethyl)-

tyrosine), 83

The hydantoin 82 (0.413 g, 0.992 mmol) dissolved in digylme (20 ml)

was added to Ba(OH)2 (4.87 g, 15 mmol) dissolved in 20 ml of water in a
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Teflon round bottom flask. The reaction mixture was stirred magnetically

and heated to reflux for 24 hours. After the solution cooled to room

temperature, the pH of the solution was adjusted to pH 1 with concen—

trated hydrochloric acid and then raised to pH 5.5 with 20% sodium hy

droxide solution. The resultant precipitate was filtered and dried to

yield 0.215 g of white product (recrystallization from EtOH, mp 2.18°

221°). The aqueous filtrate was stored at 4° for 2 days. After filtra

tion of the resulting precipitate, drying, and recrystallization, an ad

ditional 0.056 g were obtained. To tal yield of the unlabelled amino

acid 83 was 0.27 g (70.1%) : mp 2.18°–221° (lit. mp 220°–230°, Hohenlohe

Oehringen and Call, 1968). PMR (DMSO-de) 6 ppm : 1.28 (s, 3H, G-CH3),

2.93 (AB quartet: JAB = 8.6 Hz, w = 11.1 Hz; 2H; Ar-CH2C), 5.16 (s , 4H,

OCH2), 6.8–7.7 (m, 13H, aromatic-H). CIMS (215°) m/e (rel. intensity):
392 (18), 346 (100), 305 (8), 181 (9), 91 (52).

3,4-Dibenzyl-3-methyldopa-ds (3-(methyl-dy)-3-(phenylmethoxy)-0-(phenyl->

methyl) tyrosine), 84

Essentially the same procedure as the above was used to prepare

3,4-dibenzyl-O-MD-d., except that the following amounts of reactants were3

used: hydantoin-d., , 81, (21.00 g, 50.1 mmol) dissolved in diglyme (1003”

m1) and ethylene glycol (150 ml) and Ba(OH)2.8H,0 (150 g, 0.48 mmol) dis

solved in water (ca. 250 ml). The solutions were mixed while hot. Dis

solution of the reactants was not complete after 36 hours of heating at

reflux. The flask could not contain additional solvent safely, so the

reaction mixture was worked up as described in the preparation of the un

labelled compound. Only 9.60 g (49.6% of that expected) of product (mp

219°–223°, from e thanol) was obtained. The solutions obtained from the

reaction work-up were concentrated under vacuum (0.1 torr, 60°) to remove
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the organic solvent. The resultant slurry was diluted and stirred with

about 300 ml of 0.01 N HC1. The pH was adjusted to pH 5.5 and the re

sulting solution containing some off-white precipitate was filtered and

stored at 4° for several days. No additional product was obtained from

the solution. The product which was obtained by filtration was dried and

recrystallized from e thanol (6.7 g ; mp 182°–184°). CIMS of the sample

confirmed that this was unreacted hydantoin-d Based on the amount of3 *

unreacted hydantoin-d 81 that was recovered, the yield of dibenzyl- -

MD-da was recalculated to be 71.4%, on the assumption that 14.3 g (21.00

g – 6.70 g) of hydantoin-da had been consumed in the reaction.

PMR (DMSO-de) 6 ppm: 1.37 (s , ca. 0.15H, deuterated CH3CO), 2.90 (broad

s, ca. 1.5H, deuterated CH2CO), 5.10 (s, 4H, OCH2), 6.8–7.7 (m, 13H, aro

matic-H). CIMS (270°) m/e (rel. intensity) – 395 (100), 394 (32), 393

(5), 349 (16), 348 (22), 347 (39), 346 (52), 305 (24), 181 (38), 91 (27).

3,4-Dibenzyl-O-methyldopa-ds (O-(methyl-do)-3-(phenylmethoxy)-0-(phenyl
-) J

methyl)-tyrosine-8-8-d2), 17

The hydantoin-d 16 (2.59 g, 6.15 mmol) was dissolved in methyl car

bitol [2-(2-methoxyethoxy)ethanol, 50 ml] was heated at ga. 100° in a

Teflon flask. To this was added a hot solution of Ba(OH)2.8H,0 (30.2 g,

95.8 mmol) in water (50 ml). The reagents remained in solution and

heating at 100°-110° was continued for 48 hours under nitrogen. The re

action mixture was worked up as described in the preparation of unlabelled

dibenzyl-O-MD (83). The dried, recrystallized product weighed 2.38

(97.9%) : mp 2.18°–221°. PMR (DMS0-dg) 6 ppm : 5.18 (s , 4H, OCH2), 6. 7–

7.7 (m, 13H, aromatic–H); no protons corresponding to O-methyl or 3-methy

lene protons could be detected.
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O-Methyldopa (O-methyl-3-hydroxy tyrosine), 10
---

3,4-Dibenzyl-O-MD 83 (0.81 g, 2.1 mmol) was transferred to a 100 ml

flask containing concentrated hydrochloric acid (15 ml) and benzene (10

ml). The reaction vessel was purged with nitrogen and was maintained

under an atmosphere of nitrogen while the he terogenous reaction mixture

was stirred vigorously for 24 hours at room temperature. The reaction

mixture was transferred to a separatory funnel and the light yellow aque

ous layer was withdrawn leaving the brown benzene layer behind. The

water was removed under vacuum on a rotary evaporator. To remove the

traces of HCl remaining, tert-butanol was added to the contents of the

flask and the solvent was then evaporated under vacuum; this process was

repeated twice. The white product was extremely hygroscopic and could

not be weighed accurately.

Degassed (boiled), nitrogen-purged distilled water was added dropwise

to a conical centrifuge tube containing the hydrochloride salt of Q-MD

until the salt dissolved. While maintaining the solution under nitrogen,

nitrogen-purged trie thylamine (0.32 ml, 0.726 g/ml, 2.3 mmol) was added

and the resulting solution (pH 5.5) was diluted with acetone (2 ml).

After 15 minutes the precipitated solids were centrifuged and the solvent

was removed via a Pasteur pipe tte which had been drawn to a fine point.

Ethanol was added to the off-white solid product and the mixture was

shaken and recentrifuged. The solution was removed by pipette and the

solid was dried under vacuum (0.05 torr, 56°) to yield 0.524 g (85.8%) :

mp 295°–300° (lit. pm 300°–30.1°, Stein et al., 1955). PMR (dil. DC1–

DSS) 6 ppm : 1.74 (s , 3H, G-CH3), 3.25 (AB quartet; = 15 Hz, v AB 7

= 2 Hz; 1H; Ar–H–6),

"AB

14.3 Hz, 2H; 3-CH2), 6.77 (q; J. a = 8 Hz, J5, 6

7.03 (d; 1H; Ar–H–2), 7.18 (d; 1H; Ar–H–5).
2,6
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G-Methyldopa-methyl-d; (3-(methyl-da)-3-hydroxy-tyrosine), 5-

(a) Hydrolysis of Protecting Group

The method of preparation of Q-MD-do was the same as that of the3

unlabelled Q-MD except that the following quantities of reactants were

used: 3,4-dibenzyl-o-MD-da 84 (3.25 g, 8.24 mmol) was stirred vigorously

in a mixture of benzene (15 ml) and concentrated hydrochloric acid (35

m1). After work-up and isolation of the free base, 1.51 g (73.3%) of

o-MD-d, was obtained: mp 295°–300°. PMR (dil. DCl–DSS) 6 ppm : 1.74

(broad s , ca. 0.2H, G-CH3), 3.25 (AB quartet; "AB "AB

2H; B-CH2), 6.7–7. 2 (m; 3H; Ar–H). CIMS of tris-(PFP) ethyl ester deri

= 14 Hz, = 12. 1 Hz;

vative, MW 680 (180°) m/e (rel. intensity): 681 (100), 680 (27), 679

(3), 678 ( 0.3), 636 (4), 607 (43).

(b) Cleavage of Protecting Groups by Hydrogenolysis

3,4-Dibenzyl-O-MD-d 84 (1.98 g, 5.03 mmol) was hydrogenolyzed at

atmospheric pressure over 10% Pa / C (500 mg) in me thanol (250 ml); occa

sional warming was required to keep the product in solution. After 40

minutes, 289 ml of hydrogen had been consumed (theoretical 243 ml) and no

additional hydrogen was taken up over the next 30 minutes. The catalyst

was removed by filtration under nitrogen while the solution was kept warm

and the solvent was removed under vacuum on a rotary evaporator to yield

1.05 g (97.5%) of a beige colored product: mp 300°–303°. Some of the

product (100 mg) was decolorized by dissolving it in boiled water which

had been cooled to 20° under an atmosphere of nitrogen and treating the

solution with decolorizing charcoal. The charcoal used was treated pre

viously by bubbling sulphur dioxide gas through a suspended mixture of

charcoal and water. The mixture was centrifuged; the supernatant was

withdrawn by pipette; the charcoal was rinsed once with water and
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re-centrifuged. Some of this charcoal was transferred with a spatula to

the aqueous solution of C-MD-d This was shaken by hand for several3 *

minutes and allowed to stand at room temperature for 30 minutes before

centrifugation. The aqueous supernatant was removed carefully by pipe tte

and the resulting colorless solution was lyophilized to yield 99 mg of

white product (mp 308°–310°). (Spectral data same as in those in (a)

above.)

g-Methyldopa-É,£methyl-d; (3-(methyl-da)-3-hydroxy tyrosine-3,6-da), 18
Method (b), see above.

3,4-Dibenzyl-O-MD-de 17 (150 mg, 0.38 mmol) was "hydrogenolyzed"5

with deuterium gas over 10% Pd/C (40 mg) in methanol-O-d (50 ml). The

catalyst was pre-equilibrated with deuterium gas prior to catalytic re

moval of the 0–benzyl groups. The remainder of the procedure was the

same as that described for the preparation of C-MD-d The yield was3 *

81.6 mg (98%); mp 305°–308°. CIMS of tris-(PFP) ethyl ester derivative

(200°) m/e (rel. intensity) - 683 (30), 682 (0.03), 639 (100), 609 (24).

N,0,0–Triacetyl-O-methyldopa■ (S)-N-acetyl-3-(acetyloxy)-C-methyltyrosine

acetate ester], 85

(S)-O-MD 10 (1 g, 4.7 mmol) was dissolved in a mixture of freshly

distilled pyridine (6 ml) and freshly distilled acetic anhydride (13 ml).

The reaction mixture was heated to reflux under an atmosphere of nitrogen

for 15 hours. The solvents were removed under vacuum on a rotary evapora

tor. Toluene (10 ml) was added to the flask and was evaporated under

vacuum. This procedure was repeated twice to remove traces of pyridine

and acetic anhydride. The resulting viscous, brown oil was cooled in an

ice bath and was triturated with 2N HCl (4 ml). This mixture was maintained
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at 4° and was stirred occasionally over the following 2 hours. The off

white solid obtained was filtered and washed with water. The product

was transferred to a tube and was dried overnight in a drying pistol at

56° (0.01 torr) to yield 1.16 g (73%) of product: mp 191°–193° (1it. mp

192°–194°, Ames, 1974; 197°–199°, Tris tram et al., 1964). PMR (CDC13) &

ppm : 1.62 (s; 3H ; G-CH3), 2.04 (s; 3H; NH-CO-CH3), 2.23 (s; 3H;

o-co-CH3); 2.34 (s; 3H; 0–CO-CH ); 3.36 (s; 2H; broad; CH2C); 6.75- 7.2

(m, 3H, aromatic-H). PMR (pyridine-dg) ô ppm: 1.68 (s; 3H; G-CH3);
1.97 (s; 3H; NH-Co-CH,); 2.20 (s; 3B ; o-Co-CH3); 2.24 (s; 3H; o-co-CH3);
3.55 (AB quartet, J = 14 Hz, = 12.9 Hz), 6.78–7.37 (m; 3H ; aroma—AB YAB
tic-H).

(RS)-N,0,0–Triacetyl-3-methyldopa-da■ (RS)-N-acetyl-3-acetyloxy-3-(methyl
da)-tyrosine acetate ester], 87

When the above procedure for preparing triacetyl-O-MD (85) was fol

lowed, G-MD-d, (2.50 g, 11.7 mmol) in pyridine (25 ml) and acetic anhy

dride (40 ml), both freshly distilled, yielded 2.51 g (63%) of racemic

triacetyl-O-MD: mp 190°–193°. PMR spectrum in pyridine was the same as

that of the unlabelled compound except that the peak at 1.68 ppm had vir–

tually disappeared. CIMS (260°) m/e (rel. intensity) – 431 (100), 323

(31), 299 (34), 281 (11); two me tastable peaks at m/e 305.95 (323°/341)
and 262. 17 (299°/341).

(S)-Triacetyl-O-methyldopa-d', quinine salt [quinine salt of (S)-N-acetyl
->

3-acetyloxy-O-(methyl-do) – tyrosine acetate ester], 88
J --

Quinine (2.64 g, 8.12 mmol) and triacetyl-O-MD-d., 87 (2.51 g, 7.343

mmol) were dissolved in ace tone (25 ml) with mild heating and stirring.

After stirring about 10 minutes some solid material began to precipitate.
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Stirring at 4° was continued for an additional 5 hours after which the

product was filtered, washed with ace tone, and dried under vacuum over

night to yield 2.10 g (86.1%) of product: mp 138°–149° (1it. 164°–166°,

Tris tram et al., 1964; 155°–170°, Ames, 1974).

(S)-Triacetyl-O-methyldopa-d., [(S)-(–)-N-acetyl-3-acetyloxy-O-(methyl
->

da)-tyrosine acetate ester], (S)-87
J --

The (S)-triacetyl-O-MD-d, quinine salt 88 (2.10 g, 3.16 mmol) was3

dissolved in water 4 ml) and 2N HC1 (6 ml ) at about 4° and the solution

was stirred for 30 minutes. The solution was extracted with ethyl ace

tate (4 x 25 ml), washed with 2N HC1 (7.4 ml), dried with anhydrous MgSO 4”

and evaporated to dryness under vacuum to yield a pale yellow solid (1.03

g, 96%) : mp 175°–177° (lit. 181°-183°, Tris tram et al., 1964). º, -

–59.2° [c = 1.056 g/dl; 96% EtOH: C, observed = -0.625°], (lit. º, -

–64.86° [c = 2 g/dl; 96 EtOH; Ames et al., 1977: -74.5°, Tris tram et al.,

1964 ).

The product (1.03 g, 3.03 mmol) was resolved again by reaction with

a 10% molar excess of quinine in ace tone to form the quinine salt of (S)-

triacetyl-O-MD-do as described above. The triacetyl derivative was freed3

of quinine salt as just described to yield 0.88 g (84%) : mp 176°-178°;

[al:, = -65. 1 [c – 1.039 g/dl., 96% EtOH, C = -0.676°].

(S)-2-Methyldopa-da■ (S)-(–)-d- (methyl-dg)-3-hydroxy tyrosinel, (S)-5

(S)-triacetyl-a-MD-da (S)-87 (0.88 g, 2.59 mmol) was dissolved in 6 N

HCl (20 ml). The solution was heated to reflux for 2.5 hours under an

atmosphere of nitrogen. The solvent was removed under vacuum on a rotary

evaporator. Several successive portions of tert-butanol (10 ml) were

added and removed under vacuum to remove residual amounts of hydrochloric
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acid. The white hydroscopic product was dissolved in boiled, nitrogen

purged water ( 1 ml) in a 15 ml conical centrifuge tube. Nitrogen-purged

triethylamine was added dropwise until the pH of the solution was 5.5

(according to dual indicator pH strips) while the solution was maintained

under an atmosphere of nitrogen. The solution was diluted with ace tone

(2 ml) and was kept in an ice bath for 2 hours. The tube was centrifuged,

the supernatant was withdrawn by pipette, and ethanol (3 ml) was added to

the solids contained in the tube. The mixture was heated gently and

shaken on a Vortex mixer. The tube and contents were cooled on ice for

30 minutes and centrifuged again. The supernatant was removed by pipette

and the solids were dried in a drying pistol (56°, 0.05 torr) to yield

0. 51 g (92%) of white product: mp 300°–305° (lit. mp 306°–308°, Tris–

tram et al., 1964).

Preparation of 3,4-di-O-methyl-O-methyldopa-do or d2 methyl ester[0,4-0-
dimethyl-3-methoxy-tyrosine-do or -O,O′-do methyl ester], 179 for GC ana

U– 2 ---

lysis of enantiomeric purity

To a small reaction flask were added resolved o-MD-da (5 mg, 0.023

mmol), anhydrous methanol (3 ml), and freshly prepared ethereal diazo

methane (4 ml of 2.5% solution). These reagents were mixed while cold

(0°–4°) and the resulting suspension was allowed to stir at room tempera

ture for 48 hours. At the end of this period the solvent was removed

under a stream of nitrogen while the tube was heated at 30°. The resi

due was taken up in dichlorome thane and a portion of this was derivatized

with the acyl chloride of Mosher's acid, 89, without further purification

(see next step: preparation of 180)
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Preparation of C., 4-0-dimethyl-3-methoxy-N- [ (S)-O-methoxy-O-trifluoro

methylphenylace tyl]-tyrosine methyl ester, 180, for GC analysis of
---

enantiomeric purity

100 pil of the methylene chloride (CH2Cl2) solution containing

methylated G-MD-da (179) obtained from the previously described reaction,

was transferred to a Reacti-vial (Pierce Chemical Company). To this was

added a 0.4 M CH2Cl2 solution of (S)-O-methoxy-O-trifluoromethylphenyl

acetyl chloride (50 u1) and pyridine (20 p.1). The vial was sealed with

a Teflon-lined cap and the reaction mixture was heated at 70° for 30 min

utes. After the reaction mixture had cooled to room temperature, 1N HC1

(1 ml) was added; the resultant two-phase mixture was mixed vigorously

on a Vortex stirrer for 1 minute and then the supernatant aqueous layer

was withdrawn by pipe tte. More CH2Cl2 (100 ||1) was added and the proce

dure was repeated with another aliquot of 1N HC1 (1 ml) following which

15% Na2CO3 solution (0.5 ml) was added. The resultant CH2Cl2 solution

was analyzed by GC (column temperature, 225°, 3% OV-17, 6' column). The

retention time for the (S)-O-MD derivative was 20.7 t 0.3 minutes and for

that of the (R)-isomer, 23.1 + 0.3 minutes (see Figures 2.13 a, b and c)

The resolved o-MD-da was about 98% pure (S)-isomer.

1- (3,4-Bis(phenylmethoxy) phenyl)-2-propanone oxime, 120

The corresponding unlabelled propanone, 12, (1.11 g, 3.21 mmol) was

dissolved in a mixture of dry pyridine (5 ml) and absolute ethanol (5 ml).

To this was added hydroxylamine hydrochloride (0.995 g, 14.3 mmol) and

the resulting solution was refluxed for 3 hours. The solvents were re

moved under vacuum. The residue was triturated with cold water (5 ml)

and the resultant mixture was extracted with ether (3 x 10 ml). The



303

combined ether extracts were dried with Na2SO4 and were taken to dryness

to yield 1.09 g (93%) of crude oily product. Crystallization attempts

failed to yield a solid product (cf. Ames, 1974). IR (cci,) em": 3250

(VOH), 1680 (v(X=N). PMR (CDC13) 6 ppm : 1.73, 1.75 (2s; 1H: syn- and

anti-CH3); 3.39, 3.63 (2s, 2:1 ratio; 2H ; CH,C(=O)); 5.04, 5.07 (2s;

4H; OCH,); 6.6-7.6 (m, 13H, Ar-H), 10.5 (s; li; NoH).

1- (3,4-Bis (phenylmethoxy) phenyl-2-(propanone-1,1,3,3,3-de)-2-oxime, 19

The same procedure as used for preparing the unlabelled oxime 120
---

was used to prepare 19 except that e thanol-O-D replaced ethanol and deu

OH “HC1. NDAODterated hydroxylamine hydrochloride (ND,0D-DC1) replaced NH 22

OH, HCl (5.83 g, 79.3 mmol) in hot D,0DC1 was prepared by dissolving NH 22

(7 ml) followed by lyophilization. This was repeated five additional

times. The reaction of the labelled ketone 11 (5.80 g, 16.53 mmol) with

ND,0D' DC1 (5.83 g, 79.3 mmol) in dry pyridine (25 ml) and ethanol-O-D2

(20 ml) after 3 hours at reflux yielded 5.8 g (95.6%) of product. PMR

(CDC13) ô ppm: 5.00 (5; 4H; OCH2); 6.6-7.6 (m; 13H; Ar–H). Integration

around 1.75 ppm suggest ~3% H in CD, C(=O). To prevent loss of label this

product was used without further purification.

3,4-Dibenzyl-O-methyldopamine (C-methyl-3,4-bis(phenylmethoxy)benzene

e thanamine), 121

Aluminum hydride (6.02 mmol) was generated by adding 100% H2SO,
(0.295 g, 0.161 ml, 3.01 mmol) via a syringe to a cooled, stirred sus

pension of LiAlH, (0.229 g, 6.02 mmol) in THF (20 ml) under an atmosphere

of nitrogen. After stirring this suspension for 1 hour at room tempera

ture, a THF solution (20 ml) containing the unlabelled oxime 120 (1.09 g,
---

3 mmol) was added dropwise. The reaction mixture was stirred at room
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temperature for an additional 30 minutes and then at reflux for 90 min

utes. The reaction mixture was hydrolyzed with a 1:1 THF-water mixture

(3 ml) followed by the addition of sodium hydroxide (0.3 g , 7.5 mmol) in

water (3 ml). The hydrolyzed reaction mixture was transferred to a 250

ml centrifuge flask and was centrifuged (3000 rpm, 10 minutes). The

supernatant THF layer was removed by decantation. The precipitated solid

was resuspended in Et,0 (25 ml) and recentrifuged. This procedure was2

repeated three times, each time the ether layer being removed by decanta

tion and then by pipette. After drying over potassium carbonate, the com

bined extracts were taken to dryness under vacuum to yield 1.06 g (100%)

of crude product. The pale yellow oily product was dissolved in ether

and dry HCl gas was bubbled through the solution. The mixture was cooled

in ice bath for 30 minutes after which the ether was decanted. The white

solid was crystallized from e thanol-e ther to yield 0.80 g (76.3%) : mp

133°-134° (lit. mp 135°-136.3°, Pratesi et al., 1960). PMR (CD,0D) 6 ppm :

0.89 (a, J=6.7 Hz; 3H, G-CH3), 2. 18–3.35 (ABC multiplet, Neville et al.,

1971; ca. 3H, some was CHD2OD present in this region; ArchCH2), 4.79 (s;

2H; OCH2), 4.85 (s; 2H ; OCH2), 6.42–7.40 (m; 13H; Ar–H). CIMS (260°) m/e

(rel. intensity) – 348 (54), 331 (19), 303 (3), 258 (11), 181 (12), 91

(100).

Q-3,4-Dibenzyl-O-methyldopamine-d2 (O-(methyl-d.,)-3,4-bis(phenyl
U. ~

methoxy)benzenee thanamine-3, 3, 3-da), 2O

The same method described for preparing the corresponding unlabelled

amine 121 was used to prepare the labelled amine 20 except that lithium

aluminum deuteride was used instead of the corresponding hydride. The

reaction of AlD3 (32.4 mmol) prepared from H2SO4 (1.59 g, 0.87 ml, 16.2
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mmol) and LiAlp, (1.36 g, 32.4 mmol) with the labelled oxime 19 (5.80 g,

16.2 mmol) in THF (100 ml, total volume) yielded 5.91 g of crude product

(oil) after work-up. The product as a hydrochloride salt was recrystal

lized from e thanol-e ther to ºld 4.17 g (72.9%) : mp 132°–134° (1it.

mp 135°-136.3°, Pratesi et al., 1964). PMR (free base in CC1,) ô ppm :

4.98 (s; 4H ; OCH3), 6.63–7.50 (m; 13H; Ar–H). No protons corresponding

to CH2CH(NH2)CH, could be detected. CIMS (200°) m/e (rel. intensity) -
354 (50), 337 (2), 307 (2), 264 (6), 181 (1), 91 (100).

C-Methyldopamine “HC1 (4-(2-aminopropyl)-1,2-benzenediol.” HC1), 8
-

The hydrochloride salt of 3,4-dibenzyl-O-MDA 121; 4.55 g, 11. 87
---

mmol) dissolved in anhydrous me thanol (135 ml) was hydrogenolyzed over

10% Pd/C (1.3 g) at room temperature (24°) and atmospheric pressure (730

torr). The hydrogen up take over a 2 hour period was 626 ml (theoretical

volume 602 ml). The catalyst was removed by gravity filtration and the

resultant colourless solution was taken to dryness under vacuum. The

white, glassy solid was recrystallized from ethanol and ether maintained

under an atmosphere of nitrogen to yield 2.16 g (89.2%) : mp 193°-193.5°

(lit. mp 19.4°, Beckett et al., 1965). PMR (D,0-DSS) 6 ppm : 1.37 (d,

J–6.6 Hz; 3H, G-CH3); 2.87 (apparent d, J–7.2 Hz; 2H; CH,C); 3. 35–3. 97

(m; 1B: CHCH3); 6.68–7.13 (m; 3H; Ar–H). (cf. PMR data, Marshall and

Castagnoli, 1973). CIMS of tris-(PFP)-O-MDA, 174 (180°): MH" at m/e
---

606.

G-Methyldopamine-de-HCl (4-(2-aminopropyl-1,1,2,3,3,3-de)-1,2-benzenediol"
HC1), 3

-

The method for preparing Q-MDA' HC1 (8) was modified slightly for

the preparation of G-MDA-de-HC1 (3). The Pd/C (500 mg) was pre-equilibrated
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in me thanol-0-d (10 ml) with D., gas; the exchangeable amine salt protons2

were exchanged in methanol-O-d before 3,4-dibenzyl-a-MDA-de-DC1 (20;
2.00 g, 5.13 mmol) in MeOD (40 ml) was added to the catalyst. Catalytic

reduction of the benzyl protecting groups was complete in 40 minutes.

Recrystallization from e thanol-e ther yielded a white solid, 0.803 g

(74.7%) : mp 192.5°-193.5°. CIMS of tris-(PFP)-a-MDA-de (180°) m/e:

612 (MH").

1- (3,4-Dimethoxyphenyl)-1,2-propandione, 158

1-(3,4-Dimethoxyphenyl)-1-propanone, 156 (1.00 g, 5.15 mmol) was

added to a solution of selenium dioxide (0.629 g, 6.57 mmoles) in water

(0.35 ml) and dioxane (10 ml). The resulting solution was stirred under

reflux for 6.75 hours. The black selenium metal was removed by filtra

tion. The red-brown solution was taken to dryness under vacuum on a

rotary evaporator. As the solution was being concentrated more black

precipitate (selenium) formed. Petroleum ether (35°-60°) was added to

the oily residue containing the selenium precipitate and the mixture was

heated to reflux for 2 hours. The hot solution was filtered to remove

the precipitate and the filtrate was taken to dryness under vacuum in

the presence of silica gel (1 g, 80 mesh). The coated silica gel was

transferred to a column (2.5 x 30 cm) containing 50 g of silica gel (wet

packed with pet. ether, bp 35°-60°) which was covered with about a 1 ml

high layer of solvent. Some of the red, amorphous form of selenium

eluted with the product as it could be seen eluting ahead and behind the

yellow band containing the desired dike tone 158. The fractions contain
---

ing 158 (Rf 0.36 on silica gel TLC plate; solvent, benzene) were com
---

bined and heated to reflux for 3 hours to convert the selenium to a
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filterable form. The solution was filtered while hot. Yellow crystals

formed as the filtered solution cooled: mp 65°-67°. The crystals were

recrystallized from benzene and petroleum ether to yield 0.347 g (32.4%) :

mp 69°–70° (1it. mp 67°-68°, Pepper and Saha, 1964). IR (KBr pellet)

en’s 1682, 1666 (cis- and trans- cº-o)-cº-o)). PMR (CDC13) & ppm.
2.52 (s, 3H, C-CH3); 3.99 (s , 6H, O-CH3); 6.92–7.87 (im, 3H, Ar-H).

1-(3,4-Bis(phenylmethoxy) phenyl)-1,2-propanedione, 139

The procedure for preparing the corresponding dimethoxyphenylpro

panedione 158 was used in the preparation of 159. The propanone 12

(18.51 g, 53.0 mmol) and Seo, (6.18 g, 55.7 mmol) in a mixture of water

(1 ml, 55.6 mmol) and dioxane (100 ml) were heated to reflux for 24 hours.

The reaction mixture was filtered to remove the selenium that precipi

tated and the filtrate was taken to dryness under vacuum. The oily resi

due was extracted four times with boiling petroleum ether (bp 35°-60°)

and the solution was filtered while hot. The petroleum ether solution

was evaporated to dryness which yielded a yellow solid (7.27 g, 38.1%).

The solid was recrystallized from a benzene-petroleum ether mixture to

yield 6.74 g (35.6%); mp 114°-116°. IR (KBr pellet) en's 1710, 1645
(VC=O of cis- and trans-dike tone); PMR (CDC13) 6 ppm: 2.44 (s , 3H; CH3),

5.12 (s; 2H; OCH2), 5.20 (s; 2H ; OCH2), 6. 83–7.65 (m; 13H; Ar–H) . CMR

(CDC13) 6 ppm: 26.6 (CH3), 71.1 (OCH2), 71.4 (OCH2), 113.5–155.5

(Ar–C), 191. 1 [Ar-C(=O) 1, 202.3 (C(=OCH3). CIMS (150°) m/e (rel. in

tensity): 361 (100), 345 (7), 343 (14), 317 (5), 271 (11), 181 (2),

91 (4).
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High Resolution EIMS of 139 (C23H2004):
Ion Formula Exact Mass Error (ppm)*

+

M C23H2094 360. 136164 – 11.90
13

C22H2094 Cl 360. 140793 — 8.85
+

[M-cG-0)CH3)] C21H1793 317. 1198.31 6. 49
13

C21H1793 C1 318. 122418 4.05

*Error (ppm) = (measured mass – exact mass ) x 10"/measured maSS

1-(3,4-Bis(phenylmethoxy)phenyl)-1,2-propanedione-3,3,3-do' 21

The procedure used to prepare 160 was modified slightly for the
---

First, D20
(10 ml) was added to the selenium dioxide (6.79 g, 61.20 mmol), was

preparation of the corresponding labelled diketone 21.

heated briefly (50°) to dissolve the Seo., and then the solvent was re2

moved under vacuum (ca. 20 torr) on a rotary evaporator. To this flask

containing the D20-treated Seo, was added the propanone-d ll (19.53 g,

55.64 mmol), D20 (1.11 g, 58.4 mmol) and dry dioxane (100 ml). The

flask was fitted with a condenser and gas inlet adapter to permit the

reaction apparatus to be flushed with nitrogen and maintained thereafter

under an atmosphere of nitrogen. Work-up after 24 hours of reflux
1.yielded 6.35 g (30.2%) : mp 113°-115°. IR (KBr pellet) cm *: 1707,

1650 (VC=O of cis- and trans-diketone); PMR (CDC13) ô ppm: 5.20 (s, 2H ;

OCH2), 5.26 (s; 2B ; OCHA), 6.8-7.7 (m, 13H, Ar–H), no CH3 pro tons de

tected 2–3 ppm range; CMR (CDC13) 6 ppm : 25.4 (q, J = 16.8 Hz, CD3),C–D

71.1 (OCHA), 71.4 (OCH2), 113.5-155.5 (Ar–G), 191.1 (Ar-cG-0)), 202.3
(c(=O)CH,); CIMS (150°) m/e (re 1. intensity): 364 (100), 346 (23), 345

(10), 317 (7), 274 (33), 181 (6), 91 (17).
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1- (3,4-Dimethoxyphenyl)-1,2-propanone-2-oxime, 157. Method (a) Reaction
- - -

of iso-amyl nitrite and HC1 on the corresponding 1-propanone 156.
* --

Freshly distilled iso-amyl nitrite (0.301 g, 2.57 mmol) was added

to an ether solution of 1-(3,4-dimethoxypehnyl)-1-propanone (156) through

which dry HCl gas had been bubbled. Bubbling of HC1 was continued for

another 30 minutes. The ether solution was poured into an ice-cooled

concentrated solution of NaHCO3. The organic layer was separated and was

extracted with additional 10% NaBC0, solution (4 x 25 ml). The ether
3

layer was then extracted with 10% NaOH solution (4 x 25 ml). The NaOH

extracts were cooled in an ice bath. To this was added Et20 (25 ml) and

the cooled mixture was stirred while the aqueous solution was acidified

to pH 6 with concentrated hydrochloric acid. The two-phase mixture was

transferred to a separatory funnel. The ether layer was separated and

the aqueous layer was extracted with Et20 (2 x 25 ml). The combined

e ther extracts were dried with Na2SO4 and the solvent was evaporated to

dry under vacuum to yield a white solid, 0.221 g (48.1%) : mp 155°–158°

(1it. mp 157°–160° Ko the tkov and Dudykina, 1960; 16.3°, Iwamoto and Har—

tung, 1944). Recrystallization from 95% ethanol yielded 0.189 g (41.1%)

of 157: mp 159°–160°. IR (KBr pellet) em": 1632 (VC=O), 1619 (VC=O).

PMR (CDC13) § ppm : 2.19 (s , 3H, C-CHA); 3.92 (s, 3H, OCH3); 3.95 (s ,

3H, OCH3); 6.82–7.82 (m, 3H, Ar-H)

Method (b) Reaction of hydroxylamine hydrochloride with corresponding

1,2-propanedione 158.
- - -

The dike tone 158 (0.35 g, 1.68 mmol) and hydroxylamine hydrochloride
---

(0.128 g, 1.84 mmol) were dissolved in amixture of dry pyridine (5 ml)

and absolute ethanol (5 ml) in a flask fitted with a Soxhlet extractor,
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condenser, and gas inlet adapter. Additional absolute ethanol (ca. 30 ml)

was added to just fill the Soxhlet extractor which contained molecular

sieves (5A, ca. 17 g). After an hour the colourless solution appeared

to contain no yellow starting material. (TLC on silica ge1 with benzene:

Rf for 158, 0.38; for 157, 0.11). The reaction mixture was heated at re

flux for an additional hour. The solvents were removed on a rotary eva

porator. Several portions of toluene were added and subsequently removed

under vacuum to remove pyridine from the reaction mixture. The residue

was extracted with boiling E to 0 and the filtered ether solution was2

washed with water. The ether extract was dried with Na2SO4 and was taken

to dryness to yield 0.207 g (55.3%). The remainder of the residue was

dissolved in benzene, washed with ice-cold 1N HCl (2 x 10 ml), cold water

(1 x 10 ml), and cold 10% NaOH (3 x 5 ml). Ether was added to the com

bined NaOH extracts and the two-phase mixture was stirred vigorously

while the basic extract was acidified (~pH 6) with concentrated HC1. The

ether 1ayer was separated from the aqueous layer, and the acidified aque

ous layer was extracted with Et,0 (3 x 10 ml). The combined Et,0 ex2 2

tracts were dried with Na2SO, and were taken to dryness to yield 0.071 g2° 4

(19%) of white solid. The white solid product from both the original

ether and benzene extracts were combined and recrystallized from benzene

petroleum ether: mp 159°–160° (yield 0.247 g, 66.1%). This product has

the same mp as that obtained by the amyl nitrite/HC1 method. The mixed

mp of the two samples was also the same. The PMR spectrum also was iden

tical (see the above preparation for spectral data).

1- (3,4-Bis(phenylmethoxy) phenyl)-1,2-propanedione-2-oxime, 160.
---

The above hydroxylamine method (b) for preparing the oximinoke tone

157 was used to prepare 160 from the corresponding dike tone 159 (3.78 g,
* - ºv --- -
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10.49 mmol) and hydroxylamine hydrochloride (0.802 g, 11.45 mmol) which

were dissolved in dry pyridine (20 ml) and absolute ethanol (20 ml).

The crude solid product was recrystallized from benzene-petroleum ether

to yield 3.09 g (78.5%) : mp 108°-108.5° (lit. mp 111°, Hallhagen and

Waldeck, 1968). IR (KBr pellet) em": 3200–3250 (VOH, H-bonding), 1635

(VC=0), 1625 (VC=N). PMR (CDC13) 6 ppm; 2.12 (s , 1H: CH3), 5.17 (s; 1H:

OCH2), 5.20 (s; 1H; OCH2), 6.83–6. 70 (m; 13H; Ar–H); 9.19 (s; 1H; NOH).

CMR (CDC13) ô ppm: 10.7 (CH3), 71.3 (OCH2), 71.7 (OCH2), 113. 4-148.8

(Ar–C), 15.4.2 (C=NOH), 190.9 (C=O). CIMS (200°) m/e (rel. intensity):

376 (100), 360 (44), 358 (2), 317 (4), 286 (24), 181 (2), 91 (13).

Anal. calculated for C., AH., 1 NO, : C, 73.58; H, 5.64; N, 3.73: Found -23°21**4

C, 73.71; H, 5.71; N, 3.74.

1-(3,4-Bis(phenylmethoxy)phenyl)-1,2-(propanedione-3,3,3-dº)-2-oxime, 22.
The same procedure as the above was used except that deuterated hy

droxylamine hydrochloride (ND,0D-DC1) and ethanol-O-d were used. The re

action product was extracted with a small amount of D20 but was not sub

jected to the acid and base extractions mentioned in the preparation of

157. A smaller Soxhlet extractor was utilized in the reaction apparatus.
---

When the Soxhlet extraction thimble was filled with molecular sieves (5A,

freshly activated 24 hours at 320° and cooled over P20s) only about 3 ml

of ethanol-O-d were required to fill it. ND,0D-DC1 was prepared by lyo

0 solutions of NH,0H HC1 (1 g, 14.4 mmol). The procedurephilization of D2 2

was performed four times using about 5 ml (~275 mmol) of D20 each time.

Ether extraction of the product from the reaction of the deuterated dike

tone 21 (2.606 g, 7.18 mmol) with ND,0D DC1 (0.581 g, 7.9 mmol) in dry2

pyridine (15 ml) and ethanol- -d (15 ml) yielded 1.93 g (71.0%) of white

solid: mp 104°-105° (cf. mp 108°-108.5° of unlabelled oximinoke tone 22).
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IR (KBr pellet) en's 3200-3250 (voi); 1633 (vc-o), 1622 (ve-N). PMR
(CDC13) 6 ppm : 5.12 (s; 1H; OCHA), 5.15 (s; 1H; OCH2), 6.8-7.3 (m; 13H;

Ar–H) . CMR (CDC13) 6 ppm: 71.3 (OCH2), 71. 7 (OCH2), 113.4–148.8 (Ar–C),

154.9 (C=N), 190.9 (C=O). No CMR resonance was observed at 10.7 ppm

(CH3); there was a barely perceptable peak in PMR spectrum at 2.1 ppm.

Data are consistent with good (95%) deuterium incorporation in the methyl

group. CIMS (195°) m/e (rel. intensity): 379 (100), 361 (6), 360 (8),

317 (6), 289 (2), 181 (1), 91 (8).

O-(1-Aminoethyl)-3,4-bis(methoxy)benzeneme thanol (3,4-dime thyl-O-MNE),

192
To a flask equipped with a magnetic stirring bar, condenser, addi

tion funnel with a pressure-equalizing side arm, and nitrogen inlet and

outlet adapters were transferred LAH (5.2 mg, 1.35 mmol) and freshly dried

and distilled THF (15 ml). The reaction system was purged with dry N2.

The oximinoke tone 157 (150 mg, 0.67 mmol) in dry THF (10 ml) was added

dropwise to the LAH suspension. The reaction mixture was heated at reflux

for 15 hours. After the reaction mixture cooled to room temperature, the

excess LAH was destroyed by successive dropwise addition of water (0.5

ml), 15% sodium hydroxide solution (0.5 ml) and water (1.5 ml). The con

tents were filtered and the solvent was concentrated under vacuum. The

concentrated solution was taken up in CHC13 (15 ml), transferred to a 25

ml separatory funnel, and washed with water (2 x 5 ml). The organic

layer was dried with Na2SO4 and taken to dryness under vacuum to yield

131 mg (93%) of crude product. The CIMS (150°) was consistent for the

desired aminoalcohol (192, C11º 19803,
(83), 194 (100), 167 (99). PMR spectrum suggested the product was

MW 211) : m/e (rel intensity) 212
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comprised of a mixture of erythro (e)- and threo(t)-isomers of 192. PMR

(CDC13) 6 ppm : 0.93 (d, J = 6.5 Hz; t-G-CH3), 0.97 (d; J = 6 Hz;

e-o-CH3; 3H for (e 4 t-a-CH3), 2.67–3.25 (m; 5H; 0-H, OH, NH2). 3.85

(s; 6H; OCH3), 4.17 (d, J = 7 Hz; t-É–H), 4.44 (d, J = 6 Hz; e-8-H;

e/ t = 4.5:1; 1H for (e + t)-H), 6.67–7.08 (m; 3H; Ar–H). This product

was not characterized further.
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3,4-Dibenzyl-O-MNE (O-(1-aminoethyl)-3,4-bis(phenylmethoxy)-
benzenemethanol), 161

---

The method for preparing 192 was used to prepare 16l. The

following amounts were used: oximinoketone 160 (97.2 mg, 2.59 mmol)

in dry THF (20 ml); LAH (34.2 mg, 22.2 mmol) in THF (15 ml). After

addition of the oximinoketone 160 the reaction mixture was stirred at

room temperature for 2 hrs and then was heated to reflux for 14 hrs.

After workup of the reaction mixture 809 mg (86%) of crude product

was obtained. See Table 2.5 (p. 248A) for CIMS data. PMR (CHC13)
6 ppm; 0.82 (d, J = 6 Hz; threo-G-CH3); 0,85 (d, J = 6.9 Hz; erythro

G-CH3; total 3H), 2.84 (broad s, "3H, OH, NH2); 2.93 (d, threo-O-CH);

3.35 (d, erythro-O-CH); 4.10 (d, 8 Hz; threo-3-CH), 4.34 (d, J = 4.9 Hz;

erythro-3-CH) ; 5.10, 5.12 (2s, 2H, OCH2); 6.80–7.75 (m, 13H, Ar-H).

Erythro-161 (588 mg, 57%) was isolated as its HCl salt from

isopropanol-ether (m.p. 118; lit. mp 116°, Bruckner et al., 1943).
No threo-isomer detectable in NMR.

3,4-Dibenzyl-o-MNE-methyl-da ( g-(1-amino-ethyl-3,3,3-da)-
3,4-bis(phenylmethoxy) benzenmethanol, 165

---

A 3-neck 50 ml flask was fitted with a condenser, addition

funnel with pressure equalizing side arm, and a stop-cock with a

rubber septum and all glassware parts were flame-dried while the

system was purged with dry N2. After the glass had cooled LAH (210

mg, 5.55 mmol) and dry THF (10 ml) were transferred to the flask.
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100% H2S0, (0.148 ml, 2.77 mmol) was added dropwise via a syringe

and needle to the stirring, ice-cold LAH-THF slurry. The reaction

mixture was allowed to warm to room temperature and was stirred

continuously for 30 minutes under an atmosphere of N To this2 *

mixture was added the oximino ketone 22 (24.3 mg, 0.649 mmol) in

THF (10 ml). After the dropwise addition was complete the reaction

mixture was allowed to stir at ambient temperature for 30 minutes

and then was heated at reflux for 1 hour. After the reaction mixture

cooled to room temperature the excess Al H., was destroyed by adding a3

1:1 mixture of THF and water (0.7 ml) followed by addition of 15%

NaOH solution (2 ml). The reaction mixture was centrifuged and the

supernatant was decanted. The precipitate was resuspended in Et20

(10 ml) and was re-centrifuged. The Et20 layer was decanted and

was combined with the THF solution. The Et20 extraction was repeated.

The combined THF-Et,0 fractions were concentrated under vacuum to

about a 5 ml volume which was then diluted with Et20 (20 ml).

The solution was washed with water, dried with Na2SO4. and was taken

to dryness under vacuum to yield an oily residue (174 mg, 73%). See

Table 2.5 (p. 284A) for the CIMS data. The PMR spectrum showed a

small broad peak at ca. 0.85 ppm (ca. 0.12 H, i.e. ca. 95% CD3). The

relative peak areas corresponding to signals at 4.10 ppm (threo-3-CH)

and 4.34 ppm (erythro-3-CH) was about 1:1. This mixture of threo

and erythro-165 was not characterized further.
- - -
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3,4-Dibenzyl-O-MNE-d; ( G-(1-amino-ethyl-1,2,2,2-da)-
3,4-bis(phenylmethoxy)benzene-methanol-º-d, 23.

The method for preparing 16.1 was used to prepare 23. The

following amounts were used : oximinoketone-d 22 (1.172 g, 3.12 mmol)

in THF (20 ml), LAD (L. 113 g, 26.5 mmol) in THF (15 ml), 100%

H2SO, (0.71 ml, 13.25 mmol). After work-up of the reaction mixture

0.796 g (63.2%) of the HC1 salt of 23 was obtained (mp 118°; lit.

mp. 116°, Bruckner et al., 1943). See Table 2.5 (p. 248 A) for
CIMS data. The PMR spectrum showed no significant signals at chemical

shifts for the alky1 side-chain protons.

G-MNE-d; ( 4-(2-amino-1-hydroxy-propyl-1,2,3,3,3-ds)-
1,2-benzenediol), 4.

5% Pa/C (100 mg) in CD., OD (5 ml) was equilibrated with D., at3 2

atmospheric pressure. To this mixture was added 3,4-dibenzyl-O-MNE-dg-HCl

(23; 500 mg, 1.24 mmol) in CD,0D (15 ml). P2 gas uptake was complete

within 35 minutes (theoretical vol., 59.31 ml; actual vol. , 60.78 ml). The

reaction mixture was filtered and the solution was evaporated under

vacuum on a rotary evaporator. The product was recrystallized from

Etoh-Et,0 to yield 261 mg (94%; mp 176°–177°; lit. mp 176°, Hartung

et al., 1931). Deuterium NMR (CH3OH, CD40D ext. sta. , 3.30 ppm) 1.083

(3D, a-CD3), 3.40 (1D, a-CD), 4.82 (ID, 3-CD). CIMs of tris-(PFP)
3-ethyl ether derivative 172 (Mw 654); M■ ’ 655 (40), Q■ ’-EtOH),y

- - -

609 (100).
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RING DEUTERATED COMPOUNDS

Dopa-2,5,6-do (3-hydroxy tyrosine-2, 5,6-da), 184
J ---

Dopa (168; 0.843 g, 4.27 mmol) was dissolved in 2N DC1 (5 ml) and

the resultant solution was heated at 100° for 24 hours under an atmos

phere of nitrogen after which the solvent was removed under vacuum on a

rotary evaporator. The exchange process was carried out 2 more times in

the same manner. The labelled amino acid (95% deuterium incorporation

determined by PMR) was isolated as its free base by treatment with tri

ethylamine in the manner as described for the preparation of Q-MD

methyl-dg: The product was recrystallized from water to yield 0.761 g

(89%) of white solid: mp 290°–291° (lit. mp for 1-Dopa, 270°-272°, Merck

Index, 8th Ed. ; 284°-286°, Lutz and Jirgensons, 1931). PMR (D,0-DSS) &

ppm: 2.93–3.57 (ABC pattern septet; 2H; Ar CH2CH), 4. 33–4. 70 (ABC pat

tern quartet; 1H: ArCH2CH); 6.76–7.14 (m, 3, Ar–H). CIMS (250°) m/e

(rel. intensity): 201 (100), 155 (78), 126 (38). ETMS: 200 (3.1),

154 (4.1), 123 (100). CIMS of tris- (PFP)-Dopa-d 639 (3), 621 (100),3 *
593 (30), 417 (5).

Dopa-o,2,5,6-d, (3-hydroxytyrosine-8,2,5,6-dà), 188--> -

Dopa (16.8; 1.00 g, 5.07 mmol) was dissolved in 2N DC1 (4 ml). The

solution was purged with nitrogen and was heated in a Teflon-lined bomb

at 200° for 24 hours. After the bomb had cooled to room temperature, the

solution was transferred to a flask and the solvent was removed under

vacuum. The exchange by heat treatment in DC1 was repeated two more times.

The resultant black solution was treated with sulfur dioxide and was fil

tered through Norit decolorizing charcoal to give a colourless solution.

The free base of the amino acid was obtained by treatment with triethylamine
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as described in the preparation of a-MD-d, free base. Labelled dopa

was recrystallized from water (boiled, nitrogen-purged) three times to

yield 0.453 g (40.2 mmol, 44.4%) : mp 273°-274° (lit. mp for DL-dopa,

270°-272°, Merck Index, 8th Ed.). PMR (D,0-DSS) 6 ppm: 3.00–3.45

(AB quartet; 2H; CH2CH); 4.23–4.50 (weak m; ca. 0.05H; CH2CH), 6.87–

7.12 (weak multiplet, ca. 0.03H; Ar–H). CIMS (200°) of tris-(PFP)-

dopa-da; m/e (rel. intensity): 640 (100), 622 (5), 594 (18), 418 (3).

Anal. calculated for Coli/NOAP, C, 53.7; H, 7.51; N, 6.96; Found: C,

53.6; N, 6.8; 4.85 mg sample yielded 2.465 mg water; (H,0 + D.,0) ex

pected, 2.482 mg.

G-MD-2,5,6-da(3-hydroxy-3-methyltyrosine-2, 5,6-da), 186J ---

In the same way dopa-d, was prepared, Q-MD (1.00 g, 4.67 mmol)4

yielded 0.592 g (54.6%) of white product: mp 300°–301° (10: lit. mp ca.

300°, Merck Index, 8th Ed.). PMR (D20) 6 ppm : (s; 3H; G-CH3), (AB

quartet J AB 14.5 Hz, v, p = 13.1 Hz; 2H ; CH2); no armoatic protons deAB

tectable.

Anal. calculated for C 04D3 1.5 H20 (cf. Tris tram et al., 1964):10H10^
C, 49.78; N, 5.81; Found, C, 49.51; N, 5.90. 5.206 mg of sample yielded

3.01.1 mg water; (H,0 + D,0) expected, 3.175 mg.

Dopamine-2,5,6-d; (4-(2-aminoethyl)-1,2-benzendiol-3,5,6-da), 185J -
- - -

The same method for preparing dopa-d 186) was used to prepare DA4 (186
da (185). DA (6; 1.00 g, 6.53 mmol) was exchanged three times (5 ml each

---

time) in 2N DC1 at 180° to yield 0.90 g (71.8%) of DA—d, “HC1 recrystal3

lized from Etoil-Et,): mp 244 °–245° (6: lit. mp 24.1°, Merck Index, 8th

Ed.). PMR (D,0) 6 ppm; 2.53–3.30 (m, CH, CH,
tectable in the 6.85-7.28 range as seen in DA. CIMS (270°) of tris- (PFP)—

-N); no aromatic protons de
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DA-dà, m/e (rel. intensity): 595 (100), 449 (29).

Anal. calculated for Cs■ ign02D3'HC1: C, 49.87; N, 7.27. Found: C,

49.56; N, 7.51; 4.771 mg of sample yield 2.669 mg of water (H,0 + D20);
expected weight, 2.751 mg.

G-Methyldopamine-2, 5,6-d; (4-(2-aminopropyl)-1,2-benzenediol-3,5,6-d ),

187

The method for preparing DA-2,5,6-da (185) was followed. Treatment

of O-MDA • HC1 (8; 2.5 g, 12.3 mmol) in 2N DC1 (3 x 5 ml) at 180° yielded

1.914 g (75.3%) of the desired a-MDA-da:
ether (1it. mp for 8, 194°; Beckett et al., 1965). PMR (DC1) 6 ppm:

mp 192°–193° from ethanol

1.15 (d, J = 6 Hz; 3H; G-CH3), 2.50-2.85 (ABC pattern, 2H, CH2CH),

2.95-3.75 (ABC pattern, 1H, CH2CH). Integration for aromatic protons in

dicated ‘5% remained undeuterated compared to ca. 7% by CIMS of tris

(PFP)-o-MDA-da (MH" at m/e 609).
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PENTAFLUOROPROPIONYL DERIVATIVES

Tris- (PFP)-O-methyldopamine (4-(2-aminopropyl)-1,2-benzenediol

tris (2,2,3,3,3-pentafluoro-1-oxopropyl) derivative), 174.

O-MDA (8; 0.447 g, 2.19 mmol) was dissolved in pentafluoropropionic

anhydride (PFPA, 18 ml) and the resultant solution was stirred at room

temperature for 18 hours. The excess acylating reagent was removed by

distillation. After 15 ml had been collected, the reaction flask was

transferred to a rotary evaporator and the remainder of the acylating re

agent was removed under vacuum. Several portions of pentane were added

and subsequently removed under vacuum and finally the residual yellow oil

was dried at room temperature under high vacuum (0.05 torr) overnight to

yield 1.205 g (90.9%) : mp 82°–84°. The product was stored in a desic

cator over P20s. CIMs (200°) m/e 606 for MH". EIMS, m/e (rel. intensity):
443 (2), 442 (4.9), 415 (1.6), 190 (100), 163 (2.6), 162 (2.3).

Anal. calculated for C, gh, ANOs Fis : C, 35.72; H, 1.67; N, 2.31. Found:18°10' 3 15 °

C, 35.5; H, 1.62; N, 1.9 (analyst's comment – compound volatile).

Tris- (PFP)-O-methyldopa ethyl ester (O-methyl-N,0-bis (2,2,3,3,3-penta

fluoro-1-oxopropyl)-3-((2,2,3,3,3-pentafluoro-1-oxopropyl)oxy) tyrosine

ethyl ester), 170.

In a three-neck flask fitted with N2 gas inlet and outlet adapters,

Dean-Stark trap having a stop cock and condenser was added C-MD (0.734 g,

3.48 mmol). To this was added benzene (20 ml) and absolute EtOH (5 ml).

Dry HCl gas was bubbled through the ice-cooled reaction mixture for 10

minutes while the reaction system was maintained under dry nitrogen to ex

clude water. The reaction mixture was heated to reflux overnight. The

solvents were removed from the reaction mixture by distillation and were
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withdrawn from the Dean-Stark trap. The resultant residue was dried

under vacuum on a rotary evaporator. Several portions of absolute etha

no.1 were added and then evaporated under vacuum to help remove the resi

dual HC1. The fluffy, white solid was dissolved in PFPA (10 ml) and

the resultant solution was stirred at room temperature overnight. Ben

zene (10 ml) was added and the reaction mixture was heated at 65°-70°

for 3 hours. The solvent and acylating reagent were removed by distil

1ation and were withdrawn from the bottom of the Dean-Stark trap .

Several 5 ml aliquots of benzene were added and successively distilled

to remove residual PFPA in the reaction mixture. The reaction product

was dried under vacuum (20°, 0.05 torr) and purified by molecular distil

1ation (0.3 torr, 80°–85°) to give a pale yellow oil (1.99 g, 88.5%).

CIMS (180°) m/e (re 1. intensity): 678 (100), 632 (2.3), 604 (9.1).

Anal. calculated for C., a H1, NO., F, s : C, 37.24; H, 2.08; N, 2.07. Found:21°14''. 7° 15

C, 36.94 ; H, 1.88; N, 1.98.

Tris- (PFP)-dopa ethyl ester (N, O-bis (2,2,3,3,3-pentafluoro-1-oxopropyl)-

3-((2,2,3,3,3-pentafluoro-1-oxopropyl)oxy) tyrosine ethyl ester), 169.
-----

The procedure for preparing 169 was the same as that used to pre

pare 170 except that molecular distillation was not required. The pro

duct crystallized from hexane. Dopa (0.401 g, 2.03 mmol) was treated

first with HCl gas in benzene (15 ml) and absolute ethanol (10 ml) at

reflux for 4 hours under nitrogen. Subsequent treatment of the dried re

action product with PFPA (5 ml = 7.93 g) after work-up yielded 1.19 g of

(88.9%) of pale yellow solid: 71°–73° (hexane). CIMS (200°) m/e (rel.

intensity): 664 (100), 618 (5.6), 590 (8.6).

Anal. calculated for CooH1, NO, Fs: C, 36.22; H, 1.82; N, 2.11. Found:20°12'' 7° 5

C, 36.26; H, 1.85; N, 2.05.



CHAPTER III
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INTRODUCTION

Most evidence suggests that the metabolite a-MNE" is

the centrally active agent responsible for the hypotensive activity

of (S)-O-MD (see Chapter I for references). . Both centrally

administered o-MNE and O-MDA elicited dose-dependent hypotensive

responses (Heise and Kroneberg, 1973; De Jong and Nijkamp, 1976;

Finch et al., 1975), but only levels of a-wa in whole rat brains

correlated with the hypotensive response observed in renal hypertensive

rats treated with (RS)-o-MD. Furthermore, the time course of o-MDA

levels in whole brain was the same as that of the hypotensive effect

in rats following the administration of (RS)-o-MD (Waldmeier et al.,

1975).

The present study was undertaken to determine if the

hypotensive effect of (S)-O-MD correlated with levels of O-MDA or

Q-MNE in regions of the brain associated with blood pressure regulation.

As described in Chapter II, a stable isotope dilution-chemical

ionization mass spectrometric assay was developed to measure the levels

of (S)-o-MD, o-MDA, O.-MNE, DA, and NE in various regions of the brain

following steady-state i.v. infusion of (S)-O-MD in conscious,

normo tensive rats. Assays were performed after 24 hours of constant

infusion of (S)-o-MD at various doses (0–30 mg/kg-hr). The blood

pressure was monitored during the infusion period. Statistical

analyses were undertaken to determine if correlations existed between

the maximum, steady hypotensive effect and the steady-state levels of

"Abbreviations used are listed on p. XII.
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Q-MDA and C-MNE in the brain stem, hypothalamus, and corpus striatum.

The first two regions contain neurones important to blood pressure

regulation (Chalmers, 1975). The corpus striatum is usually

associated with motor control (Bard, 1968). The corpus striatum was

included in the analyses to determine the effects of (S)-O-MD on

endogenous and O-methylated catecholamines in a region considered not

important in blood pressure regulation. The data obtained are

consistent with the theory that central Q-MDA contributes to the

hypotensive effects of (S)-O-MD.



MATERIALS AND EQUIPMENT

Normotensive male Sprague-Dawley rats (300–350 g) from

Simonson Laboratories, Gilroy, Ca. were used in all experiments.

A Harvard infusion pump (model 975) modified to accept nine 35 ml

syringes (Monojet", sterile) was used to infuse the rats with

(S)-O-MD. A Grass Polygraph (model 5A) interfaced with a small

animal pressure transducer (Statham P23 Dc) was used to measure rat

arterial blood pressures via a carotid arterial cannula. The

cannulas were prepared by inserting Intramedic (Clay Adams)

polyethylene tubing (PE50, 0.023" I. D. x 0.038" O.D.) into Silastic

tubing (Dow Corning Med. Prod.) and securing it with size 00 surgical

silk suture thread. The Silastic tubing was cut 2.7 cm long

(0.020" I.D. x 0.037" O. D.) for the arterial cannulas and 2.0 cm long

(0.030" I.D. x 0.065" O. D.) for the venous infusion cannulas with a

0.5 cm overlap on the PE50 tubing. The Silastic tubing stretched

enough to permit the insertion of the larger diameter PE50 tubing.

The soft, flexible Silastic tips render the cannulas less traumatic

to the blood vessels.

The tissues were homogenized in Potter-Elvehjem tissue

grinders with Teflon pestles which were operated with a variable speed

Con-torque stirrer (Eberbach, Ann Harbor, Mich.). The tissue extracts

were purified on 1 ml of Dowez 50 X8 (200–400 mesh) packed in

Chromaflex columns (6 mm I. D., Kontes) with a glass wool plug

tamped at the bottom. Another glass wool plug was placed near the
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top of the resin bed to prevent disturbance of the resin when the

sample or eluting solvents were added. Twenty-four such columns

were prepared. The samples for mass spectral analysis were collected

and derivatized in concentratubes" (Laboratory Research Co.) which

are conical near the bottom and have capillary tips (volume of tip

ca. 25 Ll). Chemical ionization mass spectra were run on a modified

AEI MS-902 (Garland et al., 1974) and recorded on Linagraph direct

print paper (Kodak 1895, Spec. 1).

CHEMICALS: (S)-O-Methyldopa (Aldomet") was supplied generously by

Dr. John Baer of Merck, Sharp and Dohme. Normal saline solution

(0.9% NaC1 injection, U.S. P., Travenol Laboratories) was used to

dissolve (S)-O-MD. Nembutal" Sodium (Sodium pen tobarbital injection,

60 mg/ml) was obtained from Abbott Laboratories. L-Norepinephrine

(free base) and dopamine hydrobromide were obtained from Sigma and

Aldrich, respectively. Pentafluoropropionic anhydride (PFPA) was

purchased from Pierce Chemicals and was checked for purity by chemical

ionization mass spectral analysis of the tris-pentafluoropropionyl (PFP)

derivative of dopamine; trifluoroacetic acid has contaminated some

samples of PFPA. (RS)-O-Methyldopamine hydrochloride was prepared by

the method of Marshall and Castagnoli (1973). The following internal

standards, deuterated in the alky1 side chain, were prepared in this

laboratory as described in Chapter II (see Figure 3. 1 for structures);

Nomenclature is based on current Chemical Abstracts usage:

(S)-2-methyldopa-d, [3-hydroxy-3-methyltyrosine-a,c,d-dal,
o-methyldopamine-de [4-(2-aminopropyl-1,1,2,3,3,3-dg)-1,2-benzenediol],
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Figure 3.1: Deuterated internal standards used in the CIMS analysis

of (S)-O-MD and catecholamines in the rat brain.

Dopamine-d, (1); norepinephrine-da (2); o-methyldopamine-da
(3); o-methylnorepinephrine-d; (4); (S)-3-methyldopa-da (5).
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a-methylnorepinephrine-d; [4-(2-amino-1-hydroxypropyl-1,2,3,3,3-dg)-1,2-
benzenedio1], dopamine-d, [4-(2-aminoethyl-1,1,2,2-d,)-1,2-benzenediol

and norepinephrine-da [4-(2-amino-1-hydroxyethyl-1,2,2-da) 1,2-
benzenedioll.

METHODS

The rats were observed for one day after arrival at the

Animal Care Facility to determine if they appeared healthy. They were

given food and water ad libitum. Only healthy rats were cannulated.

Anesthesia: Rats were anesthetized with sodium pen tobarbital

(50 mg/kg, i.p.). At the dose used, the rats remained in the surgical

level of anesthesia for approximately one hour and recovered in about

three hours (Surgery time – ca. 20 minutes).

Surgery: a) Preoperative preparation: After onset of anesthesia,

the rats were shaved on the ventral surface of the neck from about 1 cm

below the anterior tip of the mandible to the level of the clavicle

and on the back of the neck between the base of the skull and the

shoulders.

b) Cannulation of carotid artery (sterile tools and

supplies were used with appropriate sterile techniques): The rat was

mounted on its back on a dissecting board and the shaved neck region

was wiped with 70% EtOH. The trachea was palpated and a 1 cm long

incision was made anterior to the clavicle about 4 mm left of the

trachea and parallel to it. After dissection with a blunt probe down

through the muscles surrounding the trachea, the carotid artery was
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separated from the nerve and surrounding connective tissue. The

cephalic portion of the exposed carotid was tied off with surgical

silk. The artery was clamped at the caudal end. The artery was

then nicked with small scissors, and polyethylene tubing tipped with

Silastic tubing was inserted into the artery. A syringe filled with

heparinized saline (50 units/ml) was connected to the opposite end of

the cannula. The arterial clamp was removed, and the Silastic tubing

was manipulated into the carotid artery (ca. 3 cm) toward the heart

The artery was tied at the overlap of the Silastic and polyethylene

tubings. This step was considered successful if blood could be drawn

into the tubing. Heparinized saline (0.5 ml solution containing 50 units

of heparin per ml) was injected, and the tubing closed with a flame.

(c) Cannulation of the jugular vein: The same technique as

above was used except that (1) the incision was made just cephalic

to the clavicle on the right side of the trachea and was more lateral

to the trachea than for the carotid artery; (2) the PE-50 tubing

tipped with Silastic tubing was inserted approximately 3.5 cm into the

jugular vine.

(d) Exteriorization of cannulas: Each cannula was routed

under the skin on its respective side of the neck through a common,

small incision in the back of the neck. The incisions were sutured with

needle and surgical silk. The tubing was coiled in a loop (2 cm dia.)

and the coil was held in place close to the skin by wrapping the coil

with masking tape.

(3) Recuperation: While the rats were recovering from the

anesthetic, they were kept warm and were observed for any cardiopulmonary
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dysfunctions (labored breathing, blocked airways, cyanosis, etc.).

They usually recovered within 3 hours following onset of anesthesia.

The rats were then transferred to the Animal Science Housing Facility

where they were housed and fed in individual cages.

Continuous i.v. infusion of (S)-O-MD: Three days after surgery

the rats were weighed and only those which had not lost more than 10%

of their pre-operative body weight were used. All experiments were

started at the same time each day (8 a.m.) to minimize variability

arising from circadian rhythm-dependent changes in blood pressure and

norepinephrine levels (Hall et al., 1977; Lew, 1976). The room

temperature was maintained at 279 + 2°C to decrease the variation in

the hypotensive effects due to changes in rat body temperature

(Nijkamp et al., 1975). The rats were placed in semi-restraining

cages (Lee, 1968) and were given food and water ad libitum. A small

spring (3 mm I.D. x 100 mm long) were placed over the two uncoiled

cannulas to discourage the rats from biting through the cannulas.

The cannulas were opened and flushed with heparinized saline (50 units

USP/ml). The venous cannulas were connected via a 3-way stopcock to

the 35 ml syringes containing the i.v. solutions. Arterial cannulas

were connected to a 3-way stopcock fitted with a 1 ml syringe

containing heparized slaine. Each such stop cock could be connected

to the pressure transducer set at the level of the rats' hearts. All

air bubbles could be eliminated from the system before the blood

pressure was measured or before the drug was infused into the i.v.

cannulas. Two hours after the cannulas were opened the blood pressure

was monitored for 1 minute every 15 minutes for one hour before
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infusion was begun. The mean arterial pressure (MAP) was calculated

for each time interval by using the formula

MAP = Diastolic + 1/3 (Systolic-Diastolic).

These values were averaged to give the pretreatment MAP.

The i.v. solutions were prepared by dissolving (S)-O-MD

(as sesquihydrate obtained by recrystallization from water; Merck,

1963) in normal saline, sterilizing by filtration through a Millipore

filter (pore size 22 microns), and diluting appropriately with sterile

normal saline so that rats of different weights received the same dose.

The infusion rates ranged from 1.5 to 30 mg/kg-hr and the infusion time

was usually 24 hours. The optimal rate for these experiments had to be

high enough to permit an hourly infusion dose of 30 mg of (S)-O-MD per

kilogram rat weight, yet low enough to prevent blood pressure changes

due to changes in blood volume or electrolytes. The speed of the

Harvard infusion pump used in these experiments cannot be varied

continuously, so only a limited number of infusion rates were available.

For 300 g rats, an infusion rate of 0.5 ml saline per hour was too small

to permit the preparation of doses above 20 mg/kg-hr since the

concentration required exceeded the solubility limits of (S)-O-MD (ca.

10 mg/ml water; Merck, 1963). Even at the next available infusion

rate (0.85 ml/hr), the solutions for the 25 and 30 mg/kg-hr infusions

were difficult to prepare in isotonic saline. However, the required

solutions could be prepared when the saline was warmed gently. Therefore,

an infusion rate of 0.85 ml/hr was used these experiments since i.v.

infusion of saline at this rate for 24 hours did not cause a

statistically significant change in the MAP (paired tº test; 0.4 × p > 0.3;
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see Figure 3.2). Once infusion was started (time zero) the blood

pressure was monitored for 1 minute every 15 minutes for the first

9 hours of infusion, from hours 20 to 21, hours 23 to 24 and in some

cases hours 35 to 36, and hours 47 to 48 after time zero. At the end

of the infusion period, the rats were stunned with a blow to the head

and killed by guillotining. The brains were removed quickly; rinsed

with ice-cold normal saline; blotted dry quickly on a paper towel;

and cooled in a freezer (-259). Within a few minutes the tissue

reached a convenient degree of firmness which permitted the rapid

dissection and removal of the hypothalamus, brain stem and corpus

striatum according to the procedure of Glowinski and Iversen (1966).

The isolated tissues were placed in vials and were frozen immediately

in dry ice. The tissues were stored at −70° until analysis in order

to prevent postmortem degradation of the catecholamines (McNamara

t al., 1977; S1 oviter and Connor, 1977).

Analytical Procedures: Each deuterated internal standard

(ca. 6 pmoles) was weighed accurately (Cahn Electrobalance) and was

dissolved in 0.01N HCl (25 ml) to give standard stock solutions each

containing about 250 pmoles/ml. A working standard solution containing

ca. 50 Hmoles/ml of each compound was prepared by combining 4 ml of

each of the five individual standard stock solutions. Standard

solutions were frozen at −20°C when not in use. The frozen tissue

samples were weighed in a glass Potter-Elvehjem homogenizer tube

which was cooled in ice immediately thereafter.

The next few operations were performed in a cold room at

4°C. The tissues were homogenized in a mixture consisting of the
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internal standard solution (100 11), 0.5N Naiso, (100 pul) and 5%

trichloroacetic acid (2 ml). After the homogenizer was rinsed with

additional 5% trichloroacetic acid (1 ml), the combined homogenate

and rinse were centrifuged for 30 minutes at 20,000 x g in a Sorvall

RC-2 centrifuge. Next, at room temperature, the pH of the decanted

supernatant was adjusted to 4.5 with 0.5M sodium acetate buffer (pH 6.0).

Isolation of Q-MD and Catecholamines: The buffered tissue extract

was applied to the preconditioned” sodium form of Dower 50 X8 ion

exchange resin (200 - 400 mesh) packed in a 6 mm I. D. Chromaflex

(Kontes) column 3.5 cm high (ca. 1 ml resin) and the effluent was

collected.

The amino acid fraction was eluted further with additional

0.5N sodium acetate buffer pH 5 (5 ml). The pH of the combined eluents

“The columns were preconditioned by washing them sequentially with
distilled water (10 ml), 3N NaOH solution containing 0.1% EDTA, water
until pH of effluent was 5.5 (ca. 20 ml), 6N HC1 (25 ml), water until
pH was 5.5, absolute ethanol (25 ml), 3N HC1 in absolute ethanol
(25 ml), absolute ethanol (25 ml) and water (20 ml) after which the
final cationic or anionic form of the column was prepared. The
sodium form of the column was prepared by further treatment with 3N
NaOH containing 0.1% EDTA (10 ml) followed by 0.5N sodium acetate
buffer, pH 5 (10 ml or until pH was 5). The hydrogen form of the
column was prepared by washing the column with 0.1N HC1 (ca. 10 ml or
until the effluent pH was 1.

Both the cationic and anionic columns were regenerated following
elutions with 3N ethanolic HC1. The sodium column was regenerated by
washing sequentially with 3N HC1 in absolute ethanol (5 ml), absolute
ethanol (10 ml), distilled water (10 ml), 3N NaOH solution containing
0.1% EDTA (10 ml), water (10 ml), 6N HC1 (10 ml), water (10 ml),
3N NaOH with 0.1% EDTA (10 ml), and 0.5M sodium acetate buffer, pH 5
(ca. 10 ml or until effluent pH was 5).

The hydrogen form of the resin was reconditioned similarly except
the order of NaOH and HC1 washes was reversed and the column was
treated finally with 0.1N HCl (15 ml). This procedure is a slight
modification of that reported by Ames (1974).
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Figure 3.3:
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Structures and m/e values (MH") for derivatives of (S)-O-MD
and the catecholamines: tris- (PFP)-DA (6); tris- (PFP)-NE
3-ethyl ether (7); tris- (PFP)-O-MDA (8); tris-(PFP)-O-MNE
B-ethyl ether (9); tris-(PFP)-(S)-a-MD ethyl ester (10).
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was adjusted to 2 with 6N HCl and the resulting solution was then

chromatographed on a preconditioned Dowez column in the hydrogen form.

This column was washed with 0.1N HCl (10 ml to desalt the column) and

absolute ethanol (10 ml to remove water). The (S)-O-MD was eluted

with 3N ethanolic HC1 (6 ml). The amine fraction was obtained

similarly by washing the original (sodium form) ion exchange resin

with 0.1N HC1 (10 ml) followed by absolute ethanol (10 ml) and eluting

the amines with 3N ethanolic HCl (5 ml). The final eluents were

collected in conical tubes with capillary tips (Concentratubes).

Derivatization: The choice of reaction conditions was described

in Chapter II. The tubes containing the amine and amino acid fractions

were capped and warmed for 2 hours at 60°. Both solutions were cooled

to −70° and then evaporated to dryness under high vacuum (<0.025 torr).

The amine and amino acid solutions were warmed at 60° for 2 hours in

pentafluoropropionic anydride (PFPA) in 100 pil and 200 pil, respectively.

A 10% solution of BF, etherate in absolute ethanol (100 p.1) was added3

to the amino acid solution and this was warmed an additional 15 minutes
w

at 60°. The amine and amino acid solutions were evaporated to dryness

under a stream of dry nitrogen, and the residues dissolved in additional

PFPA (100 pul) were warmed a further 30 minutes at 60°. These solutions

were concentrated under a stream of dry nitrogen to ca. 10 11 in prepara

tion for chemical ionization mass spectral analysis. The structures of

the derivatives and their MH" values are shown in Figure 3. 3.

Mass Spectral Analysis: The concentrated PFPA solutions (ca. 5 ||1)

were applied to the ceramic tip of a direct insertion probe. Analyses

were performed on an AEI MS-902 modified for chemical ionization



337

(Garland et al., 1974). At least 5 scans (560 – 675 m/e range for

the derivatized amines and 600 – 700 for (S)-O-MD derivative) were

obtained for each sample. The peak heights corresponding to the

compounds of interest were measured. The ratios of deuterium labelled

internal standard-to-unknown were calculated and averaged over the

values obtained for each of the scans. The ratios were converted

into nmoles from standard curves which were generated with known

quantities of the amines and (S)-O-MD. With the exception of the MH."

ion for the DA derivative at 592, no interfering ions were observed

in the tracings (Figure 3.4). Figure 3.4A shows the partial CIMS

tracing of a mixture prepared with the synthetic amines and the

corresponding deuterated internal standards. The ion at mass 593 is

a fragment ion of the NE-d, derivative resulting from the loss of3

ethanol. Since the NE-d- internal standard contained 12.1% NE-d2,3

a correction for the peak height at mass 592 for DA-do was made by

subtracting 12.1% of the 593 peak from the 592 peak. When the signal

to-noise ratio was 1 or smaller, the reading was taken as zero.

Figure 3.4B shows the partial CIMS tracing of amines isolated from the

hypothalamus of a rat treated with (S)-O-MD (25 mg/kg-hr) for 24 hours.

This is typical of the "clean" spectra obtained after ion exchange

chromatography and derivatization of samples.
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Figure 3.4: Partial isobutane CI-mass spectrum of (A) a mixture of
catecholamines and their deuterated internal standards

and (B) amines isolated from the hypothalamus of a rat
treated with (S)-O-MD (25 mg/kg per hour) for 24 hours.
All samples were passed through ion exchange columns.
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RESULTS

Figure 3.5 summarizes the blood pressure data obtained

during infusions of (S)-O-MD at various dosages. In all cases an

initial increase in the MAP, preceding the hypotensive phase, occurred

about 0.5 – 2 hours after infusion was begun (i.e., after "time zero"),

with the higher doses having shorter times of onset (Figure 3.5). The

15 and 25 mg/kg-hr values, 1eft out for clarity of the graph, gave

consistent results. During the hypotensive phase the initial decrease

in MAP reflected changes in the systolic pressure; the contribution to

the decrease in MAP due to a fall in the diastolic pressure occurred

only after several hours of infusion (Figure 3.6). The hypotensive

phase appeared to stabilize after 6 to 8 hours of infusion.

Measurements made during the 4 hour period starting 21 hours

after time zero were not significantly different from the 6 to 8 hour

values (Student's "t" test; P × 0.10), except at the highest dose

(30 mg/kg-hr) when the MAP was slightly lower than its corresponding

6 to 8 hour value. The MAP values remained constant during this

period between 21 and 25 hours after time zero 21 to 25 hour period

for all infusion doses and did not vary significantly in animals

treated up to 48 hours. The maximum lowering of MAP was 40% of the

pretreatment value. Furthermore, the (S)-O-MD-induced hypotension

was reversible since the MAP values returned to pretreatment values

within 24 hours of infusing vehicle alone after the 48 hour infusion

of (S)-O-MD (25 mg/kg-hr; see Figure 3.7). The question concerning
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infusion rate was 0.85 ml/hr. Blood pressure is
expressed as the Ž MAP compared to the pretreatment
value. Data points shown are mean values of 8 rats.
The values entered in parentheses following the rates
of infusion represent the s. e. m. of the Ž MAP at 8 and
24 hrs, respectively. The average MAP + s. e. m. prior
to treatment was 110.3 + 2.15 (n=40).
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when regional brain levels of (S)-O-MD and its amine metabolites

attained steady state needed to be answered before the possible

relationship between the maximum steady hypotensive effect induced

by (S)-O-MD and the steady state levels of (S)-O-MD, C-MDA, and O-MNE

could be investigated. At various times during the infusion of Q-MD

(25 mg/kg-hr), the 1evels of these compounds were determined in the

hypothalamus, corpus striatum, and brain stem. The data from the

hypothalamus analyses (Figure 3.8) are qualitatively characteristic

of the three tissues. The levels of Q-MDA and Q-MNE appeared to

stabilize within 8 hours while O.-MD levels continued to increase until

21 hours after which these values appeared to become constant (21, 24,

and 30 hour data were not significantly different from each other;

Student's t test; P × 0.10). It has been assumed that similar time

dependent changes in the levels of these compounds occur at all doses

of (S)-O-MD studied. These experiments have led to the conclusion that

steady state conditions resulting from constant infusion of (S)-O-MD

are attained by 24 hours.

A scatter plot (Figure 3.9) of the 24-hour blood pressure

response, expressed as a percentage of the pretreatment MAP (% MAP),

against the dose in mg/kg-hr suggests a linear relationship between

these parameters. When all the data were subjected to linear regression

analysis, a good correlation between the Ž MAP and dose was found.

The mathematical expression representing the relationship between these

parameters (Equation 1) indicates that the Ž MAP decreases as the dose

increases.

% MAP = 1.18 [Dose O-MD] + 98.7; (r = 0.80, n = 77) (Eq. 1)



344

Figure 3.9 shows the line represented by Equation 1; the

blood pressure data (Table 3. 1) were plotted as the mean + standard

error of the Ž MAP measured at each dose.

TABLE 3.1 Summary of the doses of (S)-Q-MD infused over a 24-hour
period, the 24-hour mean arterial blood pressure (MAP
expressed as a percentage of the pretreatment value), and
its standard error of the mean. The average MAP of rats
before treatment was 103.6 + 1.4 mm Hg (n=99).

Dose (mg/kg—hr) Number of rats 24 hr MAP as % of pretreatment
value (+ s.e. m.)

0.0 12 102.03 (2.99)

1.5 4 99.11 (2.53)

2.5 4 95.56 (1.44)

4.45 4 90.88 (2.30)

5.00 5 92.28 (3.89)

6.00 8 90.4 (3.48)

8.00 4 92.45 (1.85)

10.00 10 85.96 (2.81)

15.00 12 81.08 (2.43)

20.00 15 74.33 (3.04)

25.00 9 70.6 (2.76)

30.00 11 63. 13 (2.15)

The regional brain levels (S)-O-MD and the various

catecholamines were determined following constant 24-hour infusion of

(S)-O-MD at 0, 5, 10, 15, 20, 25 and 30 mg/kg-hr (Figure 3.10). The

levels of endogenous DA and NE found in these brain tissues studied

when normal saline only was administered (Figure 3.10) are comparable

to literature values (Freed et al., 1977; Holzbauer and Sharman, 1972).
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The NE 1evels in the hypothalamus rapidly drop from 14 to 0 nmol/g

tissue while the corresponding O-MNE values reach a maximum level of

15 nmol/g tissue regardless of the infusion dose. A similar pattern

is seen in the brain stem. On the other hand, the DA levels in the

corpus striatum only slowly decline from control levels of 62 + 4

(s. e. m.) nmol/g tissue and never drop below 11 + 0.45 (s.e. m.) nmol/g

tissue. The levels of Q-MDA in the corpus striatum and hypothalamus

do not appear to level off, but, instead, achieve levels in these

two brain tissues that are dramatically higher than control DA levels.

The amine and (S)-O-MD levels in the three brain regions

studied were plotted against the Ž MAP (relative to pretreatment values

Figures 3.11 to 3.13). The Ž MAP and tissue 1evels of (S)-O-MD, C-MDA

and DA showed significant correlations (0.58 & r < 0.88, P × 0.001) for

the number of samples analyzed. There was no correlation between the

% MAP and O-MNE levels in any of the tissues analyzed (0.2 < r < 0.3;

P > 0.05). The levels of NE at a11 infusion doses of (S)-O-MD were

below the limits of detection ( 0.02 nmol/g tissue). Both least squares

regression lines were drawn in the scatter plots (Figures 3.11 to 3.13)

for estimating the mean Ž MAP from the drug/metabolite concentration

and for estimating the mean concentration from the Ž MAP. Table 3.2

summarizes the calculated linear regression coefficients (m) and

correlation coefficients (r). The former (m) corresponds to the slope

of the 1ine representing the relationship between the Ž MAP and the

tissue drug/metabolite levels and the latter (r) represents a measure

of the intensity of this relationship or probability of the trend.



Table 3.2 Regression coefficients (m) and correlation coefficient 349
(r) from plots of mean arterial pressure versus
concentrations of listed compounds in various tissues.
The upper and lower values of m were obtained by the
regression of (1) MAP on concentration and (2) concentra
tion on MAP, respectively.

Compound Tissue

Hypothalamus Brain Stem Corpus Striatum

m r In r m r

CI-MD –0.173 0.815 –0. 118 0. 590 –0. 09.4 0. 598

–0.261 –0. 337 –0. 264

O-MDA –0. 866 0.74 –3.80 0.635 –0. 328 0.884

—1.58 –9. 42 –0. 420

DA 2.93 0. 615 9. 35 0. 622 0. 503 0.806

7. 74 24.1 0.775

Cº-MNE –0. 434 0.195 —1. 39 O. 197 –2. 71 0.303

-11. 4 –34. 4 –29. 5

The change in Ž MAP per unit change in tissue drug/metabolite-levels

is greater for C-MDA than for (S)-O-MD (the correlation coefficients

are not statistically different from each other).
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following constant intravenous infusion of (S)-O-MD
(24 hours). Blood pressure is expressed as percentage

mean arterial pressure (MAP) of pretreatment control
value. "Least squares regression" lines are drawn for
estimating the mean Ž MAP from the concentration and

estimating the mean concentration from the Ž MAP.
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Figure 3. 12:
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DISCUSSION

The purpose of this study was to determine if steady-state

levels of C-MDA and C-MNE in regions of the rat brain correlated with

the magnitude of the hypotensive effect of (S)-O-MD administered i.v.

Steady state conditions were chosen as a model since the typical

dosage regimen used in treatment of hypertensive patients (e.g. 250 mg,

three times daily) leads to a constant blood pressure lowering effect.

Clinically effective antihypertensive therapy with (S)-O-MD requires

long-term treatment with medication being taken two or three times

daily. The present experimental conditions used constant i.v. infusion

for 24 hours as a model to simulate the hypotensive effects obtained

in clinical studies. The analysis of regional brain levels of

endogenous and C.-methylated catecholamines was deemed justified and

worthwhile undertaking since an NIH group reported that an apparently

highly significant correlation existed between brain stem NE levels

and the systolic blood pressure of hypertensive rats (SHR) on

antihypertensive treatment (an MAOI, pargyline, in various combinations

with L-Dopa and MK-485; Yamori et al., 1972). A suitable animal model

for the present studies proved to be the genetically uniform normotensive

Sprague-Dawley rat. Intravenous infusions of (S)-O-MD 1ed to smooth

declines in blood pressure (Figure 3.5) which were maximal and steady

after 21 hours of treatment. Since the concentrations of (S)-O-MD,

o-MDA and Q-MNE in various regions of the brain also were stable by this

time (e.g. Figure 3.8), we performed all measurements after 24 hours of

infusion.
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In all experiments the (S)-enantiomer of o-MD (L-(-)-o-MD;

Yamada et al., 1965; Tris tram et al., 1964) was used because only

this isomer enters the central nervous system (Ames et al., 1977) and

possesses hypotensive activity (Sjoerdsma and Uden friend, 1961; Porter

et al., 1961; Gillespie et al., 1962). (S)-O-MD and the catecholamines

were analyzed using a stable isotope dilution-chemical ionization mass

spectrometric technique. Deuterated analogues of these compounds

(Figure 3. 1) used as internal standards were labelled in the alkyl

side chain since labels so positioned are stable with respect to

back-exchange during the isolation and analysis procedures.

Constant, 24-hour infusion of (S)-O-MD produced a dose

dependent hypotensive response (Figure 3.9). Although renal and

spontaneously hypertensive rats are more sensitive to antihypertensive

agents than are normotensive rats (Tabei et al., 1970; Nijkamp and

De Jong, 1977), the blood pressure changes in our normotensive rats,

when expressed as a percentage of pretreatment values, are in good

agreement with those observed in hypertensive animals. The blood

pressure lowered by 48-hour infusion of (S)-O-MD returned to

pretreatment levels within 24 hours if normal saline alone was infused

(Figure 3.7). These data suggest that the normotensive rat is a valid

model for studies on the mechanism of action of (S)-O-MD and that the

effects of (S)-O-MD responsible for the lowering of blood pressure are

not dependent on the presence of hypertension per se.

The relationships between infusion doses of (S)-O-MD and

levels of (S)-O-MD and catecholamines (Figure 3.10) are qualitatively
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similar in the brain regions studied; viz., brain stem, hypothalamus,

and corpus striatum. With increasing infusion rates of (S)-O-MD, the

DA levels in these regions of the brain decreased while the Q-MDA

levels increased. The concentration of these catecholamines were

altered most dramatically in the corpus striatum. On the other hand,

NE was depleted completely regardless of the dose, and O-MNE levels

appeared to reach a plateau even at the 10west infusion rate of 5

mg/kg-hr. Levels of these compounds were measured in the brain stem

and hypothalamus contain since these regions contain neurones important for

b. p. regulation (Chalmers, 1975). The corpus striatum also was analyzed to

determine how the steady-state infusion of (S)- -MD affected levels of endog

enous and -methylated catecholamines in a brain region not believed to be

involved in b. p. regulation (Bard. 1968).

O-MDA 1evels attained in the tissues studied were higher

than the dopamine 1evels in the corresponding tissues from the

untreated rats (Figure 3.10). This may be attributed to the fact that

O-MDA is not a substrate for monoamine oxidase (Blaschko, 1952).

Following 24-hour infusions of (S)-O-MD, the DA levels in the

hypothalamus and brain stem remained essentially constant regardless

of the dose administered. The DA in the corpus striatum was not

depleted by the doses of (S)-O-MD given but the levels did fall to

about 10 nmol/g tissue. A similar decrease in corpus striatum DA

levels in rats treated with Q-MD (200 mg/kg, i.p.) has been reported

(Uretsky, 1974). Dopa decarboxylase inhibition by (S)-O-MD per se

does not account for the degree of DA depletion observed (Brodie
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et al. , 1962). This suggests that there may be a DA pool, relatively

inaccessible to the depletion of Q-MDA, where DA has a long half-life

compared to the duration of these experiments. In contrast, NE is

depleted completely by 24-hour infusions of (S)-O-MD, regardless of

the dose given. Several factors may contribute to the observed NE

depletion. The accumulating Q-MDA in the neuronal cytoplasm may

compete with endogenous DA for uptake into the storage granules

where NE is synthesized. An analogous mechanism was suggested to

explain why NE is depleted from cardiac tissue of rats treated with

(S)-O-MD (Kopin et al., 1969). Q-MDA is also an inhibitor of dopamine

3-hydroxylase (D-B-H) in vitro (Goldstein and Contrera, 1962); it is

possible that o–MDA could act as a D-3-H inhibitor in vivo. These

mechanisms represent ways in which steps other than tyrosine

hydroxylation could become rate-limiting in NE synthesis. This view

is corroborated by the finding that administration of (S)-O-MD to rats

causes a faster rate of NE depletion than administration of O-methyl-p-

tyrosine which inhibits tyrosine hydroxylation, the normally accepted

rate-limiting step in catecholamine biosynthesis. Inhibition of D-3-H

could also explain why O.-MNE accumulates in the brain more slowly than

O-MDA. Another contributing factor is that Q-MDA possesses only about

60% of the activity of NE as a D-3-H substrate (Porter et al., 1977).

The hypotensive action of (S)-O-MD is not due to the depletion

of endogenous catecholamines per se. Q-Methylmeta tyrosine is a more

potent depleter of brain catecholamines (Sourkes et al., 1961; Porter

et al., 1961; Henning, 1969) but is an ineffective antihypertensive
agent (Henning, 1967).
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Reasonably good linear correlations were observed between

the hypotensive response and the levels of (S)-O-MD and O-MDA in the

three tissues analyzed. Since it was not proved that the variance in

the "independent variable" (tissue levels) was zero or very much smaller

than the variance in the "dependent variable" (mean arterial pressure),

equations of both regression lines were determined from the blood

pressure -- drug tissue-level data. The regression coefficients

(slopes of the lines) and correlation coefficients (P º 0.001) are given

in Table 3. 2. A significant correlation between these parameters does

not prove causation. For example, a good correlation exists between the

blood pressure and corpus striatum C-MDA levels; however, this tissue is

usually associated with motor activity and not with blood pressure

regulation (Bard, 1968). The regression coefficients for C-MDA are

always significantly higher than those for (S)-O-MD (correlation

coefficients not statistically different from each other; P × 0.6). This

is consistent with literature findings that (S)-O-MD must be decarbox

ylated in the brain to form C-MDA before blood pressure lowering occurs

(Henning, 1968, 1969; Day et al., 1973; Nijkamp et al., 1975).

Perhaps more important than these correlations is the lack of

any significant relationship between concentrations of C-MNE and

the hypotensive response. From the data, it is not surprising that

there was no correlation since the C-MNE tissue levels were relatively

constant regardless of the (S)-O-MD infusion rate. However, these

results must be considered in light of the evidence pointing to O-MNE

as the key metabolite responsible for (S)-O-MD's hypotensive effect
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(Cohen et al., 1974; Day et al., 1973; Finch and Haeusler, 1973;

Henning and Rubenson, 1971). In addition to the results from D-3-H

inhibitor studies cited earlier, central administration of O-MNE

apparently causes a dose-dependent hypotensive response in

anesthetized rats and cats (Heise and Kroneberg, 1972; 1973; Nijkamp

and De Jong, 1975; 1976; 1977; Struyker Boudier et al., 1975a, b :

Day and Roach, 1974b). Most reports indicate that centrally

administered C-MNE produces hypotensive responses and that they are

dose-dependent in anesthetized cats and rats (Heise and Kroneberg, 1973;

Singh et al., 1973; Day and Roach, 1974; De Jong et al., 1975; De Jong and

Nijkamp, 1976; Nijkamp and De Jong, 1975; 1977; Struyker Boudier et al.,

1975b). On the other hand, Finch et al., (1975) reported that in

anesthetized cats, i.c. v. C-MNE produced dose-dependent pressor

responses. In some studies DA and Q-MDA i.c. v. injections elicited

dose-dependent hypotensive responses; in others, they caused pressor

responses which sometimes were followed by hypotensive responses

(Heise and Kroneberg, 1973; Day and Roach, 1974b; 1976; Finch et al.,

1975).

Attempts to correlate the concentrations of catecholamines in

whole brain and hypothalamus following administration of (S)-O-MD

with lowering of blood pressure have led to the same results reported

here; namely, only concentrations of Q-MDA could be correlated with

changes in blood pressure (Waldmeier et al., 1975; Freed et al., 1978).

Additionally, time-related changes in the concentrations of

catecholamines in brain and blood pressure were found only with Q-MDA
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(Waldmeier et al. , 1975). Perhaps a better indicator of sympathetic

activity than amine concentrations is provided by the fractional

amine turnover rates (Brodie et al. , 1966) which for O-MNE in the

hypothalamus is reported to not change, irrespective of the dose of

(S)-O-MD given (Freed et al. , 1978). This finding led Freed et al.

to suggest that O-MNE was "unlikely to be related to the hypotensive

action of Q-MD".

The data from the present study are consistent with at least

two interpretations. First, only a small fraction of the total O-MNE

may be responsible for regulating blood pressure. Second, Q-MDA

itself may have a direct hypotensive effect.

NE may exist in two compartments -- a "functional compartment"

and a "main storage compartment" (Glowinski, 1973). Only freshly

synthesized NE is released from the "functional compartment" alone

upon neural stimulation (Kopin . et al., 1968; Glowinski et al., 1972;

Kapatos and Zigmond, 1977). If this applies to C-MNE, the amount of

o-MNE released might be proportional to the amount of o-MNE in the

tissue. This could explain the correlation between the hypotensive

response and the Q-MDA tissue levels since the present study does not

differentiate between the pools of Q-MNE. This also applies to the

work of Freed et al. (1978). The existence of two such compartments

may explain why they did not find any correlation between the hypoten

sive response and fractional turnover rate of Q-MNE. Freed et al. may

actually have measured the fractional turnover rate for both compartments

and this might have masked possible changes in the turnover of Q-MNE in

the "functional compartment". Additionally, the tissue sampling
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technique also could have resulted in masking any correlation which

might exist between Q-MNE levels and hypotensive effects. Easily

identifiable brain regions were dissected and analyzed (viz., brain

stem, hypothalamus, and corpus striatum). The analysis of (S)-O-MD

metabolites in brain regions represents a refinement over the analysis

of whole brain (Waldmeier et al. , 1975), but the tissue samples were

probably still too large. Unfortunately, the precise brain structures

that regulate blood pressure are still not known (Hilton, 1975).

Another complicating factor is that both pressor and depressor systems

exist in both the medulla oblongata and hypothalamus. The actual

blood pressure increase or decrease observed after electrical stimula

tion or microinjection of NE or Q-MNE depends on which particular

brain region was stimulated (Wang and Ranson, 1941; Gellhorne, 1964;

Haeusler, 1973; De Jong et al. , 1975; Reis et al. , 1975; Struyker

Boudier et al., 1975; Zandberg and De Jong, 1977). Because of the

accepted central role of Q-MNE in the mode of action of (S)-O-MD, it

was hoped that O-MNE levels would correlate with the overall hypotensive

response observed. Such correlations may be found if brain nuclei

involved with depressor activity were analyzed. NE and DA content

and turnover rates in individual nuclei in rat hypothalamus and

medulla oblongata have been measured (Wijnen et al., 1978; Kizer

et al., 1975; Palkovits et al., 1974). Hypotension caused by

controlled hemorrhage or by guanethidine administration led to

increased O-methyl-p-tyrosine-induced NE disappearance in certain

nuclei in rat medulla oblongata (Wijnen et al., 1973). Q-MNE and o-MDA
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in these and other nuclei could also elicit sedation, depression of

learned behavior, hypothermia, and extrapyramidal effects which

have been observed in (S)-O-MD treated subjects (Dominic and Moore,

1971; Nijkamp et al., 1975; Duvoisin and Marsden, 1975). The central

role of Q-MNE in (S)-O-MD-induced hypotension is well established

( ref. in Chap. I). The absence of correlations between blood

pressure and C-MNE levels may be explained in terms of Q-MNE

compartmentalization or tissue sampling which was not specific enough.

An alternate interpretation for the observed correlations

between blood pressure and Q-MDA tissue levels is that Q-MDA itself

may have a direct hypotensive effect. Consistent with this view,

Heise (1976) has reported that i. c. v. perfusion of DA in cats

produced dose-dependent hypotensive responses which could be

inhibited by the dopaminergic blocking agents, haloperidol and pimozide.

Others also have suggested that central dopaminergic sites may be

important in regulating blood pressure (Bloch et al., 1973; Bolme

et al. , 1972; Osborne, 1976). Experiments designed to differentiate

between the individual blood pressure regulating roles of C-MDA and

o—MNE should be carried out. Presently, in the absence of any

correlation between Q-MNE and blood pressure changes, it may be

premature to rule out an essential central role of C-MDA in the blood

pressure regulating effects of (S)-O-MD.
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