THE STEREQOCHEMISTRY
OF
ENZYMIC REACTIONS
AT *
PROCHIRAL CENTRES

By

James Clare Richards, B.Sc.

A Thesis

Submﬁtted to the School of Graduate Studies .

in Partial Fulfilment of the Réquirements
for the Degree '
Doctor of Philosophy

McMaster University

() November 1983

PR



[

THE STEREQCHEMISTRY OF EWYMIC REACTIONS



- : S
DOCTOR OF PHILOSOPHY (1983} ' McMASTER UNIVERSIT;’“:>

(Chemistry) ' Hamilton, Ontario

TITLE: ~The Stereochemistry of Enzymic Reactions at Prochiral Centres
AUTHOR: James Clare Richards, B.Sc. (McMaster University)
SUPERVISOR: Professor I.D. Spenser

NUMBER OF PAGES: xvii; 214. : .

3 ' | . ' o /\\



ABSTRACT : ‘
t .

The steric course of decarboxylation of L:ornithine to yield
putrescine, catalysed by g;ornithine decarbbxy]age'(E.C.'4.1.1(17) of
E. coli, and of %;arginine to yield agmatine, taté]ysed by L-arginine
decarboxylase (ElC.‘4.1.].1§) of E. eoli, is investigated by deuterium
labelling. Replacement of the carboxyl group by a solvent derived
proton occurs with retention-of Fonfigurat%on in each case.

In con%]ict with an earlier report, incubatiop of cadaverine
in deuterium oxide in the presence of g;]ysine decarboxylase (E.C.
-4'121']3) of B. cadoveris did not lead to entry of deuterium into the
a-position of cadaverine. Likewise, L;ornithine decarboxy1asé did not
6ata1yse exchange of the a-hydrogen of pﬁtrescine, nor did g;arginine
decarboxylase catalyse such an exchange %n.égmatin;: |

The stefeochemistry of hydrogen abstréctiqn in the conversion
of cadaverine {nto'b'-piperidine, of putrescine into a'-pyrroline, and
of agmatine into 4-guan1&§§%;utana1, catalysed by hog kidney diamine
oxidase (E,c. 1.4.3.6) is investigated. The Si-hydrogén from C-1 of
the substrate is removed while the Re-hydrogen from C-1 of the sub-
strate is maintained at the sp? carbon atom of each of the products.’

The diamine oxidase catalysed oxidative deamination of cadaver-
ine také; place withou& detectable isotope éffect, while an jntram01e~
cular primary hydrogen-deuterium 1sgiope effect (kHSi/kDSi = 4) is ob-

served in the diamine oxidase catalysed oxidation of putrescine.
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CHAPTER .1
INTRODUCTION

Enzymes, the biological cata]ysts, effect ‘chemical transforma-

1-3

tions within Tiving organisms. Constructed from the much smaller

units, amino acids, each enzyme constitutes a chiral matrix, a catalyst

of superb perfection,4’5

whereby one molecule is processed into another

in such a way that each step is under precise steric contro1.2’6’7 One
. '

manifestation of this control is the enormous rate enhancements charac-

teristic of so many enzyme-catalysed reactions. %+’

Stereospecificity
is another manifestation of such control. .
The stereospecificity exhibited by enzymes in the reactions that

lyse can take several forms. The ability of enzymes to make

chiral diStinctions between two enantiomeric forms of a substrate mole-

10

cule has beep recognised since the time of Pasteur. However, it was

not apparent until the middle of this century that enzymes are also

capable of prochiral d stinctions.l]

This very subtle aspect of enzyme
reaction 5tere05pecif{city, chiral recognition of the stereoheterotopic
groups or atoms at prochiral centres, is only revealed through investi-
gations which employ the technique of jsotopic labelling. Investigations
of this type have ﬁevea1ed,‘as enunciated by Sir John W. Cornforth]z,
that

~ -1~
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"...enzymic reactions occur by stereospecific

mechanisms regardiess of whether 'this specificity
determines the structure of the product.”

Enzymes that catalyse.the decarboxylation of L-c-amino acids are

found in microorganisms, in mammalian tissues and in p]ants.]3 These

enzymes show a high degree of substrate specificity for individual amino
acids. The reaction that is catalysed involves the conversion of a °
chiral centre within the L;u-amino acid, R-CH(NH,)CO,H, into a prochiral
@é;EFj within the corresponding amine, R-CH,NH,. The stereochemistry of
the replacement of a carboxyl group by a proton in the course of this
reactiog has been determined in several instances, by a variety of meth-
ods. The results of these investigations, discussed in Section 1.4, have
revealed an apparent stereochemical consistency among the.amino acid de-
carboxy1a§egﬂa which is referred to later in Chapter 4.

The amine oxidases which also form a widely distributed group of
enzymes cafh]y;e the oxidation of primary amines to a]dehydes..ls"17
These enz&mes are of low substrate_épecificity, each acting upon a wide
range of substrates. Enzymic oxidative deamination involves the abstrac-
tion of a proton from the prochiral centre adjacent tojan amino group
within the primary amine, R-CH,NH,, to generate an sp2 centre within the
corresponding aldehyde, RCHO. Thestereochemistry of hydrogen abstrac-
tion, in the course of the ion mediated by several amine oxidases
and with a wide variety of substrates,lhas been determined. The methods
that have been empioyed and the results obtained are summarised in

Section 1.5,



This thesis reports an investigation of the stereochemistry of
both these reaction types. The stereochemistry of decarboxylation of
the basic amino aciﬂs, L-ornithine and %;arginine, catalysed by the
respective bacterial a-decarboxylases is investigated using deuterium
labelling. ?hapter 2 describeg how the products of these two enzymic
reactions, pgtrescine (1,4-diaminobutane) and agmatine {1-amino-4-
guanidinobutane), respectively, chirally deuteriated at C-1, were pre-
pared anﬁ how their relative configurations were established.

Determination of the stereochemistry of the reaction‘mediated
by hog kidney diamine oxidasekyijﬁ%cribed in Chapter 3. This was
established by 2H NMR analysis of the products obtained when enantio-
meric samples of (1—2H)cadaverine of known configuration' served as sub-
Strate. Evidence in support of the assumption that the absolute stereo-
chemistry of the reaction catalysed by hog kidney diamine oxidase is the
same, whatever the substrate, is presented. 2H NMR was then employed to
determine the labelling pattern of the products obtained by oxidative
deamination of the chiral samples of (1-2H)putrescine and of (1-2H)-
agmatiﬁe to establish their absolute configuration, based on this assump-
tion (Chapter 3). However, a kinetic isbfope effect was observed in the
diamine oxidase catalysed reaction with putrescine as sub§trate, but
none with cadaverine as substrate. It was therefore nng%séry to con-
firm the configurational assignments by an independent méfﬂod. Chapter
4 describes how the absolute stereochemistry of the enantiomeric sam-
p]és of {1-2H)putrescine and (1-2H)agmatine was confirmed by chemical

correlation with a standard of known configuration, theréby establishing

~



the steric course of decarboxylation. Chapter 5§ presents a summary of

these results.

1.1 " HISTORICAL DEVELOPMENT OF THE CONCEPT OF PROCHIRALITY
Stereochemical selectivity was first observed in living organ-

18,19

isms'by Louis Pasteur in 1858. Much to his astonishment and pleas-

ure he was abie to demonstrate that, when the grey mold Peniciliium‘
glaucum was grown in the presence of racemié tartaric acid, only the

dextrorotafory species was fermented; the levorotatory species remained
intact. At that'time, Pasteur recognisedethat the optical activity ¢

associated with many organic substances was a reflection of molecular

18,20 Even so, the relationship between such molecules, in

‘”&issymmetry.
-ferms of their three dimensional structure, as well as the relation to

the observed stereoselectivity in a biochemical transformation could not
be grasped until the theory 5f the tetrahedral structure of carbon was
proposed by van't Hoff and Le Bel in 1874.2] After this structural

theory had become well established, Emil Fischer in his pioneering work _{
On sugar stereochemistry provided clear evidence that i£ is the exact
three dimensional structure of a molecule which determines whether or

not an enzyme will act upon it.22 It was observed that certain yeast
preparations effected the hydrolysis of methyi a-g;glucopyranoside as

well as maltose, but not of methyl B-Q;glucoﬁyranoside. By means of an
illustration, Fischer suggested that enzyme and substrate (in thisrcaée

a glucoside) must fit each other Tike "lock and key" if catalytic actiy-

ity is to occur.22 ' Lxﬁ



At that_time, the chemical nature of enzymes was unknown. In-

deed, the term "enzyme", coined by Kuhne23

in 1878, literally trans}ates
"in yeast". However, it wa; not until the deve]opmént of improved en-
zyme isolation and purification techniques in the 1920s that the chemi-
cal constjjution of enzymes became apparent; and" it was concluded that

enzymes consisted of protein.24

The first coﬁvjq;ing evidence was-re—
ported by Sumner25 in 1926. A crystalline sample of the enzyme'urease
was obta%ned from extracts of jack bean and the catalytic activity of the
protein was demonstrated. Shortly thefeafter, crystal]iﬁe pepsin, tryp-
sin and chymotrypsin were isolated, firmly establishing the protein

26

nature of enzymes. As a result of this discovery, it was also recog-

nised that such protein molecules were responsible for the stereochemical
- specificity so often observed in biological systems.27
A consistent feature, revealed in all enzyme-catalysed reactdions,

is the specificity.2

. The early work of Pasteur, Fischer and others un-
covered only a singie aspect of this specificity. It is now known that
enzymes are capable of distinguishing among structural ;nd stereochemi-
cal features of their substrates, that each enzyme‘mediates a specific
type of reaction, and that they are capable of chiral and prochiral dis-
tinctions in the course of that react1on Such Sﬁif1f1c1ty undoubted]y
arises from the exact chiral environment prov1ded by the enzyme which
al]ows the appropriate or1entat1on of the react1ng spec1es, throughout
the whole process of catalysis. 4-7 ' .

The ability of enzymes to make prochiral distinctions was first
observed shortly after the discovqry of the stable and radioactive iso-

29

topes of carbon. Indeed, the results of isotopic tracer experiments
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were quite unekpected and, on the basis of such experiments, it became
necessary, in 1941, to question the role of citric acid in the biochemi-ﬁ
cal process which is now known as.;he "Tricarboxylic Acid Cycle®. Pre-
parations of minced pigeon liver were exposed to 11C0, or 130, in the
presence of Qn]abé11ed pyruvic acid (l), and labelled oxaloacetic acﬂf\
(%) and a-ketoglutaric acid (g) were isolated. Degradation of the
labelled sample of a-ketoglutarate indicated that -only the a-carboxy1<;\\\

group contained isotopic carbon30’3]

(Scheme 1}."At that time, there.
was éonsiderabIe evidence fhat citric acid (3) was an intermediate in

the biochemical transformation of oxaloacetate into a-ketogluté?ate.32'34
However, the results from the experiments with isotopically ]abe]led‘car-

bon dioxide were taken as sufficient evidence that citric acid, a "sym-

-metrical molecule”, could not possibly be an intermediate. It was rea-

soned that if it were an intermediate, both carboxyl groups of o-ketoglu-
tarate should be equally labelled since the two carboxymethylene éroups
of citric acid are "chemically identica]“ {when unlabelled).

The fallacy in the interpretétion of these experiments was
pointed out by Ogston in 1948.11 .Ogston arguéd that "...it is possible
that an asymmetric enzyme which aitacks a symmetrical compound can dis-
tinguish betwéen its identical groups," and illustrated how this might
occur by guggesting a “three-point combination" between the symmetr%cal
substrate and an enzyme surface. Ogston made reference to aminomalonic
acid which, as in the case %f citrate, had been excluded as an inter-
mediate.in a biochemical pathway, thé conversion of é;serine into gly-
cine, based on similar, erroneous interpretat{ons of isotopfc tracer

experiments.35
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Ogston's hypothesis was soon tested and confirmed, at least in

36 and Lorber et a1.37

principle, by Potter and Heidelberger who clearly
demonstrated that citric acid must be a precursor of a-ketog]utarafe.
Enzymatically formed carbon-14 Tabefled citrate (4), dérived from 140’
_or [4-1Lc10xa1oacetéte (g), Qas first isolated from the 1iver prepafa-
'tions and purified. The sample of citrate was then reinéubated with a

fresh preparat1on to yield «-ketoglutarate labelled exclusively in the

carboxy] carbon atom adjacent to the keto group, as revealed by ox1dat1ve

- .degradat1on to succinic acid (é) and radioactive carbon dioxide (Scheme 1).

- Even though citric acid was réinstatgd as an intermediate in the
“Tricarboxylic Acid Cycle", the idea that a symmetrical molecule could
behave in 5; unsymmétrica] fashion created much confusion at that time.
The diffiéulties that wére éxperienced Qith this concepi have recently
been refTecteé upon by Barbara Vennes]and38:

"In a mood of desperation, I sat down with Ogston's
papér and took some stick and ball models to assist
my thinking. Ogston's paper didn‘t help, though I '
read it severa] times attentively. I thought he
was implying a substrate might stay stuck to the
enzyme,”and that did not help one bit. While I was
_staring bleakly at the models, they suddenly told
me the answer, but not in words, just in a picture.
- What happened in that moment of sudden insight
' seemed to ‘be that I was suddenly graced with the
ability to see the asymmetric_carbon atom as van't
- Hoff had origina]]y-seén it. The feeling I experi-
" enced was a curious combination of exhilarating,
o . sweet relief (because there was no contradiction
bézﬁééh the two sets of experiments) and total

D I ST



dismay: 'Oh you idiot, why haven't you realised
that before.' There were quite a few of us who
had experiences similar to mine after the appear-
ance of Ogston's paper.”

p—

The concept of "three-point combination® referred to by Ogstcm]1

|

was merely meant as an illustration to demonstrate how an enzyme “"might"

dffferentiate between two identical groups wi;hin a mo]ecule39 and is
not a necessary requirement for the occurrence of Xuch distinctjons.
Whether or not a distinction between two identical within‘a mole-
cule is possible depeﬁds on the symmetry of that molecule. /By consider-
ing fhe struétura] requirements necessary for the occurrence of such dis-
tinctions, it was -first recognised by Hirschman40'42 that a distinction
between identical groups within a molecule is only possible if the.
groups cannot be interchanged by rotation about an axis of rotation (Cn).
Hirschman suggested that the differentiation of chemica11y identical
groups within a mo]eéule, which lacks rotational symmetry, may be effec—
ted through the formation of diastereomeric transition states.

’ - In 1966, Hanson introduced the concept of prochira]ity.43 He
proposed that a molecule possessihg a tetrahedral centre of the type,
RiR2CAA, in which the two substituents, A, are constitutionally identical
(e.g. as in citric écid), should be defined as "prochiral® since such a
centre caﬁ mentally be converted into a chiral centre if one of the pair
of identica]lsubstituents is considered to be different from the other.

A system of specification of such a pair of identical substituents was

* developed and is now in common usage (see Section 1.2).

rl
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44-49

“environments (topic relatio

The structural relatio sﬁ?agﬁbetween groups and their molecular
9§ﬁ?ps),

as well as in isolation (morphic

re1ationships),4g’50

have now been examined in considerable detail. Two
identical (homomorphic) groups which occupy identical- superimposable en—:
vironments (i.éi interchangeable by a C,, operation) are termed homotopic,
those in nopsuperimposable environments are heterotopic. Groups which
bear a heterotopic relationship may either be constitutionally hetero-
topic or stereoheterotopic. iIf two stereoheterotopic groups are inter-
changeable by a rotation-reflection ‘operation (Sy,, where S. = ¢)¥ they

1
are termed enantiotopic; if the groups cannot be interchanged by any

-

symmetry operation, they are diastereotopic. Enantiotopic groups are
only distinguishable under chiral conditions40’41 by interaction with a
chiral reagent or within a chiral environment. Diastereotopic groups
are, in princibﬁe, distinguishable by any reagent42 (eithef achiral or
chiral), or by physical observation under achfra] or chiral conditions.
It is important to emphasis;; steVer, that, a1thougﬁ a pair of homomor-
phic groups within a molecule may, in principle, be distinguishabf; in a
chemical reaction under a certain set of conditions as determined by ex-
amination of the symmetry of thét molecule, the magnitude of the. differ-

.

ence, or even whether such a difference will be substantial enough to be .
observab]e, cannot, in general, be determined « przorz.44

It should be clear from the above discussion that the two carboxy-
methylene groups of citric acid bear an enantiotopic re]ationshjp. It is
aléo pbt too surprising that an enzyme, which functions as a chiral cata-

lyst and a chiral reagent, as well as providing a chiral environment, is

capable of effecting a distinction between these groups. This was shown

/ | -
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by the experiments, referred to earlier, involving the use of radio-

36 .37 These exﬁeri—

active carbon dioxide™ and labelled oxaloacetate (2)
ments not only revealed the occurrence of such a stereospecific distinc-
tion, but also indicated that a specimen of citric acid (%), rendered
chiral due to isotopic substitution, was produced from [4-1%C]oxaloace-
tate (g). Thus in the course of enzymic synthesis of citrate, addition
of acetyl coenzyme A (Q) occurs stereospecifically at oniy one of the
two stéreoheterotopic faces of the carbonyl carbon (C-2) of oxaloacetate
(ef. Scheme 1). The stereochemistry of these reactions has since been
fully elucidated and 1is the subject of several reviews.w’s1

Shortly after the discovery of prochirality, Westheimer, Vennes-
land and their colleagues provided clear évidencg that enzymes were a}éo
capable of making stereospecific distinctions between the enantiotopic

hydrogen atoms at prochiral meth_\,!'lene_groups..s.|

This was achieved by
deuterium labelfing (Scheme 2).52 A sample of (1-2H)ethanol (g) was ob-
- tained by enzymic reduction of (1-2H)acetaldehyde (1), cﬁta]ysed bylyeast
alcohol dehydrogenase (E.C. 1.1.1.1) in the presence of coenzyme NADH
(nicotinamide adenine dinucleotide) (2)- When the deuteriated sample of
ethanol (Q) was reincubated w%th the enzyme, in tﬁe presence of the oxi-
dized form of the coenzyme, NAD* (19), (1-2H)acetaldehyde (Z) was'obtained
without any detectable loss of deuterium. |

In another experiment it was shown that the dehydrogenase cata-
lysed the reversible formation of a sample of (1-2H)ethénol (L@) from un-
Tabelled acetaldehyde (13) and the reduced form of the deuteriated coen-
zyme, NAD2H (13).%% When the tosylate (14) of this sample of (1-2H)-

ethano] (13)Lwas displaced with hydroxide jon in an Sy2 process (7.e.
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involving complete inversion of configuration at C-A7, the resulting

sample of (1-2H}ethanol (ﬁ) gave {1-2H)acetaldeHyde (Z) on incubation
with alcohol dehydrogenase and unlabelled NpD* (10) (SFheme 2). The con-
clusion was inescapable: enzymic oxidatioh of ethanol to acetaldehyde

s accompanied by stereospecific remova)/of one of the enantiotopic
hydrogens from C-1. Conversely, yeast hlcohol dehydrogenase is capable
of distinguishing between the two stergoheterotopic faces of the carbo-
nyl carbon of acetaldehyde. Thus the fwo samples of (1-2H)ethanol ((g)

54

and (13))were enantiocmeric, and was subsequently shown™  that the

sample (8), obtained by enzynic reduction of (1-2H)acetaldehyde is op-
tically active ([alggq - 0.28°). However, it was not until ten years

]ater that the absolute conf1gurat1on of a samp]e of the R- (+)- —enantiomer

12) was established by unamb1guous chem1ca] synthe51s 55

Since these early investigations, the stereochemistry of enzymic
reactions has been investigated with increasing intensity. The results

. of many of these investigations are discussed in detail in several excel-

56-58 10,12,14,38,49,51,59-66

and review articles. Stereospeci-

| 3
ficity, as complete as the methods of examination can reveal, has been

Tent books

observed in mg;t enzyme-cataIysed,reagtions. Indeed, an apparent lack
of stereospecfficity in the course 0% the formatipn o% product from sub-
strate provides valuable mechanistic information and points to-the in-
volvement of a non-enz;me directed step or a tortiosymmetric intermedi-
ste, 64-66 |
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1.2 SPECIFICATION OF STEREQHETEROTOPIC GROUPS AND FACES

A system for specifying the stereoheterotopic groups or atoms at
prochiral centres, based on the Cahn, Ingold and Prelog system of stereo-

4
chggi;aT’;;;;;c]ature for chiral centres,67 was introduced in 1966 by

%3 If one of the two homomorphic substituents (A) at a prochiral

67

Hanson.
centre {RyR,CAA) is arbitrarily assigned a higher priority"’ than the
other, the "imaginary" chira] centre (R1R2C51A2, where Al is assigned a
higﬁer'priority than A?), so generated, will either have the R- or S-
configuration, depending upon the relative priorities of the two hetero-
morphic substituents (R; and Ry). The stereoheterotopic group or atom,
assigned a higher priority (Al), is désignated pro-R (or Ah) or pro-3
{or Aé), respectively. Conversely, the group or atom assi;;ed a lower

priority (A2) is specified as pre-S (or Aé) or pro-R (or Aﬁ), respec-

tively.
The stereoheterotopic faces of a trigonal centre (R R,R5C) are

assigned similarly. The three heterotopic substituents are ordered I\

67

according to the priority rules;°’ and, depending upon their relative

priorities, the corresponding faces, above and below the plane defined

by RiR;R3C, are specified by the descriptors re (or Re) and si (or
Si)-43’49

More recently, an alternative system of specification was pro-

68 In this system the prochiral tetrahed-

posed by Prelog and Helmchen.
ral centre (R;R,CAA) is considered,to consjist of two chiral simplexes,

divided by a plane of ;ymmetry (see, for example, Fig. 1-19 in ref. 59).
The two ha]f-spaces defined by the plane of symmetry are Tabelled Re or

St. Depending upon the relative priorities of the suﬁgiitﬁents, Ry, Ry
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A,67

“and allows the two stereoheterotopic substituents to be designated

as ARe or ASi’ respectively. Homomorphic groups or atoms designated as

ARQ and Asi in the Prelog-Helmchen system68 correspond to those speci-
' 49

fied as AR and AS, respectively, in the Hanson system, '~ only when the

stereoheterotopic groups or atoms are of either lowest or highest pri-

ority.

‘}\ The merits of these two approaches have been discussed.48’49’68’69‘

Although the Hanson system,43 since refined by Hirschman and Hansonﬁ5’47’49

69 68

has been more widely employed, - the Prelog-Helmchen- descriptors” - have

58 particularly for the designation of the sterohetero-

}
topic hydrogens at prochiral methylene groups (e.g. ref. 70). The Prelog-

enjoyed recent use,

Helmchen system is used throughout this thesis.

1.3 . DETERMINATION OF CONFIGURATION OF PROCHIRAL METHYLENE
GROUPS, RENDERED CHIRAL DUE TO ISOTOPIC SUBSTITUTION

Many biochemical processes lead to the formation or destruction

of a prochiral methylene group.sg"”'58

These enzyme-catalysed transfor-
mations involve stereospecific hydrogen tfansfer, either to or from a
carbon atom within achiral or chfra]\molecules. To probe the stereochem-
istry of such processes requiggs the use of deuterium or tritigm label-
ling. This is achieved by employing/appropriately labelled substratéﬁ,
which in the course of the enzymic neaction afford a prochiral methylene
group, rendered chiral by isotopic substitution within the product. <Al-

ternatively, the methyiene groupp chirally labelled with deuterium or

tritium, within the substrate is employed for the stereochemical
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investigation of rgactions involving hydrogen abstraction. The stereo-
chemistry of these reactions is then determined by configurational
assignment of the chirally labelled methylene group within the product® ¢
or substrate, fespectively.

The absolute configuration of isotopically engendered chiral
methylene grqups can be determined in several ways. These include chem-
ical synthesis involving reactions of established or determinable sStereo-
chemistry and correlation with standards of known configuration.59’72

» VWhen the chirality of. the methylene group is due to deuterium
substitution, virtually complete deuterium enrichment can be atfained.
The absoiute configuration of the chiral deuter1ated centre can be de-
termined by comparison with standards of known chirality by means of

73 such as optical rotatory dispersion (orD)7*

and nuclear maénetic resonance (NI‘*!R)73'77 spectroscopy. Assignment of

physicochemical methods

confiquration can also be effected by enzymic methods,72 which involve

enzymes of known stereospec1f1c1¥y\\,,-//fgg:j_\H

—

By contrast, when the chirality of the methylene group is due
to tritium substitufion, only a very small fraction of the molecules
which comprise the labelled material will carry tritium. Since there
is a risk of radiochemical hazard this 1sotope is only employed at

4 |
78 Conf1gurat1ona1 analysis is achieved, in this case,

59,72

tracer levels.
by employing enzymic reactions of known stereochemistry.
It was referred to earlier that yeast alcohol dehydrogenase
mediates reversible, stereospecific hydrogén transfer from C-1 of etha-
nol to C-4 of NAD* {see Scheme 2). Loewus et al.sz had emploxed deu-

terium to probe the steric course of this reaction and gbtained



enantiomeric samples of (1-2M)ethanol. Although the absolute configura-
tion of the chiral samples of (1-2H)ethanol was not known at that time,
this was later established when a specimen of known configuration was

5 The chirality of the

obtained by unanl iguous chemical synthesis.
samples of (1-2H)e

hanol, those of enzymic.oriqin and that obtained by,
chemical synthesis, was linked by compﬁrison of their 0ptica]<activity.54’55
A sample of 5;(+)-(1—2H)ethano1 (Lg) was prepared by Lemieux and
Howard55 as outlined in Scheme 3. The key step in this synthesis in- |
,volved stereoselective reduction of the aldehyde (L§) with lithium aiu-
minium deuteride to yield, as the major product, the 5;(5—2H)xylofurano-
side derivative (L]). The chirality of“the deuferiated methylene group
was determined by 1H NMR spectroscopy, following the conversion of the
ldeuteriated.alcohols,.(1]) and (18), into the corresponding B-Q;(S-ZH)-
Xxylopyranose tetraacetates, (L?) and (ap), respectively. The !H NMR
signals due to thg equatorial (Re-) and axial (Si-) hydrogens at C-5 of
B~D-xylopyranose tetraacetate (unlabelled (19), conformation shown in
Scheme 3) had earlier been assigned to a pair of doublets at 4.13

9 When the

(J4a,5e 4.2 Hz) and 3.54 (J4a,5a 8.2 Hz) ppm, respective]y.7
dehtériated.product ((L?) + (gp)) was exarm'ned,55 the deuterium enrich-
ment at the 5-Re-position (65%) was greater than that at the 5-gi-
position (35%) indicating that the product was comprised of a 30% enan-
tiomeric e#cess of the 5;(5-2Hj-specjes (Lg). This result also indi-
cated that- reduction of (L?) had occurred preferentially from the Re-
face of the aldehyde. The mixture of (5-2H)xy10pyr$nose tetraacetates

was then subjected to degradation, involving reactions which did not

affect the chiral integrity of the deuteriated methylene group, to
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afford a dextrorotatory specimen ([a]sgg + 0.66°) of predominantly
R-(1-2H)ethanol (12) (Scheme 3). ~

The assignment of the 5;configuration to dextrorotatory (1-2H)-
ethanol (L?) provided clear evidence that the levorotatory specimén (g)
obtained by enzymic reduction of (1-2H)acetaldehyde ({) has the S-con-
figuration and that alcohol dehydrbgenase promotes stereospecific trans-

fer of hydrogen from C-4 of NADH (9) to the Re-face of the aldehydic

carbon of acetaldehyde to furnish the Re-hydrogen of ethanolé(Schéme 2}.

The configuration of levorotatory (1-2H)ethanol (g) was -subse-

80

quently confirmed by ‘Weber and Arigoni™™ by correlation with S-(-)-

(2-2H)glycolic acid (ZJ) as shown in Scheme 4. It had previously been

shown that muscle lactic acid dehydrogenase (E.C. 1.1.1.27) which nor-

mally catalysed the reduction of pyruvic acid (gg) to L-lactic acid (g;)

in the presence of NADH, acts upon (2-2H)giyoxylic Etig (24) to afford

81,82 ([alzso -

the levorotatory enantiomer of (2-2ﬁ)g]yco1ic acid (21)
27°).83‘ The absolute configura;ioﬁ’of (~)—(2»2H)glyco1atef(23) was un-
equivocally established by neutron diffraction techm‘ques82 and, thus
serves as a primary configurational standard.sg‘72 .
Reduction of g;(-)-(1—2H)g1ycolic acid (21) gave 2?(]“2525”
ethanol (8). (Scheme 4). This specimen of g;(l-ZH)ethanoi (g)‘;n treat-

ment with yeast alcohol dehydrogenase in the presence of NAD* gave

(1-2H)acetaldehyde (l), establishing its identity with the levorotatory -

specimen which had previously Eéen obtained by the reverse processs4

(ef. Scheme 2). 0

o
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In the present context, chiral {1-2H)amines, in which o?i*:r -
hylene

the other of the two enantiotopic hydrogens at the prochiral met
group adjacent to nitrogen is replaced by deuterium, are obtainéd by
enzymic.decarboxy1ation of the corresponding g;a-amino‘acids (Chapter 2).
As will be seen in Chapters 3 and 4, ‘the configurational analysis of the
enantiomeric (1-2H)amines ultimately rests on stereochemical correlation
witﬁ [2-3H]- of (2-2H)glycipe of known absolute configuration.

' Chiral samples of (2-2Hj- and [2-3H]glycine have been prepared
by enzymiggreactions;gnd by chémical synthesis. The chirdlity, as we]i
as the configurational purity, of stereospecifical1y labelled glycines
was determined by several methods. One of these methods involved the |
direct correlation of the .configuration of a specimen of (zfﬁH)g1ycine
with that of the'primﬁry configurational standard, 5;(2-2H)g1yc01ic
acid (37) (Scheme 5), 84786

Besmer and Arigoniaq’agiobtained aqrenantiomeric sample of

.(2-2H)g1ycine (26) by inédbation of ;nlabe]]ed g1yciné (25) with g;
alanine aminotransferase (E.C:“2.6.1.2) %n deuter{um oxide. This pre-
paration took advéntage of the observation that L-alanine amjnd*(ens—
ferase, ﬁ%ich normally catélyses the transfer of the amino gréup from™ .
é;a]anine to.a-ketoglutaric acid, mediates stereospécific exchange of

86,87

hydrogen from C-2 of glycineswith the medium. The sampie of (2-2H)-

giycine (gg) wés optically active and showed a Ql;ne positive ORD curve
([a)z3g + 36.7“)?? On treatment with nitrous acid (+)-(2-2H)glycine
(26) gave (+)-(2-2H)glycolic acid (27) which was determined to be the
'E;enantiomer_by comparison of its ORD curve with-thaflof an authentic

specimen. Based on the well grounded assumption that the nitroys.acid

N

Y/
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deamination reaction occurs with retention of configuration,86’88’89

the dextrorotatory sample of (2-2H}glycine (29) was assigned the R-
configuratio '

The assig t of the R-configuration to (+}-(2-2H)glycine
served to establish that L;a]anine aminotransferase promotes stereospe-
cific_]abi]isation of the Re-hydrogen of glycine. The steric environ-

ment of the Re-hydrogen of glycine (2@) correspogzg to that of the o-

) hydrogen of_g;aianine (33), whfch is lost in the course of the normal

enzymic reaction (ef. ref. 87).
. | .
A method for the stereochemjcal anadlysis of [2-3H)glycines was

based on this correlation, and involved enzymic assay with glycolic acid

oxidase (E.C. 1.1.1/26),85:86

A specimen of R-[2-3H]glycine (gg)'was obtained by the action
) -

. of L-alanine aminotransferase on unlabelled glycine (25) in tritiated

water, which was then converted, as before, by treatment with nitrous

acid, into R-[2-3H]glycolic acid (29) (Scheme 5).80 previbus work by

81,82 had demonstrated that the glycolic acid

Rose and his eolleagues
oxidase catalysed oxidation of .glycolic acid to é]&oxy]ic acid (%9)
takes place wifh stereospecific removal of the Re-hydrogen. When the
specimen of tritiated glycolate (g?) wag treated with this eﬂzyme,‘com-
plete loss of label occurred in the course of the oxiqgtion, to yield
un]abé11ed glyoxylic acid‘(qp). The resultrserved to confirm the con-
fiéurationai assignment of the 5;[2-3H]g]yc0119 acid (29) as well as

. g

that of the R-[2-3H]glycine (28).

»
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The configurational assignment of sampies of tritiated glycine
has been determined by direct enzymic assay with D-amino acid oxidase
(E.C. 1.4.3.3).87’90’9] D-Amine acid oxidase catalyses the oxidative
deamination of a wide range of D-amino acids (but not L-amino acids),gz_
as well as of g]ycine,93 to the corresponding 2-oxoacids. This enzymic

reaction first employed by Akhtar and Jordah90 to assign absolute

configuration) to enantiomeric samples of [2-%H]glycine which were ob-
tained by an exchange reacfion, catalysed by serine transhydroxymethy-
lase (E.C. )2.1.2.1) (Scheme 6). _

The serine transhydroxymethylasg catalysed reaction invo]veé
the reversible transformation of glycine (%é) aﬁq formaldehyde in&af;
serine (33)_94 In the absence of fdnng]dehyde; the enzyme'cata1y;es \\,>
exchange with the medium of one qf‘the hydrogens from C-2 of g]ycine.95

Employing the latter conditions, Akhtar and Jordango’g] prepared samples

_ of the two enantiomers of [2-3HIglycine. One of the enantiomers (39)
[}

was obtained from glycine (2§) by incubation in tritiated Water; the

other (g§) was obtained from racemic [2-3H]glycine by incubaticn in

unlabelled water. The two enantiomers of [2—3H]g1yciﬁe were then tfeated

with D-amino acid oxidase. Stereospecific loss of tritium occurred in the

course of the oxidation of the enantiomer (39) to yfe]d unlabelled gly-

-oxylic acid (qp), whereas oxidation of the enantiomer (%§5f1éd'to com-

plete retention of tritium in the product, [1-3H]glyoxylic acid (35).
The steric course of the oxidation of glycine (%?) to glyoxylic acid (Qp).

mediated by D-amino acid oxidase had not been determired. Akhtar and

90

Jordan™" assumed, on the basis of a comparison of the relative steric

..

envigghments of the two enantfotopic hydrogens of glycine (25) with that

<

TP
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of the a-hydrogen of E;alanine (3§), that the reacfion would invoive
stereospecific removal 6f the Si-hydrogen. Based on th%s assumption the
two enantiomers of [2-3HIglycine, (3@) and 42@), were assigned the S-
and-the R-configuration, respectively (Scheme 6).

The stereospecificity of E;amino acid oxidase is verified by

_ experiments carried out by wellner87 86

87

and Besmer and Arigoni.
Wellner -prepared‘a sample of [2-3H]lglycine (33) by the action

of serine transhydroxymethylase on g;serﬁne.(qg} fn tritiated water.

Emp]oyjng D-amino acid oxidase, the ;hira]ity of this sample wa$ found

to be the same as that of [2-3HIglycine (1;), obtained similarly from

unlabelled glycine (gg), via exchange: oxidation of both samples gave

unlabelled g]yoxyiic acid (39). In an 1ndepeﬁdent jnvestigation, the

';amﬁje of [2-3Hﬁg1ycine (§§) derived from g;serine (3@) Qas correlated

with §-12-3HIglycolic acid (3@).86 Nitrous acid deaminationibf the
"[2-3H]glycine (33) gave a sample of [2-3H]glycolate (3@)‘which,lon

treatment with g]ycb]ic acid oxidase, afforded [2-3H]gly6xy1ic acid (35).

Since oxidation of glycolic acid, catalysed by glycolic acid oxidase,

involves stereospecific removal of the ﬁéfﬁygrogen,sj’agrand reaction

with nitrous acid takes p]aée with retention of configuration, it fol-

Tows that the sample of [2-3Hig1ycine (3§) has the S;gonfigurétfon.

These s%éreochemical‘c0rre1atidhs (summarised in Scheme 6) not only pro-

vide firm evidence thaf oxidation of glycine, catalysed by Q;amino acid - f

oxidase, fis accompanied'by stereospecific loss of the Si-hydrogen, but

also demonstrate that serine transhydroxymethylase mediates the stereo- |

specific release of the Si-hydrogen from C-2 of glycine.

i
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2;(+)-(2-2H)propionic acid of known configuration.
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More recently an entirely chemical synthesis of 5; and S-{2-2H)-
glycine of very high configurational purity was reported by Armarego

et al.gﬁ

The synthetic sequence employed for tg% preparation of g;(—)~
(2-2H)glycine (37) is shown in Scheme 7. S-0-Benzylserine (;§) was con-
verted into the S-bromide (%?) by treatment with nitrous acid in the
presence of hydrobromic acid.' Reductive debromination of the bromide
(39) with lithium triethyl borodeuteride led to, the stereospecific intro-

duction of deyterium to give S-(-)-3-benzyloxy(2-2H)propionic acid (40).

_ The stereochemistry of both these reactions was gonfirmed in separate

experiments. Most interesting is the reductive debromination step which
occurred with retention of configuration. This was estab1ishe& By chem-
ical correlation of the (-}-3-benzyloxy(2-2H)propionic acid (gp) with
7298 1he acid (49)
was then converted into the amide (QJ) and, following a Hoffmann re-
arrangement which‘occurred with retention of configuration, é;(+)~2-
benzy1oxy(T-ZH)ethy1amiﬁe (42) was obtained. The 5-(1-2H)amine (42)
gave, by reactions not invq1¢ing the chiral deuteriated centre, g;(-)-
(2-2H)glycine (37) (lalz3q - 35.0°).%° |
| The enantiomeric purity of the sample of 2;(2-2H)g1ycine (%?)
was established by H NMR spectroscopy. The method involved prior con-

version of glycine into the methyl camphanoylamide deriéative (4§), in

which the enantiotopic hydrogens at C-2 of glycine are rendered dias—

tereotopic. In the presence of the shift reagent, Eu(dpm)g, the 1H NMR

signal (in C2HC1,) due to the Re-hydrogen occurred-a$(;1gher f1e1d than
that due to the Si-hyizogen.
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This method was first employed by Gerlach and Zagalak
tinguish between the enantiotopic hydrogens at C-J of an achiral primaryl
alcohol by 'H NMR spectroscopy.® In this %nvestigation the 1H NMR spectra
{in CC1,) éf the camphanate. esters of severa? chiral primary (1-2H)-
alcohols of‘knoﬁn configuration were exaﬁined in the presence of Eu(dpm);.
A consistent feature among all the camphanate esters examined was the
observation that the chemical shift corresponding to the Re-hydrogen
occurs at higher field than that corresponding to the Si-hydrogen.

Such consistency is also ohserved for the methylene hydrogens adjacent
to nitrogen in the camphanoylamide derivative of methyl 4-am1nobut}rate,g%_
as well as in the dicamphanoylamide derivative of cadawem'me.._IC'0 As su% |

gested by Gerlach and Zaga]ak,75

the consisteﬁF occurrence of the RQ-
hydrogen at higher field probably arises because the derivatives adopt
similar conformations in the complex with Eu(gpm)a. A recent report,
however, indicates that, in the absence of a shift reagent, the chemical
shift of the 3-si-hydrogen of 3-camphaaoy1amidopropionic acid occurs at

higher field than the 3-Re-hydrogen.]0]

1.4 STEREQCHEMISTRY OF ENZYMIC DECARBOXYLATION

The L-amino acid decarquyTases are a widely occurring group of

enzymes which catalyse the decarboxylation of L-a-amino acids into the

corresponding primary amines.13 These enzymes exhibit a very high

degree of substrate specificity for the individual amind acids.

102 demonstrafgd the

In the early 1940s, Gale and his co-workers
occurrence of six inducible a-decarboxylases in cell-free extracts of

Escherichia coli and showed that the reactions catalysed by several of



<

tissue.
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A
. . /
these enzymes are pyridoxal phosphate dependent. Distinct bacterial en
™~

zymes from E. coli, as well as from other bacteria, which mediate:the

specific decarboxylation of tyrosine, lysing, glutamic acid, histidine,

102

arginine and ornithine were characterised. lLater investigations re-

vealed other specific amino acid decarboxylases in several species &f

bacteria.13 Included among the substrates for which these a-decarboxy—

lases are .specific were k;s—adenosylmethionine103’]04 and meso-2,6-dia-

105

minopimelic acid. The enzyme specific for the latter substrate acts

only at the a-carbon of diaminopimelate possessing 2;(£.e. R-) chiral-

ity.lcs In addition to the inducible bacterial L-ornithine and L-

arginine decarboxy]ases,]3

enzymes107’]08 which catalyse the same reactions have also been isolated
\

-
and characterised. The inducible and constitutive enzymes are similar,

distinct, constitutive (biosynthetic)

in that they both require pyridoxal phosphate for catalytic activity;

but they difﬁthizégéper catalytic properties, such as the optimum pH
of reaction.109’ :

Decarboxylase activity is also detected in plants and mammalian

13,111,112 Although few plant enzymes have been isolated, sever-

al mammalian L-a-amino acid decarboxylases, specific for glutamic ac*id,”3

114,115 115

ornithine and s-adenosylmethionine have been obtained in essen-

tially pure Fornf An aromatic L-amino acid decarboxylase which cata]yseg
the decarboxylation of L-tyrosine, L-tryptophan and L-phenylaianine 1§/we11
as other aromatic amino acids has been isolated from mammalian t.issue;ﬂ6

the enzyme from hog kidney has been purified to‘homogeneity.]]7

J
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reaction catalysed by three of these enzymes (L-tyrosine decénpo ylase

' It was first dgamonstratez‘dn8 almost thirty years ago

(E.C. 4.1.1.25) from Strept?coccué faecalis; £;1ysine decarboxylase _§=ﬁ
(E.C. 4.1.1.18) from Bacillus eadaveris; g;glutamate decarboxylase from
CZostridium—weZch;£ and from E. coli) takes a stereochemically dé%ined

course. Mandeles, Koppelman and Hanké]8 showed that the reaction medi-

ated by these bacterial o-decarboxylases in deuterium oxide leads to the
inproduction of a single solvent deuterium atom at the prochi centr

adjacent to nitrogen in the respective primary amine products. When one

of the deuteriated amines) 4-amino(4-2H)butyric acid (46), the product

.obtained by decarboxylation o lutamic (47) acid in 2H,0, was rein- | 3
cubated with L-glutamate decarboxy]aSE‘jn'leo, complete loss of dgutér-
ium was observed in the reisolated aminé. In another experiment a sample
of 4-amino(4-2H)butyric acid (48) was obtained from g;(z-zH)g1utamic
acid (49) by enzymic decarboxylatioh in 1H,0: the integrity of the
deuterium label in this sample was maintained, even after prolonged in-
cubation with the decarboxylasé. It was concluded from these experiments
that "...the monodeuterioamine which is Formed.by these actions [enzymic
decarboxyldtion of either the L-amino acid in 2H,0 or the g&(z-zH)amﬁno
acid in 1H,0] is one of a pair of enantiomorphs:"

Later, the actual stereochemical course of these reacfions_was

determined. The conversions of L-tyrosine into tyramine,]19

]2? and of L-glutamic acid into 4-aminobutyric acid,

of L;]ysine
into cadaverine, 121
each catalysed by the appropriate enzyme, all take p]éce with net reten-
tion of configuration, as shown by means of isotopic Tabelling with

deuterium or tritium. Thus, decarboxylation of L-tyrosine (50) in 2H,0
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yields R-(1-2H)tyramine (53):1]9’]22

and of é;g]utamic acid (1?) in
2H,0 yields 5;4-amino(4-2H)butyric acid (%9).]21 Similarly, decarboxy-
lation of L7[2—3H]lysine (53)'?h water generatés é;[1-3H]cadaverine (Q?),
whereas L-lysine (54) in tritiated water yields 5;[1—3H]cadaverine
(§§)120 (Table 1). The chirality of the products was determined by
kinetig,]]9 enzymic120 br chemical]Z] cor«elatfon Qith compounds of
known stereochemistry. {;\~\

The absolute configuration of the samples of (1-2H)tyramine 05—
tained by enzymic decarboxylation was determined by comparison'of @he
relative rates of enzymfc oxidation, mediated by rat liver mitochondrial
monoamine oxidase (E.C. 1.4.3.4), with Eynthétic standards of known con-

figuration.ng’]22

A%
Belleau and Burba”g

prepared,R- and S-(1-2H)tyramine by the
synthetic sequence outlined in Scheme 8. The key step in this reaction
‘sgheme was the stereoselective Meerwein-Pondorff type reduction of p-

_methoxyp enylacetaldehyde (58) with (2-2H)1sob0rnyloxymagnes1um bromide _

(59) to a ord S-(-)—2~p—methoxypheny1(1 2H)ethano'l (60) (lalggg - 1.44° ).

This methdd of reduct1on had previously been employed by Stre1tw1eser he

-and his colleagues for the prepération of chiral specimens of (1-2H)-

benzyl alcohol.123 124

‘and {1-2H}butanol. Consideration of the two pos-
sible product determininé transition §fates for reduction had allowed
assignmen{ of configuration of these products, based.on the assumptién
that the transition state of least steric crowding wéu]d be preferred.125

The S (1- 2H)a'lcoho’l (60) was emp]oyed to obtain both enantiomers
of (1- 2H)tyramme. Treatment of the toluene sulfonate ester of (g0)

‘with sodium az1de. under conditions where complete inversion of

PO P,



Tabie 1. Chiral {(1-?H}- ar {I-3H]lamines derived from L-tyrosine, L-lysine and L-glutamic acid

by enzymic decartoxyiation’”

Enzyme - . A -

Chirally labeiled

33

- Amino.acid amine, Ref.
HcoH Hx p: .
RANH,, NH,
L-tyrosine (1-2H)tyramine Ny
{51'0)‘ (i)
L-lysine I R-11-H]cadaverine 120
{33) {55)
L-glutamic acid R-4.amino(4-7H)- 121
- ?@,7] Butyric acid
- ‘ S .
X ¢o,H X H '
- Lo %
. NH;  HO RANH: ’ .
P
L-{2-2M)tyrosine $-(1-2H)tyramine 119
~ {56} = (57}
f‘(f, N R . .
L-1ysine H.NCH,ICH _ L-[2-]1ysine §-[1-Hlcadaverine > 120
. = decartorylase EHlen, = (52 =(53) - :
L-glutamate - L-[2-2H)glutemic acid 5-4-amino(4-2H)- 118
= decarboxylase HOLCHCH, = (49) = butyric acid {er. 121)
. (48)
. \ ,
14
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£
configuration had peen deﬁonstrated in other similar reactions,lzg"
afforded the E;(f-ZH)azide,(QJ) which, following reduction and demethy--.
lation, gave*R-(]-ZH)tyramine (51) Conversion of the S-(1-2H)alcoho1

: (60? into the brom1de (62) of oppos’te configuration, by treatment with
phosphorus tribromide under SNZ cond1t10ns,127 128 followed by the az1de
displacement reaction, gave g;(]-zH)tyram1ne (?Z).

When the two synthetic samples of (1-2H)tyramine were subjected

to enzymic'bxidation, catalysed by the rat liver monoamine-oxidase the

rate of 0x1dat1on of S-(1-2H)tyramine (57) was approx1mate1y twice that

of 5:(1 2H)tyramme (52)119

- +

The mechanism of the reaction invoiving nucieophilic displace-

ment of the tosyl group by az1de ion, employed by Bellegh and Burba”9

| for the preparat1on of {61) (Scheme 8), has recently been investigated. 129

Apart from direct. Sy2 displacement, aryl part1c1pat1on was found129

make a significant contribution (~30%) to the outcome of'the reactionl"
Although this findieé does not affect the overali cenfigurational aseign-
ments of the synthetic samples ofh(1-2H)tyram{ne prepared by Belleau and

Bur‘ba,”9 it does indicate that they were of 16w configurational and

L]

isotopic purity.
The stereochemistry of the reaction catalysed by L;]ysine decar-
boxyTase'was detérmined by radiochemical tracer methods. As outlined in

Scheme 9, Leistner and spenser' 20

determ1ned’the chirality of the two
enantiomers of [1-3H]cadaverine, .that (g}) obtained by decarboxylation
of é;[2-3H]1yeihe (5@), and that (55) obtained by decarboxy;atiod of
g;Iysine (55) in the presence of tritiated water, by stereochemical cor-

relation with the corresponding enantiomers of [2-3H]glycine. Th%g was

L__._ﬂ
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5

achieved by chromic acid oxidation, under conditions which did not lead
to significant exchange of label with the me&iuT;’ By eaking advantage
of the Epown‘opposed stereospecificities of g;amino acid oxidase and -
é;a]anine aminotransfefase, referred to earlier (Section 1.3), the re-
5u1tiﬁg specimens of [2-3H]g1ycine were dnambiguous]y assigned the g;
and 5;configuration, respectively. Thus, when each of the two specimens
of [2-3H]glycine was treated, together with [2-1%Clglycine as ipternal
standard, with D-amino acid oxidase, the 3H/I*C ratio was maintainea in
the.oxidation product (q&)‘derided from the 5;[2-3H, 2-14Clglycine (28},
whereas a]most-a11 the tritfum, relative to carbon-14, was absent in the
product (30) derived from théig;[2-3H, 2-1”C]g1yc&§%\£%§). .Conversely,
'.incubation of the two'intermolecularly doub]& labelled samples with
_g;a1énine amino transferase, in the absenée of an amino group acceptor,
resulted in almost complete loss of tritium re1ativg to carbon-14 from
+ the R-£2-3H, 2;1“C]g1yéine (28), but not from S-[2-3H, 2-1%Clglycine
(3). - C T

'Thé absolute cﬁnfiguration of 4-amino(4-2H)butyric acid (49) was
determined by correlation with that of the g;ena tiomer of-(Z-ZH)glyéine.

121 is out-

The stereochemjcal correlation employed by ?amada and O'Lgany
Tined in Scheme TO.' Levorotatory 4-amino(4-2H)butyric acid {46) ob-
tained frdm L—g]utamic écid'(47) by enzymic deéarboxy1ation in deuterium
ox1de was converted into (- )-methyl-4- phtha]1m1do(4-2H)bu yrate (63)

The specific opt1ca1 rotat1on of this sample {[al3yq - 6. 23‘f was com-
pared directly with that of an authentic sample of (+)-methy] S 4-phtha-
11m1do(4-2H)butyrate (64) tialguo + 6.23°) which had been synthesised@®

from §;(2-2H)glyc1qe.; Since it was found that the.specific rotations

¢
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Scheme '10. Stereochemlcal correlation of 4- am1n0(4—2H)—.

butyrlc acid (46) with, - (2- H)glycine (37) -
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of the two samples were of equal magnitude but of oppositg sign, it
followed that the two samp]es.were enantiomeric, that the sample (Q?)
nand therefore a]gg (-)-4-amino(4-2H)butyric acid (49) bossé;sed'the
5;c0nfiguration. -

The é;enantiomer of (2-2H)glycine was prepareq‘by stereospecific
exchange of the Si-hydrogen of glycine, mediated by serine transhydroxy-
‘methy]age; in deuterium oxide {ef. Scheme 6). The phtha]imidoideriva-

tive (43) was then converted by means of a double WOlff’?earrangement,
via (+)fmethy1.2;3-phthalimido(3—2H)propionate (65), into the (+)-methyl

S-4-phthalimido(4-2H)butyrate (§4). The Wolff rearrangement is expected

to occur with retention of configuration,m0

131

even at a migrating primary

which allowed assignment of configuration to the butyrate .
85-87,90,91

Lcarbon,

.(64) based on the known configuration of g;(Z-ZH)g1ycine.
Methyl 2;4-phfha1imido(4;2H)butyrate (Qﬁ} has recently beep syn-

thesised by an independenf method EScheme/il). Santaniello-and co-

99

workers®” prepared S-(+)-2-phthalimido(2-2H)ethanol (43) in seven steps

from g;o-benzyfserine'(3§) following the procedure which had been em-
| ployed by Armarego et a1.® for'ﬁhgkéyﬁ%ﬁgiis of g;(z-ZH)Q1YC1"e (33)
{Scheme 7). By reactiﬁns not involving the chiral deuteriated'ceﬁtre,
chain éXtention was effected by addition of diethyl malonate to the
bromide (69) and, following h}droljsis, g;(—)-4-amino(4-2H)butytic ac{d
(48} was obtained. -This was then converted into methyl S-4-phthalimido-
(4-2H)butyrate (Q&) which showed a specific obtita] rotation at the
sodium-D lipe which waé-identica] with that of the sample obtained by

121

?amada -and O'Leaky. The configurational purity of S~4-amino(4-2H)-

butyric acid (4§) was determined from the lH NMR spectrum of the methy]

—
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camphanoylamide derivative (Q§) in the presence of Ey(dpm);, whichr
showed the absénce of the signal'corresponding to the Si-hydrogen at
the .methylene group adjacent to nitrogen.” Employing this method of
configuré;iona] analysis, Santanieilo et az.gg confirmed that decarboxy-
lation of g;g1utamic §cid, catalysed by g;g1utamate decarboxy]ase:qf
E. coli, to afford 4-aminobutyric acid takes place with net retentioh-
of configuration. Further confirmation that this reaction occurs withf:

=

net refention of configuration was very recently obtained by a radio-

132

chemical tracer method, The reaction catalysed by L-glutamate decar-

boxylase from a mammalian source (rat brain) has also been shown to take
a similar steric course.133 i M

Net retention of configuratfon in the decarboxylation of—g;
129 134,135,100

—

tyrosine and of L-lysine,
was later confirmed by independenf methods;and was found also in the re-
actions catalysed by enzymes in plant syst-ems.]29

rThe stereochemistry of the reactions catalysed by several other
L-amino ag;E‘a-decarbﬁxy]ases has been investigated'quite recently.
Net retention was demonstratea also in the decarboxylation of é;hist{-
dine136’137,and of g;s—édenosylmethionine,138 catalyséa by bacterial
enzymes, g;histidiﬁe decarboxylase (E;C. 4.1.1.22) from Lactobacillus
30a and from ciostridium welchii, and S-adenosylmethionine decarboxylase
from E. coli, respectively.

The stereochemistry of the decarboxylation of L-histidine (Q?)
catalysed by the bécterial enzyme from Lactobacillus 30a was first th-

139

vestigated by Chang and Snell in 1968. By carrying out the réactioﬁ

in deuterium oxide, a 1evorotétory speéimen of (1-2H)histamine (Zp) was

catalysed by bacterial enzymes, -

J
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obtained, which, by comparison of the sign of the optical rotation with

that of other, similar deuteriated compounds (Z.e. (-)-(1-2H}butylamine}),

was tentatively a&sfﬁned the E;configuration. Latgr}&;be stereochemjca]

course of this reaction was firm]y established by radiochemical tracer

techniques (Scheme 12)‘136 and by correlat1on of (-)-(1- 2H)h1stam1ne

(70) with R-(] 2HJtyramme (81). 137 . '

136 employed tritium as the chiral

Battersby and his cd-workers
marker to obta1n R-[1-3H, 2'-1%C]histamine (71) from L-[2'- ll'(:]h1st1d'me:
(72) by enzymic decarboxylation in tritiated water. Similarly, S- ' | ‘Q\
" [1-3H, 2'-1%CThistamine was obtained from L-[2-3H, 2'-14C]histidine in 2
unlabelled water. The absolute configuration of the [1-3H]histamines
was determined by a further eH;ymic reaction, _

Other experiments had shﬁwn that the diamine oxidase (E.C.
1.4.3.6) from bea seedlings mediateﬁ stereospecific removal of the Si-
hydrogen from, the metﬁy1ene group adjacent to nitrogen in the course of
the oxidation of several primary amines to the corresponding aldehydes
>(Section 1.5).' When the diamine oxidase wds employed fqn,stereochemical.
ana]ysis, together with.horse Tiver alcohol dehydrogenase (E.C. ‘1 1.1.1), |
*reduction of th\JPx1dat1on product gave the correspond1ng primary a1c0h01v-&—§ﬂ
Thus, the: 3H/1%C ratio was*large]y maintained within the product (73) -

o

'when the specimen of [1-3H, 2' 1‘*C]mstamme (71}, obtained from L~

[2'- 1“C]h1st1d1ne (72) by decarboxylation in tritiated water,- ///;hb- g\;\hé o
Jected to stereochem1ca1 analysis. - |

.To confinnthat the diamine oxidase promotes stereospecific_Feﬁ ) be
moval of the Sifhydrogen when histamine serves éﬂ substrate,.a synthetic \ B

sample of R-[1-3H, 2'-1%Clhistamine (ZJ) was prepared from [1-3H, 2'—1”01--31

R T
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histaminol (Zé), the aforementioned product of stereochemical analysis.

This sampie of [1-3H]histamf;B] (73) had been derived from the imidazole-
[1-3H]acetaldehyde (74) by stereospecific reduction mediated by alcohol
dehydrogenase. Since horse liver alcohol dehydrogenase was known to _ “‘LK

catalyse stereospecific transferﬁgj‘hydrogen from NADH to the_Re-face of
56

the aldehyde carbon of a wide variety of substrates (gf. Scheme 2),

the alcohol (73) was assigned the. S-configuration.

The 3H/1*C ratio was also largely retained when the synthetic
specimen of R-{1-3H, 2'-1%Clhistamine was subjected to the stereochemical
assay conditions which egtab1ished its identity with that of the speci-
men obtained by enzymic decarboxylation.

The method of stereochemical analysis devéloped by Battersby

and co-workers was applied to establish a similar steric cgurse in the

L

‘reaction, catalysed by mammalian L-histidine decarboxylase (ffom fetal

140 and, also to reinvestigate the\stereochemistry of decarboxyla-

129,01’ L;g1utam1c acid,]ag and of é;1ysine,135

rats),
';{on of L-tyrosine,
tata]ysed by the specific bacterial a-decarboxyIaSes. Similarly, de-
carboxylation of L-tyrosine catalysed by mammalian aromatic g;gmind

" acid decarboxylase {E.C. 4.1.1.28) (from hog kidney) was shown, by .this

136 Net retention

method, to occur with net retention of configuration.
in the decarbokylation of g;tryptbphan, catalysed by the mammalian aro-
matic g&amjno écid decarboxylase was also recently demonstrated by an '
dna1ogous method involving moncamine oxidase (E.C. 1.4,3.4).]41

Recently, the decarboxylation of meso-a,e-diaminopimelic acid ;

(Zéﬂ to L;]ysine-(@j), catalysed by mesola,e-diaminopimeiate o ?
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4

decarboxylase (E.C. 4.1.1.20) of Bacillus sphaericus has been shown to

142 ’

occur with net inversion of configuration. This enzyme catalyses

the final step in the biosynthesis of L-lysine in bactem‘a]3 éﬁd differs
from other amino acid o-decarboxylases in that' decarboxylation occurs at
ﬁx .

%
the chiral centre of the substrate which has the D-(Z.e. R-)confiqura-

106

tion. The chirality of the deuteriated centre of L-({6-2H)1ysine (76)

obtained from meso-u,e-diaminopimelic acid (Z§) by énzymic decarboxyla-

tion in deuterium oxide, was determined]42

121

by stereochemical correlation .
with 5;4-am1no?h~2H)butyric acid (46), and with 5;(1—2H)cadaverine
(77)140213% (scheme 13). |

. The L-lysine-a-oxidase catalysed oxidation of L-(6-2H)1ysine
,(29) gave, under the reaction conditions employed,143 5-amino(5-2H)-
valeric acid (Z§) which was converted into the_(-);ﬁ-phthaloy1 methyl
ester {79) (ta]5ag - 0.92°). The si;E,of the specific optical rotation
of this sample wﬁs found to be the samé as that of an authentic spegi-
men of (a)Fmethy1 5;5-phtha1imido(5-2ﬁ)va]erate ([alsgg - 0.95;) which
had been derived from 5;4-amino(4~2H)butyfic acid (Q§)'via,a‘wo]ff re-
arrahgement. It followed that the sample of k;(S-ZH)]ysjne possessed
“the E;configuratfon at C-6. The inference was confirmed by conversion
of tﬁe é;(ﬁ}zH)lySine (76) into 5;(1-2H)cadaverine (ZZ). Configuration-
al a;signment of the deuteriocadaverine was effecfed with pea séediing

diamine oxidase. 3% /9
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1.5 STEREOEHEMISTRY QF ENZYMIC OXIDATIVE DEAMINATION
OF PRIMARY AMINES

Monoamine oxidase {E.C. 1.4.3.4 monoamine:oxygen .oxidoreductase
(degminating)) and diamine oxidase (E.C. 1.4.3.6 diamine:oxygen oxido-
reductase (deaminating)) catalyse Ebafpxidation of primary amines to

15-17,144,145

aldehydes. The enzymes occur in mammalian tissues, in

microorganisms and in plants. They are of low substrate specificity,
each actihg upon a wide range of primary amines.
The classification of the two groups of amine oxidases was pro-

146 in 1940, according to their substrate specificities.

posed by Zeller
.'.,: - D

It was later found, however, that certain monoamine oxidases catalysed

the oxidation of some long.chain aliphatic dﬁgaineé which were not

17

acted upon by diamine oxidase. Similarly, other investigations indi-

cated that oxidation of several monoamines was efficiently catalysed by

diamine oxiclase.]5

The results of these investigatibns 1ed to the-ptp-
ﬁésa]_of a2 new system of classification based on inhibition studies,147']49
and more recently, since the co-factor requirements of thg two groups of
enzymes -have been pgrtia]]y established, they are often referred to as
the copper;containing amine, oxidases (diamine OXidases) and the FAD-
containing amine oxidases (monoamine o:m'dases).l50 |

- The absolute.stereochemistry of'the abstraction of a hy&rogen
atom from the prochiral methylehe group adjacent to nitrogen has been
determined in several instances, by a variety of methods. A precondi-
tion for all these'methqu was the availability of substrates which were

chirally labelled with deuterium or tritium at the methylene group; and
)

whose absolute stereochemistry had been determined by correlation with

[ Ve U P S
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compounds of known ghirality. The results of these investigations are

mmarised in Table 2. .

Rat liver mitochondrial monoamine oxidase, acting upon tyramine,

was shown, by a kinetic method, to catalyse removal of the’ Re-hydrogen.

*

The rate of oxidation of é;(]-zH)tyramine (Qg) was found to be 2.3 times

faster than that of 5;(1-2H)tyhamine; (§Jdv

indicating a kinetic isotope
effect kHﬁe/kDRe of 2.3.119: 12 Thetenéntiomeric samples of (1-2H)-
Eyramine had been obtained by enzymic decarboxy]atipn of L;(Z-%H)tyrosine
(§§), and of L-tyrosine (59) in 2H,0. The observed %sotopé effect in the
course of eﬁzymic'oxidation not only sgrved to "establish the steréochem-

r

istry of hydrogen;absé;action, but led to the determinat;on of the ab-

solute cdnfiguragiggyof the two (Isz)tyramines; a kinetic isgtopé

. : A
effect of similar magnitude was observed in the oxidation of S-(1-2H)-,

and of 5;(1-2H)tyrémine, of established configuration, obtained by cheﬁ-
ical synthesis (Scheme 8)

Abstraction of the Re-hydrogen in the course of the reaction’
cata]ysed by m1tochondr1a1 monoamine oxidase has recently been ver1f1ed
by radjoactive tracer methods, employing S- and 5;[1-3H]tyram1ne129 as
well as S- and R-[1-3H]heptylamine. 1! ’ |

 Plasma amine‘ogj@ase, on the other hand, appears to. catalyse the
reaction of opposite cﬂ%rality: radioactivity was reta1neg;,nqthe pro- ‘
duct {p~hydroxybenzaldehyde) obtained in the oxidation of p-hydroxyrg;
[1-5H]benzy1amihe (84), catalysed-by.bovine ﬁ]asma amine oxidase. 22
Sfmi]ar]y, the 3H/14C ratio was ﬁaintained in the product when R-[1-3H,
. ) y , =

1-1“C]benzylamine (§§) served, as substrate of this enzyme, whereas most

of the tritium relative to carbon-14 was lost from S-11-3H,1-1%C]- o

+ k

. .
5‘.1\\:_‘-.



Table 2. Reported stercospecificity of hydrogen abstraction in the oxidation of {1-2H). ar

11-H)amines, catalysed by amine oxidases.

lljziin. 0 % Hl\ 50 HL
= __E___/_'_____. *_,
R” TNH R~NHH re N0
2 Amine NH
Oxidase
Stereo—
Substrates Enzyme specificity
> H . D .
z»D = s oH
. l - rat liver Heo
o Niiz - N m;z monoamine oxidase
(s1) (57) :
-~
b 2 rat liver Hpg
f' T i mnoamine oxtdase .
S KH KH pea seedling Hey
ito 180} 2 HO a1 2 diamine oxidase
( (")
Y0 T 4 rat Hve; | Hyg
/\/\/\T’ /‘\/\/Y monoamine oxldase
NH NE pea seedling LY
(82) "z {81) b diamina oxidase *
L%
-
HX
NH
2 : bovine plasma He,
HO 4 amine oxidase
0a1)
A . - .
H,T T L H bovine piasma Hg:
¢ < - amine oxidase i ,\
Nit, NHy pea seedling Hss
: diamine oxidase .
T {85) : ‘x
B
Bo ST H : B
bovine plasma ¢
NH, amine oxfidase non-stereospecific
HO . .
(8g) ° .
H
CI!;O = AT .
- pea seedling - "5£
HO~ NH, diamtn.e oxid.ase
{88) =
H T
H Nr = 40 H N = pea seedling H
2 ‘/\/\ﬁ/ 2 \/WII dianine oxidase 5t
NH NH
(2 (572
. T .
= aT . T aH
N
pea seedling H
”\ I Nh, mz diamine oxidase .5t
N N
H () "o (90)
4 pea seedling | H
. AT H
HO/W ‘ Ho H diaming-oxidase st
NH ’ ‘NH
(gn 2 (92) 2
-
§< p H pea seedling H
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benzylamine (Q?). Thus, the &-hydrogen had been removed in each

. case. Oxidation of dopamine catalysed by bovine plasma amine oxidégﬁng:d, lad
154 S ]

however, appears to be non- stereospeCTf1c ~ The 3H/1%C ratio was

T 1arge1y maintaj ed’(80—92%) in the products when R-[1-3H,1-1%C]-,
. S-[1-3H,1-1%C]-, as well as gég(i.e.'racemic)-[]-3H,1-1“C]dopamine

served as substrates. e

»

The steFEEEhemistry'of the reaction catalysed by diamine oxi-

- dase from pea seedlings has alsqvpeeﬁ determined. . 'With R- and 5-[1-3H]-

155

o d o ' benzyTamine-as substrates, it was shown that the Si-hydrogen is ab- -

LY

stracted in the course of enzym1c ox1dat1on. More- recently it was es- .
N

tablished "that the Si-hydrogen is abstracted in the course of the oxida-
tion, catalysed by pea seedling diamine oxidase, of B;[T-3H]— and_§7

]5§‘R-(1-2H)-‘and S—[1-3H]E:'a'daver1'ne,134

[1-3H]-3-0-methyldopamine,

R-[1- 3H]- and s-11- 3H]h1stam1ne136

. \\_3 - , Many of these 1nvest1gat1ons were undertaken by Battersby and '

— his co-workers at Cambr1dge (ef. Table 2). The two enant1omers of

[1-3H]benzy1am1ne,155

§1-3H]-3'-o-methyldopamine,]°6fand [1-3H]tyramine,129
ff_?E\EE wgﬁ).gs 2:1ZAMino[1-3H]hepfane132'were preﬁared.by analogous syn-
j) thetic sequences empryinQ'?eactions of knbwn stéréochémistry. This
sequence is outifhed'iA‘Schemé 4. |
The key step leading to chiral primary amines of very high con-

\ . f1gurat1ona] pumty]s7

involved’ stereospecific reduct1on, catalysed by
horse 11ve?‘or yeast -alcohol dehydrogenase, of either‘the unlabelled

N aldehyde (in the presence of [4-3H]1-NADH) or the [1-3H)aldehyde (in the

. . - . . .
* *
. . -
a2 . -
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presence of unlabelled ﬁADH) (ef. Scheme 2). A coupled redox system

was employed in which ethanol “served as the hydride doror, while

157

L1-3ﬁ]¢yc10hexano1 or [1-3H]cyc1opentanol]56 served to deliver tri-

fum. The two chiral [1-3Hlalcohols, so obtained, were then convg:ted
into suitable derivatives and treated with azidg ion under.Sy2 condi- .
tions, which gave, following reduction, the [1-3H]lamines of opposite
chirality.

. . e
| R-[1-3H]Histamine (71) was prepared s1'm1'1a1r'1y.]36 Both enanti-
6mers of.[1-3H]htstamihe were also derived by énzymic decatboxy1atiqq
.« (Section 1. 4)

It f011ows from other work.of the Cambr1dge group that oxidation

of ch1ra1 specimens of [4-3H]butan-1-o1, 132 4nd of [5-3H]pentan-1- 01135

o~

. a]so occur with 1oss of hydrogen from the Si-position (at C-4 and C-5, :K\

"respectively). The tritiated am1nes_had been obtained from the corres-

_ ponding enantiomeric samples of ramino[4-3H]lbutyric acid and [1-3H]-
.,;» ; . /\.m ' ;

cadaverine, respectively, which in turn had been derived by enzymic de-
carboxy1ation of L-g]utamic acid, and of L- 1ysine' Decarboxylation of
both-these L-amino acids has been shown by 1ndependent methods,

occur w1th ret?EtJon of configuration (Sect1on 1.4).

1.6 . ~ OBJECTIVES OF THE PRESENT INVESTIGATION | | 1&;&
~ When the.present investigation was initiated, the étereochemis-.

try of the enzymic decarboxylation of ornithipe~and of arginine was un-

known. Decarboxylation of ornithine yields the diamine, putrescine. This

diamine is an important intetmediate in the bigsynthesis-of the polyamihes,

112 158 159

" spermidine and sperm1ne and of a large number of plant

ot o ks S e i P e e g
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alkaloids, e.g. the pyrrolidine, pyrrolizidine and tropane alkaloids, 190-162
~L-Arginine is a'protein amino acid and is closely related to L-ornithine,

both chemically and metabolically. Arginine is a key intermediate in

163

the formation of naturaily occurring guanidines. Agmatine is the de-

158 -

carboxylation product of arginine. In microorganisms and also in

112,164

higher plants agmatine is an intermediate in the formation of pu-

trescine. In mammalian systems putresc1ne is formed d1rect1y from orni-

w
thine by decarboxylation. 11,158

- . Y ' .
Cadaverine is another biologically important diamine and is de-

e “’
rived from lysipe by decarboxylation. Decarboxylation of L- -lysine forms

a key step in the biosynthesis of many piggt a1ka101ds 160-162

Putresc1ne and cadaverine are thejnormal physiological substrates

15,17

of d1am1ne oxidase. In p1an§%§bstems-the oxidation products of

these substrates are.1ntermediates in the biosynthesis of the pyrroli-

2 160-162,165

d™ne and piperidine alkaloids. In bacteria and mamma11an Sys= (). »

tems, diamine oxidase is involved in the catabolism of these d1am1nes 158, ]59\
When  the present investigation was undertaken, the stereochemis-

try of the react1on catalysed by the d1am1ne ox1dase from pea seedlings

had been determ1ned with benzy]am1ne as subs;rate 155 The stereochem1s-

try of the react1ons cata]ysed by d1am1ne ox1dasejw1th 1ts,porma1 sub-

-‘strates, cadaverine and putrescine, as well as h1stam1ne and agmatme,

had not been investigated. The diamine oxidase from hog kidney was com-
mercia1ly avdilable. Although the reaction catalysed by this ehzyme‘was

-~ 166

claimed to be stereospecific, the absolute stereochemistry of hydro-

. gen abstract1on was unknown.

S
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The objective of the present 1nvest1gat1on was to determine the
abso]ute stereochem1stry of the hog k1dney diamine oxidase catalysed re-
actions with its phys1o1og1ca- substrates - This 1nvest1gat1on requ1red
enant1omer1c samp]es of cadaver1ne. putresc1ne and agmat1ne, chiraily.
deuter1ated or tr1t1ated at C- 1 (qf, Sect1on 1. 5) Enzymic decarboxyla-
tion prov1ded the means of obta1n1ng such ch1ra11y 1abe1]ed amines (ef.

L

Sect10n 1. 4) U51ng deuter1um as the chLPalx?arker, 2§ NMR spectro-

scopy was emp1oyed to 1nvest¥gate the stereospec1f1c1ty of hydrogen

abstraction in the react1on catalysed by hog kidney dwam1ne‘ox1dase
(Chapter 3). Since the stereochemistry of the enzymic decérboxylation
of é;]ysine to cadaverine had previously been determined,m0 enan£i077
meric samples of (1-2H)cadaverine, of known chirality, were readily
obtainable. The-steric course of decarboxylation of g;o ithine to
putrescine, catalysgd. by é;orni;hine decarboxylase, and of L;argﬁnine'
to agmatine, catalysed by é;argi;ine decarboxylase, had not bgen inves-
tigated; These enzymic }eactions provided enantiomeriic samp1e§ of

(1-2H)putrescine and (1-2H)agmatine, but of unknown absolute config-

‘uration (Chapter 2}. Determination of the steric course of the reactions

leading to the formation of the chiral samples of (1~2H)pqtréscing and

(1-2H)agmatine was a further objective of the present work. The results
of the&e invéstigations are presented in the subseqpent.chapters of this
thesis. . ~ . -
Yoo
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CHAPTER 2
';tr
CHIRAR\(] -2H)AMINES BY ENZYMIC DECARBOXYLATION
OF THE BASIC AMINO ACIDS .
2.1 INTRODUCTION ?

The stereochem1stry of the replacement of the carboxy1 group of
aﬁ a-amino acid by a solvent proton, in the course of the reaction cata-
lysed by an L;am1no'ac1d a~decarboxylase, can be determ1ned if the pro-
chiral centre that is generated is.reéﬁered chiral by 1'sotop1'§_'.subSt1‘tu-s

tion. If the decarboxylation of the amino acid is carried out in the

'presenceo{ isotopically labelled water (3HOK or 2H,0), one 6f the enan-

tiomers of the amine will be generated. The other enentfomer arises
when a 2-labelled sample ((2-3]- or (2-2H)-) of the L-a-amino acid
undergoes ﬂgcarboxy]at1on in agueous solution. ' |
Assignment of the abso1ute conf1gurat1on of the two enant1omers
will t\:ﬁ:establlsh'the abso]ute stereochem1stry of decarboxy1at1on.
" The methods that have been employed by others to determ1ne the absolute
configuration of the 1sotop1ca11y engendered-ch1ra1~centre within the
1-1abelled samples ([1-3H1; or (1-2H)-) of the enantiomeric amines were
referred to in Chapter 1 (Section 1.4).

When tritium was employed as tracer, stereochemical analysis

" was effected by means of enzymes of known stereoepecificity, by very

- . =55

sensitive radioisotope counting techniques.]20f129’132'136’]38’140’141’168

Since on1y-very'few molecules comprising the oroduct of enzymic

\ Lo . ¢



decarboxylation were labelled with tritium (Z.e. were [1-3H]amines), and
were therefore also chiral, physicochemical methods, such as ORD, NMR
(however, see ref, 169} and mass spéctrometry, which are of 1ower'éepsi—

tivity, were 1napp11cab1e for configurational ass1gnment
99,100,118,119, 121 134,

When deuteriu

137,139,142
' .

loyed as the marker,
the engmtiomeric samp]es of the (1—2H)am1nes were readily
obtained at a high) level of deuterium enrichment and were not only chiral
but also optically )active (subjact to the sensitivity of the detection
instruments). e chirality of the (1-2H)amines was determined by phys-
* jcochemical technigues, by the alassica] method‘of measuring optical

activity followed by assignment of configuration by comparison of this
’ 121,137,139,142

-

Alternatively, conf{gurationa1 assignment was

activity with standards of known configuration, as well

99,100

as by NMR methods.

achigf@ﬂ'by means of enzymes of known stereospecificity, by taking ad-

vantage of~an observed kinet1c isotope eff’ect‘.,”g’T22

134,142.
-

and by employing
mass spectrometry for the detection of Tabel.

In the present 1nvest1gat1on, deuter1um is employed as the
chirallmarker to dgtermine the stereochemlstry,of the enzymic decarboxy-
Iaaions f ornithine and argfnine?_cata]yséd by the appropriate bacterial
d-decarbbxy]ase. The absolute configuration.of the resulting chiral.
saﬁp1es‘of {1-2H)putrescine and_(1~2H)agmatine is determined by an en-
zymic assaylempTOying hog kidney diamine 0x1dase'add 2H NMR spectrbscopy
(Chapter 3), as we11 as by adaptat1on of the c]ass1ca1 approach ta'con-
f1gurat1ona1 assignment, measurement of optical activity and comparison
with standards of known stereochemistry {Chapter 4). - -
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In this chapter, the preparation of oﬁficaII} active, enantio- .

‘meric samples of (1-2H)putrescine and of (1-2H)agmatine, and the deter-

the estimation of amino acid’decarboxy]dse actfvity.

mination of their relative configurations is described. Chiral samples
-

of {1-2H)cadaverine of known configuration]zo are

1so prepared and the
observed sign of rotation of these samples is co d with that of the .
corresponding samples of (1-2H)putrescine an

2.2° METHODS AND RESULTS

(1-2H)agmatine.

-

Enantiémeric chira]]yfdeuteriated samples of putrescine, of
agmatine and of cadeverine were obtained by decarboxylation of L-orni-

thine, catalysed by‘the inducible form of L-ornjthine decarboxyiase

170,171

(E C. 4.1.1.17, L-ornithine carboxy]yase) of E coli, of L- argi-

nine, catalysed by the 1nduc1b1e form of L«arg1n1ne decarboxy]ase (E.C.

170, '172-174

4.1.1.18, L -arginine carboxylyase) of E. coli, and of g;

lysine, cata1ysed by L-lysine decarboxylase‘(E.C. 4.1.1.18, L-lysine

175,176

carboxylyase) of B. cadaveris, respectively. Ineubation of un-

. Tabelled amino acid with the appropriate L-amino acid decarboxylase in

2H,0 afforded one enantiomer of the corresponding (1-2H)amine. Simil-
arly, incubation of ‘the (2-2H)amino ‘acid in lH,0 afforded ‘the other
enantioﬁer The details of these experiments ‘are presented in Table 3.
The incubation conditions adopted for the preparation of -the
(1-?H)em1nes were similar to those préviously emp]oyed by others for .
174 High substrate
concentratjons, togefhef with Tong incubation times (1-2 Qaye), wh{ch

were'required for preparative scale reaetions,_led,to the formation of

the producis in good yield. The three bacterial u-decarboxy1ases

-y
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employed in~this investigatidﬁhhere commercially avajlable (Sigma Chemi-
cal Co.) as partially purified, water soluble powders and were used
without further purification. -

. :

2.2.1 Preparation of the enantiomers of (1-2H)cadaverine,
{1-%H)putrescine and {1-2H)agmatine -

h]
Enantiomeric samples of (1- 2H)cadavér'me of known absolute con-

B
120

figuration were obtained by decarboxy]at10n of L-lysine, cata]ysed

by L-lysine decarboxylase. 5;(—)-(1-2H)Cadaveriné (77) dihydrochloride

was obtained by decarboxylation of the L-component of DL¢1ysine (95) in

2H,0.  S-(+)-(1-2H)Cadaverine (97) dihydrochloride was obtained by de-
carboxylation of the L-component " of 2&;(2-2H)1ysine (g@) in iHZO. The
"two samples of.(1-2H)Cada;erine showed spetifig optica]'fotatfons of
equal ﬁagnitude.bﬁt of opposite sign. The ORD cuf;es of the twd samplés
are shown in Figure ].‘ |
Decarboxylation of either,é;ornithine or the L-component of 2&;
ornithine in deutagjum oxide, and of DL-(2-2H)ornithine in water; |
“catalysed by L-ornithine decarboxylase, afforded the enantiomers of

. {1-2H)putrescine. Ornithine (98) in 2H,0 gave. {~)-(1-2H)putrescine .
. "] .

shown 1n Figure 2.

The enant1omers of (1-2H)agmatine were obtained simitarly from
L -arginine, catalysed by L-arginine decarboxylase.

in 2K,0 gave (-)-(1- 2H)aumatme (104) sulfate, L- (Z-ZH)arg1n1ne (105)

. -
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Y “ -
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Figure 1. Optical rotatory dispersion (ORD) curves of $-(+)- and

g-(-)-(]-ZH)cadavérine dihydrochloride.
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(+)-encntiomer
A Co 102, ‘

05—

0.6

.M 0 390 4?0 . 500 600

/ | (—}enantiomer
/12 100

) . .
Figure 2// ORD curves of (+)- and (-)-(1- 2H)putreécme dihydrochloride.
- The samples of the (+)-enantiomer (102) were prepared by

decarboxylation of the L-component of DL- (2-2H)orn1th1ne
(101) (valye plotted on the left, for each wavelength) and
by hydrﬂlyzfs of {+)-(1- 2H)agmatme (106) sulfate (value on
the-right) The samples of the {-)-enantidmer (100) were
prepared by decarboxy]at1on in 2H20 of L ~orjithine (98) _
(value on the left) and of the L-component of DL-ornithine

(99) (value in the centre), and by hydro]y51§\of (-)-(1- ih)q

agmatine (1Q4) sulfate (value on the right).
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in 14,0 gave (+)-(1-2H)agmatine (196) sU]fat;. The QRD curves of the
enantiomeric (1-2H)a§matine samples are shown in Figure 3. _

‘ Aikaline hydrolysis with sodium hydroxide in ethanol led to
quantitative conversion of agmatine into putrescine. (-7-(1-2H)Agmatine
. :(194) sulfate afforded (-)-(1-2H)putrescine (lgd) dihydrocthrfde (Expt.
9), (+)~(1-2H)agmatine (1g6i sulfate afforded (+)-(1-2H)putrescine (102)
dihydrochloride {Expt. 10) ¢Table 4). Within experimental error, the

ORD curves of the (1-2H)putrescine sampleé, so obtained, were coincident

: ’ \!
. with those of the samples obtained by enzymic decarboxylation (Figure 2).

The deuterium enrichment of the samples of-the chiral (1-2H)-

émines was determined either by 1H NMR or by mass spectrometry (Table 3).
* . .

It was found that pach of the amines was monodeuteriated.

18 had indicated that L-lysine decarboxylase

A previous report
mediates exchange o:rthe u-brotons of efdaverine with the medium. In-
cubation of cadaverine,.1n deuterium oxide solution with L-Tysine decar-
boxy]ase,-of putrescine with‘g;ornithine decarboxylase and of agﬁatine
with L-arginine decarboxyiasé, under the conditions which yieredr}be
deuteriated sémp]es of the bases from the amino acids (Section 6.2),

did not Jead to exchange oﬁ,déazbrium into the unlabelled amines. No
decfease in the signal area due to the a-protons was detectable by lH
NMR spectrzfcﬁpy. The mass spectrum of the sample of cadaverine, re-

isolated as the ¥,¥'-dibenzoyl desivative, was identical w}ty.that of

“unlabelled material (Section 6.2.1.2).

.
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" chloride. Samples of the two deuteriated diam1n§/;c:3¥\py) ar

: d1cated that the 1abe1 was confined so]ely to the C 2 pos1t10 .

Y

L2.2.2 Synthesis ‘of (2-2H)am1no acids - .

The bas1c amino ac1ds, spec1f1ca]1y deuter1ated at the carbon’

'egiecent to the carboxy] group (£.e. C- 2), which were requ1red for this

inyestigation were prepizgg>h¥\the reactwon sequences out11ned in Schemes
15 and 16. |

QL:(Z—zH)Orn{thine (]Q1) and DL-(2-2H)1ysine (96) were prepared
in an ana]ogous fa5h1on .by adaptation of a convent1oq31/§xgtgst1c

]7Z Reaction of N-(3-brom0propy1)phtha11m1de (197) and of ¥-

route.
(4-bromobuty])phtha]imtqe (198) with sodium diethyl acetamidomalonate
(1Q9) in ethanol afforded 2-acetamido-2-(4-phtha]imidoproppl)ma]onate
(110) and the corrdsponding butyimalonate (]ll); respectivelyL Acid

catalysed hydrolysis of the aminoma]onates“(]]O) and (111) with concom-

Jtant decarboxylatlon in deuterium oxide (> 98 atom ! 2H) Ted to ther

1ntroduct1on of deuterium into C- -2 of the respect1ve products, DL (2- ZH)—

orn1th1ne (101) monohydroch10r1de and DL (2 2H)1ysine (96) m ohydro—

this way were 2 2 92 atom ¢ deuter1ated at C-2, as determ1ned by

Spectroscopy (Table 3). The ZH NMR spectra of the products fur er in-

subsequent]y used for the preparat1on of the correspond1 g samples o

S

-~

4§ .
L- (2-2H)Arg1n1ne (105) was prepared from a-N-acetyl Lrarg1n1ne

(112) by exchange, via the related oxazolone (113) fad 1owed by //—Q‘\i;.; .

ST e ok i o il bt
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S NCH,(CH,) CH,Br + Na’ cI:—-cooEt )
.f\\ﬁ\\\\‘ o NHAC -
| , o | 109 S
n=1, 107 o -
" n=2, 108 HOEt
0
L - COOEt
| NCHz(CHz)nCHz—C—COOEt
o ;HAC
.. “1)DCI, D,O
n=1, 110 ka
: 2)H0
n=2;\111
i
=1, Hzncuzquzcuz—cl:ecozﬂ ,
aﬁy.'—l '7 ‘NHz.‘
. DL-(2-%H)ORNITHINE 101
; |
n=2, - H,NCH zcnzcuchz—cI:—coznl :
- "NH, . :
DL-(Z- H)LYSINE 96 ; P |
Scheme 15. 5ynt3;€1s of' DL—(2- 24)ornithine (101) and - L - q
: - DL-(2- H)lys:.ne (96). g P B 1
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NH 0
HZN/“\N/\/\(M\O_H _ ' '
H 112 a0 —
Ac,0, AcQDl Y . _ =
OH c .0 o T
' ' | H. . H
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N{ o | N=<, N
| 117 “113 . 118 |
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2) H,0
NH D %
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15 HNw((CH(D)'3
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> - 105 '

NH, | 116 HN
. L—(z—z_H)arginiﬁe | i

R= 3-guanidinop:opyl _
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Scheme 16. Synthesis of 2—{2—2H)argini§e (12'5}. ) - &
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5am1n0 acids has been observed

atedL& N-acetyl derivative.

{

resolutifpn of the racemate (115) employing acylase I (E.C. 3.5.1.4)
f. 178). Treatment of u-N-acety1-L;arginine.(llZ) with acetic

anhydriide in deuterioacetic acid (ca. 98 atom % 0-2H), fo]lowed.by ring

opening of the oxazolone (114),'afforded racemic u—g-acety1—(2-2H)arginine‘

The 1H NMR spectrum (2H,0) of the'deu&sriated a-N-acetylarginine
not only 1\¥gcated deuteriation at C-2 (s 4.20), but also reveatﬁdathat
th protons of the methyl group of thie N-acetyl moiety (& 2. 05) had also

-exchanged with the medium. The 1ntroduct1on of deﬁter1um 1nto these two

positions involves acidVCata1ysed interconversion of the three tautomeric
forms gf the 0X32010n§, as depicted in Scheme 16: hyd;ogen;deuterium ex-
change at C-2 afigés frdm intercqnveréion,of the oxazolone (113) and the
oxazoline (117) whereas exchange 'of the methyl protons ariseslfrom/igter-
convers1on of the oxazo]one (113) and the enamine (118) Similar ex-
change of the N-acetyl methy] protons of oxazoIones derived from other
136 - 4 ‘ N

L- (2 2H)Argmme was readily"- obta1ned from the racemic deuter1-

179,180 Stereospec1f1c hydro]ys1s of the

’L enantiomer of deuteriated a-N-acety] DL -arginine . (115), catalysed by .
hog kidney acylase I, afforded gonf1gurat1ona11y pure samples of L (+)-

(2-2H)arginine (1Q5),monohydroch1or1de and (:l:q-N-acety1 D-{2- H)arg1n1ne

'6 1.3. 3) The samp1es of deuter1oarg1n1ne were labelled exa]us vely at’

.C-2 (py 2H. NMR) to an extentuf 85 and 92 atom %-2H (by 1H NM

~f

)
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..
2.3 DISCUSSION ‘ (

) ’ - ) It - »
Tﬁé stereochemistry of the reagtions catalysed by L-ornithine -

wben the present work was -undertaken.

.
several other L-amino acids was

ince enzymic decarboxylation of

own

v 4

fj take place stereospeci?ica]]y

(Section 1.4),ait was expected that the/analogous enzyme-catalysed re-

‘_\‘ - actions’ of ornithine and of arginine would also occur stereospecifically.

When deuterium labelling was employed to\probe the ereochemistry of

these two reactions, chiral samples of {1\2{)putrescine and of (1-2H)-

agmatine were obtained.
‘\

) 2.3.1 Determination of the relative configurations of the
~ enantiomers of {1-2H)putrescine and (1:2H)agmatine

Decarboxylation of L ornithine (98) in deuter1um oxide, cata- ‘
lysed by L -ornithine decarboxy]ase of E. eoli, afforded one of the enan-
tiomers of {1- 2H)putrescme (IQO) The d:hydroch10r1de of this enant1o-
mer was -optically active and showed. a p1ane negative ORD curve. Simi-. .

larly, the 1evorotatory enantiomer of (1- 2H)putrescme (]00) dihydro-

chloride was obta1ned by 1ncubat1on of DL-orn1th1ne (BQJ with the decar-

: boxy]ase in deuterium oxide. The ORD curve of this specimen was identi-

. -cal with that of the sp9c1men obtained d1rect1y from L-orn1th1ne ﬁﬁlp

[ ]
]

(F1gure 2).

enzym1c decarboxy!at1on of théé%zkomponent of DL (2-2H)orn

in unlabe

(Figure 2). The unreacted’ D-component of the (2-

R A
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L-
g :i‘)_enantiamer of ornithine does not serve as substrate of the enzyme,

© - 70
o . \\\‘xh_;-—-
reisola;ed from the enzymic reactiqn mixture, The sample of 2;(2;2H)- ’
‘ornithine monohydfochioride, so obtained, gxhibited a plane negative *
ORD curve which was thiﬂmirror image -of that of an authentic sample of
(+)-ornithine monohydrochloride (Section 6 2.2. T//}f-Thus the D-(z.e. v
It follows that L-ornithine decarboxylase mediates ste;epspeci-
fic decarboxyigfion of L-(i.e. 5-)- ornithine: reaction’of Lesrnithine
1n 24,0 yields the ( )- enantiomgy’;;—;i-2H)pqtrescine; réagijzzn;f g}
_(2-2H)orn1th1ne 1@ 1H20, the (+)qenantiomer. _
.L-Arginine decarboxylase promotes the stereospecific decarboxy-
lation of L-arginine. The two enénti;mers of (iezH)agmgtine were ob-
tained by the action of L-arginine decarboxylase of E. coli on g;argigf
nine in deuterium oxide, and on é;(Z-ZH)arginine, nésbéctivq]y. The
Sample of agmatine sulfate derived from E -arginine (103) in 2H,0 was-tﬁe .

(-)-enantiomer (1Q4) that derived from L- CZ-ZH)arginine (105) in 1H20

PR

was the (+) enantioder (106) The ORD cqrves of ‘the two_enantiomers of -

anata

(1-2H)agmat1ne (Figure 3) showed a mirror image relajionship indicating
that they were of opposite configuration and a]so of similar coqfigura~
tional purity ' P L " : ,1

(//h‘\‘\~lihwas a 51mp1e matter 1 establish the relative configuration

of the chiral sambies of (1-2H)putrescine and (1-2H)agmatine. The un-

i L e

[RP7I.

1abe11ed amines bear only a 51ngie structurai variation: agmatine pos-
sesses a 4-guanid1no substituent whereaSAﬁutresc1ne is the corresponding
diamine. To convert agmatine 1nto putrescine, methods to effect hydro-

iytic c]eavage of the guanidino group of agmatine were 1nves igated.




Alkaline hydrolysis with barium hydroxide‘m ,182

»
183 conditions which had prev1ou51y been employed to convert

181,182°

or Nlth aqueousd,gdjum

hydroxide,
L-arginine into L-ornithine and DL-orm‘t’.hine,]83 respectively,.

Ied to 1ncomp]ete convers1on of agmat1ne into putr scine. When hydro]y-

sis w1£§ sod1um hydrox1de in agueous ethanol was attempted,’ quant1tat1ve

convers1on of agmat1ne to putresc1ne was achieved (Sect1on 6. 3 ])
Hydrolysis of (-)-{T-2H)agmatine (1g4) sulfate with ethanolic sodium

hydroxidé c]eaved the guanidino group, whi]e the chira] integrity at

C-1 was maintained, to yield (-)-(1< ‘2H)putrescine (]00) d1hydroch1or1de

(Expt. 9). S1m1lhr]y, (+)-(1- 2H)agmatme (106) sulfate gave (+)-(1- 2H)-
putrescing (102) d1hydrochlor1de (Expt. 10) (Table 4) The ORD curves .

of the two enantiomeric samples of (1 2H)putrescine were identical with

those of the correspﬂnd1ng enantiomeric samples der1ved‘from L-orn1th1ne

‘and L (2- 2H)ormthme"ﬁy enZym1c decarboxy]at1on (Figure 2).’

It fo]]ows that the 1evorotatory samples of {1- 2H)putrescme .
d1hydroch]or1de and of. (1- 2H)agmatme sulfate have the same conf1gura-
tion at'C-1." Sincé these two samples were derived from k;ornithine, and

from L-arginine, regpectively, by decarboxylation in ?HQO;'{t.follows :
further’that the steric céo'urse of &he decarboxylation of L o'r-hithihe, ’
cata]ysed by L-orn1th1ne decarboxylase, is identical with that of the
decarboxy]at1on of L-arg1n1ne, cata]ysed‘by L-arg1n1ne decarboxylase. -
Congruently, the dextrorotatory samples of (I—ZH)putrescine di-
hydroch]or1de and of (1- 2H)agmaftme su]fate correspond in conf1gurat1on-
at C 1 Each was derived fnem thé*torresponding L (2-2H)am1no ac1d |

Thus, the decarboxylat1ons cataly;:h by L :ornithine decarboxy]ase and

¢
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by L- arg1n1ne decarboxylase take the same stereochem1ca1 course. Either
both react1ons proceed with net retent1on of confagurat1on or they both

proceed with net inversion.

If decarboxylation of the g;amin acids were to oecur with net

retentiom of oonfigurat%on, the (-)-(1-2N amines would poeiess the R-
configuration at C-1, while the .(+)-(1- 2H)am nes wou]d possess the S-
configuration. If, on the~other hand, decar oxylat1on were to occur

with net inversion of configuration, the (-)-(1-2

the S-con 1gurat1on at C-1, while the (+)-(1-2H)amtnes would possess the

R'Coﬁflgu ion (Scheme 17). Q@ g L. .
/ .

.\MA‘- |
- The aneﬁogous decarboxy]at1on of L-1ysine to yield cadaver1ne,
catalysed by L-lysine decarboxy]ase, has been shown to take place with
\\\ net retention of configuration. By.employino-tritium as the chiral

120 jemonstrated that the enantiomeric

marker, Leistner and Spenser
samples of [1—3H]cadaver{ne, OG%Eined.by enzymic decarboxylation of %}
.o lysine (54) in tritiated water, and of L-[2-3H]1ysine (g?)fin unlabelled
water. were R-[1—3H]cadaverine (55) and S-[l-3H]cadaverine (§§), respec-
t1ve1y, by corre1at1on w1th [2- 3H]glyc1ne of” known conf1gurat1on (Sec- ’
' __“\t1on 1. 4, Scheme 9). When deuter1um is emp]oyed as -the ch1ra1 marker,
enant1omer1c samp]es of (1- 2H)cadaverme, of known conf1gurat1on, can be

. obtained s1milar1y Thus R-(1- 2H)cadaverme (77) was prepared from the .
175

T t-component of DL- 1ys1ne (95) by decarhoxy]at1on in 2H20, and S—
(1 2H)cadaver1ne (97) was prepared from the L component of DL-(Z-ZH)-

lysine (29) by 'decarboxylation in 1H,0. The two‘enéﬁfﬁomer1c samp]es of

L)

i AR AT LT
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(1-2H cedaverine were optically eofiue Comparison of the magn1tude of
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their fespective rotatioﬁs leads to the ﬁnference that they were of
comparable confiqurational pur1ty (Figure 1) ,

Each of the ch1ra1 samples of (1-2H)putrescine, (1 2H)agmat‘?’ne
and (1-2H)cadaverine possesses opt1ca1 activity. This optmcal activity
therefore provides a metqb&,of distinguishing between the two enantio-
meric forms of the respective {1-2H)amines, according fo‘the sign of
their rotation.or rotatory dispersion. The sample of(fz;?jﬁtadaverine
dihydrochloride deriVedAfrom‘g;Ijsine {by decarboxylati An 2H,0) is

. 1ev0retaiory, that ‘derived from L-(é-ZH)1ysine is dextrorotatory. Since
t;e stereochemistry of the’ reactaon, from wh1ch the two enant1omer1c .
samples of (1- 2H)cadaver1ne were obta1ned, is known, th,s1gn of rota-

. tion provades the means of recognizing the confiquration of a g1ven
enantiomer. Thes{ the. Tevorotatory (T-ZH)cadav ne ihydroch1oride hasJ
the Efcénfigufation, and the dextrorofgﬁoky (1-2m)g averine d?Fydro-

ch10r1de has the s$- -configuration.

Since the ORD curves of the two enantwmers of (1~ 2H)putr‘escme?

(Figure 2), and of (1-2H)agmat1pe (F1gure 3) eaqh’bear a mirror ]mage

ré\atibns ip, th mples are of opposite chira}ity.?84
esq ) _

The stereochem-
istry of the reactions by which these enantiomeric (1-2H}amines were
( prepared has not been‘established. Therefore, theﬁgign of_rotatioq\only
reyides a means'of feentifjing the eﬁahtiomer (e;g, the levorotatory
e ntiemer) obtained by a .given set of reaction EOnditions3(£.é.'decar-
boxylation of the é;amino acid in_2HZGT§\ The absglute configuration of
the chiral deuteriated centre within the (1-2H)em1nes cannot be jﬁferred

" from the siénlof_gpta;jon. I ' <

.
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Several theorijes have been advanced which do permit assignment
of absolute confieuratibn, but are based on calculation of.rotatory is~-
persion curves from an assumed molecﬁ1er geemetry.185 Ehpirica] rela-
tionships sﬁch as“:the octent ru]e]86’187.q§ve a]]owed.definitive conclu-
sions to be reached'regarding Fhe confergg;ign or absolq}e configuration
of molecules from their ORD'or'circu]ar dichroism (CD) ;pectra. Such
studies have recently focussed on molecules which owe their chirality
solely torisotopic substitut'ion.188 However, unambiguous essignment of
'éenfiguration is only poesible for conformationally rigid molecular sys-
tems. e )

A d1rect correlat1on between the observed sign of rotatlon and
the absolute conf1gurat1on of - acyc11c molecules has been based on E1f-
ferences of the polarizabilities of the four subst1tueﬁ\§ at the ch1ra1

centre.]aé_/ﬂpp1ication of eﬁch'a methqd'waé successful in correcfly
predicting the. aBso]uteleﬁyfiQuratioh of (-)-(1- 2H)ethanol 190 However,

conf1gurat1ona1 a551gnmen s made by this method are not unequ1voca1 and

. must be confirmed by 1ndependent methods. Ass1gnment.of configuration

hY -
has also been made by comparison of the opﬁ%ca] activity associated with

e
closaly related compounds. Determination of configuration by. such com-
parisons is not always re11ab1e Enzym1;a11y prepared (-)-(1-2H)-
ethanol (8)54 (Scheme 2) was first ass1gned the R-configuration on the

basis of a comparison oﬁ—tge sign of ‘rotation with that of. R- {-)-(1- -2H)-

54,192
butanol, of known eunj?g;::t1on ) b fhrs\ass1gmment was later proven

to be incorrect: 1levor ory_(]-zH)ethanol has the g;conf1gurat1oQ§5 .80

" (Section 1.3).

.Q\/"’—_ . . .. -
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It is interesting to note in this context that each of the sa]ts
QJ the §amp1es of (1- 2H)putrescme, (1- 2H)agmatme and {1-2H)cadaverine

derived by enzym1c decarboxyIat1on 6% the corresponding L-amino acids

in deuterium ox1de, show plane qggat1ve ORD curves. The, levorotatory

samp]es of (1- 2H)putrescme dihydrochloride and (1- 24)agmatine sulfate

wece\ffgﬂp to be of the same configuration. The 1evorotatory sample of"

(1-2H)cadaverine dihydrochloride is known to have .the R-configuration. .
. F I — . .

Since bdtrescine and cadaverine are structurally similar, differing only -

. Ey a2 methylene group, it would be tempting to assume that the (1-2H)-

,-l

0

diamines of the same sign of rotation are also of the same configuration.

Congruent]y& the salts of the three deuter1ated amines derived by enzy-
» .
mic decarboxyTat1on of the corresponding L-(2-2H)amino acids are dextro- .

rotatory, suggesting a s1m11ar comparison.

.
e

\ To ggie the conf1gurat1ona1 assignments of the samples of (1- 2H)-

putresc1ne solely on this ana]ogy, however, would c]ear1y be unsound. I

has beeWvbsarved that the s- enant1omers of. (1- 2H)ethano1?j;and (1-2H)-

l

prOpano119] show, rotat1ons of oppos1te s1gn, whereas the S-enantﬂgmers .

of (1-2 propano] anq 1—2H)butan01‘124 show rotat1ons‘of the same
The

sign: tructural difference betweefi both of these pairs of molecules
a150 consists of a siﬁﬁle methy1en roup. - Similarly, n- buty]am1ne,
cadaVEr1ne and 4-aminobutyric ac1d are structurally similar in the
v1c1n1ty of the methyTene group adjhcent to nitrogen. However, g:(]ézH)- ,
butylamine. is 1evorotatory,1;5 whereas S-(1-2H)cadaverife dihydrochlor-.
ide is dextrorotatory .0On. the other hand, the R-enantxomeré of .(1- ZH);

cadaverine d1hydroch10r1de and 4- am1no(4 2H)butymc acid 121 are ‘both

. .
.

F( . 3
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* 1evorotatory3&&1t would appear from these examples that no obvious cor-
— relation exist} between the observed sign of rptgtion and the absolute

configuratipn of the chiral deuteriated centres. The chirality of the

= centres in these compdﬁhds must be eg;aéljshed separateiy;

v et ¢
, ‘ : " e
Ty 2.3.2 Investigation of enzyme mediated exchange, of the -
: ’ a-hydrogens of cadaverine, putresc1ne and agmatine, P

Severa1 bacter1a] L am1no aC1d u-decarboxylases have been re-
ported to catalyse stereospec1f1c exchange of ‘one of the hydrogen atoms"’
of the methy]ene group adjacent to‘nitrogen of the amine which forms

i

the normal decarboxy1at1on product (Tab]e 5). The occurrence of such'an

exchange reaction was first observed by Mande]es, Koppelman and Hanke 118 °j

. A sample of 4- am1no(4-2H)butyr1c acid (46) had been prepared by the action

p _ of L-g]ufamate decarboxy]ase on L-%ﬁwmd (qg) in 2H20 When the
' . o -.'sample‘of (49) was re1ncubated with “the decarboxy1a§e in 1H20 the re- .-

isolated amine showéd the complete absence of deuterium. In another ex- e

€

'per1ment the enant1omer1c samp]e of 4 am1no(4-2H)butyr1c acid (1@) I
which had. been prepared by enzym1c decarboxy]at1on of L- (2 2H)g1utam1c

acid (Q@). was s1m1}ar1y 1ncubated with "the- decarboxylase °"In this ex-.

pertment deuter1um was ma1nta1ned in the reisolated amine (48) The

.

. o results of the two- incubation exper1ments not only 1nd1cated the occur-
| '1 _ rence of exchange‘;1th°the medJum-of one of the enant1otop1c hydrogens .
-..at C- 4 of 4-am1nobutyr1c aC1d but also prOV1ded the first ev1dence that' "p, p
° enzymic decarboxy]at1on takes place steredgpec1f1ca11y 18 (Sect1on 1. 4)

. L-Glutamate decarboxylase was - Jater shown to-cata]yse decarboxy-

¢ e —— b 4% T TN R F AT m s e oy
' N

1a’tior|; of g-'glutamic acid to &-aminobutyric acid with retention of ‘
L ] . ) o hﬁ-— | _ | AR .
*‘l . : T . R .
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Table 5. Reported hydrogen/deuterium (or tritﬁum) exchange .at the
a-methylene group of biogenic amines, catalysed by the
appropriate amino acid decarboxylase.

Enzyme (source)

Substrate

'\\;3 Amine

Reported

Exchange No exchange

Lysine decarboxylase

Cadaverine 118 -
(B. cadaveris)
Glutamate decarboxylase 4-Amin0butyréte 118 183
(BE. eoli)
Tyrosine decarboxylase Tyramine 129 -
(S. faecalis)
Histidine decarboxylase Histamine _
(Lactobacillus 30a) 136 139
(C. welehii) : 136
S-Adenosyimethionine 5-Adenosy]-S-methy]l- - 138

decarboxylase 3-thiopropylamine :
(E. coli) :
/
¢
oot
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configﬁ?ation,]Z] but the hydrogen deuterium exchange reaction could )

193

not be confirmed. Prolonged incubation of a hith{/purified prepar-

ation of L-glutamate decarboxylase with 4-aminobutyric acid in deuterium

193

oxide did not lead to the incorporation of 2H at C-4. On the basis

193 that the enzyme prepgration that

118

of this result, it was suggested
had previously been employed by Mandeles et al. was probably,contam-
inated with 4-aminobutyrate aminotransferase. A bacterial w-aminotrans-
ferase has recently been shown]94 to mediate %B;réBSpecific removai of
the 4-Re-hydfogen of 4—aminobutyric acid.

_ Stereospecific enzyme-mediated exchange with the medium of the

129 136

Re-hydrogen from the wa-carbon of tyramine and of histamine has

recently Lcen demonstrated by Bat%ersby and his co-workers. Incubation

of [1-14Cltyramine and of [2'-1%Clhistamine, in tritiated water, with
bacterial g;tyrosine decarboxylase and L;histidine decarboxylase, re-
spectiveiy, led to the incorporation of 3H into the 1-Re-position of
the reisolated amines.]zg‘]36 The chirality of the reisolated doubly
labelled samples of R-[1-3H]tyramine and 5;[1—3H]histamine was deter-

mined .by enzymic analysis with rat liver monoamine oxidase129

136

and pea

seed]ghg diamine oxidase, respectively {ef. Section 1.5, Table 2}.

The conversions of L-tyrosine into tyr'amint-'ewg’]29

136,137

and of g;histidine
into histamine, each catalysed by the respective bacterial en-

zyme, Qave both been shown to take place with net retention of config-
uration (Section 1.4). Since it-is the Re;hydrogen at C-1 of tyramine
and of histamine which occupies the same steric environment as that of

the carboxyl group within the corresponding L-{z.e. g;)amino acids, and

it is this hydrogen which was stereospecifically labilised on incubation
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of the two amines with the respective decarboxylases, it was 1nferred?zgg

v

that the exchange reaction occurs at the active site of the decarboxy-
lases by a reversal of the final.step of the decarboxylation process.*

The incubation experiments with bacterial L-histidine decarbox- E:;&ol
y]gse from Lactobacillus 30a and from C. weZchiifin tritiated wéter re-
sulted in very low incorporations of tritium into the a-position of

histamine which was taken as an indication that the rate of the hydrogen-

136

tritium exchange reaction was very slow. An earlier attempt to dem-

AN
onstrate the analogous exchange reaction in deuterium oxide, in the
r R'e .
presence of the enzyme from Lactobacillus, had not led to detectable

incorporation of the label into histamine.n9
Isotopic tracer methods have been employed to investigate
whether 5-adenosylmethionine decarboxylase mediates a similar exchange

r‘eaction.]38

When R-5-adenosyl-s-methy1-3-thiol1-3K]propylamine, ob-
-tained by enzymic decarbgky]apion of S-adenosylimethionine in 3HOH, was
reincubated with the decarboxylase in 1H20ﬁ no exchange of tritium f}om
the 1-Re-position of the amine with the medium was detectable.

Mandeles et al.]]a

had also reported that the action of L~lysine
éi&arba;y]ase (from B. cadaveris) on cadaverine in 2H,0 leads to incor-
poration of deuterium into the amine. In.the other cases, in which the
cccurrence of an enzyme-catalysed exchange process has been demonstrated,

the hydrogen which is labilised is the same as that which is introduced

* The mechanism of action of the L-amino acid decarboxylases is
discussed in Section 4.3. - #
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during enzymic decarboxy]athn ({.e. the ﬁ’e—hydrog‘en).]29’]36 The
sample of 5;(1-2H)cadaveripe, required for the present investigation,
was prepared by decarboxylation of £:1ysine, catalysed by the decar-
boxylase from 5. cadaveris, in deuterium oxide. Even though tﬁiﬁ re-
action leads, in the first instance, to 5;(i-2H)cadaverine, prolonged
incubation might have Ted to significant further conversion to a di-
deuteriated species, chirally labelled at both a-methylene groups (<.e.
55;(1,5-2H;)cadaverine), if enzyme mediated stereospecific hydrogen-

A
(77) that was obtained (Table 3), however \was monodeuteriated and not

deuterium exchange had taken place. The\iiZE]e of 5;(1-2H)cadaver1ne
dideuteriated. But, in view of the conf]icting reports concerning the
occurrence of hydrogen exchange in the presence of g—g]utamate decar-
.boxy1ase, experiments were c;rried out to obtain independent evidenée
concerning the possibility of exchange, of thé)u-hydrogens of cadaverine.
Experiments were also condacted to investigate the possibility of ex-
change of the a-hydrogens of putrescing, apd agmatine in the presence of
the decarboxylases specific for é;ornithine nd L-arginine, respectively.
Prolonged incubation, in deuterium oxide solution (99.é atom %
2H). of cadaverine with g;lysine decarboxylase, of putrescine with g;
ornithjne decarboxylase, an NBf agmatine with é;arginine decarboxylase,
followed by reiéo]ation of the bases, yielded sahp]es whose lH NMR ’
spectra were indistinguishable from those of the starting materials.
The mass spectrum of the reisolated ¥,N'-dibenzoyl derivative of cada-
verine was identical with that of unlabelled material. No deuterium was

detectable in the 2H NMR spectrum of the reisolated sample of agmatine

suifate,
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Thus, exchange of protium by deuterium was not detectable under
the conditions used to prepare the Er(l-ZH)cadaverine (77), as well as
the (-)-enantiomers of (1-2H)putrescine (]QO) and (1-2H)agmatine (]Q4).
Wifhin the limits of detection, the chiral samples of (1-2H)cadaverfne

and (]-zHlpUtrescine were indeed monadeuteriated (Table 3). The 1 NMR
‘spectra of thesé sampleq showed a triplet due to H-1,4 of putrescine and
H-1,5 of cadaverine, respectively, at § 3.06, whose integration corres-
ponded to eq. 3 protons, relative to the 4-proton multiplet centered at
8 1377, due to H-2,3 of put;escine and the 6-proton multiplet at § 1.3-
1.9, due to H-2,3,4 of cadaverine, respectiyé]y. The mass spectra of the
samples {cadaverine ag the dibenzoy] derivative, putrescine.by C.I. m.s.)
showed'monodeuteriation only. |

fhese results also indicate that the commercial preparations of

the a-decarboxy]ases, employed in the Present investigation, digd not con--

tain other_enzyme activity (e.g. aminqtransferases) which might have

led to labilisation of the a-protons of the amines.,

e

¢



CHAPTER 3

THE‘STEREOSPECIFICITY OF HOG
KIDNEY DIAMINE OXIDASE

3.1 INTRODUCTION . .

i

The oxidation of a primary amine to an aldehyde is catalysed by
the amine oxidases. The stereochemistry of the hydrogen abstraction pto-
cess, in the conversion of the prochiral methylene group adjacent to
nitrogen within the primary amine, R-CH;NH,, into the sp? centre withi
the a}dehyde, R-CHO, can be determined if cHiraI_samp]es, of known db-
solute chirality, of. the 1-labelled ({1-3H]- or (1-2H)-) amine is
emp]oyed as substrate. One of the enantiomers of the ]—1abe]1ed amine
will lead to product which,\bx_stereospeciftc loss of protjum, retains
the label at the sp? centre. The other enantiomer will lead to.product
which, by stereospecific loss oT-the label, retains protium at the sp2
centre. Measurement of the corservation g? release of label within the
products der1ved from the two enantiomeric samples permits determ1nat1on
of the absolute stereochem1stry\§f the process.

‘The stereochemistry of the reactions catalysed by the amine oxi-
‘dases }rom rat Tiver m1tochondr1a {monoamine oxidase), 119 122, ]29 151
pea seedlings (d1am1ne ox'ldase)]29 152 134, ]36 155,156 and bovine plasma,
152,153 has been determined in several instances, with a wide variety of

substrates. The results of these investigations were referred to in

Section 1.4 (ef. Table 2). It has been reported that the reaction

- -83-
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L
catalysed by the diamine oxidase from hog kidney also takes place with
stereospecific release of one of the enantiotopic hydrogens from C-1 of

histamine, 06

although the absolute sfereochemistry of this process was
not determined. The stereospecificity exhibited by hog kidney diamine
oxidase, in the reactions which it catalyses, was unknown.

The preparation of enantiomeric samplies of (1-2H)cadavérine,
(1-2H)putrescine and (I-ZH)agﬁatine was described in Chapter 2. Hog kid-
ney diamine oxidase catalyses the oxidative deamination of each of these ‘
amines to yield the corfesponding aldehyde. In this chapter, fhe re-
action; of the deuteriated samples of the three amines are investigated.
TQ; abéolute stereochemistry of the hydrogen abstraction process in the
reaction catalysed by hog kidney diamine oxidase is determined by empioy-
ing the enantiomers of (1-2H)cadaverine, of/kﬁ%wn chirality, as substrates.
Assignment of absolute configuration to thé enantiomeric samples of (i-2H)-
putrescine and ?\;ﬁﬁlﬁgmatine is then made on .the assumption that the

stereochemical course of the reaction with cadaverine as substrate is the

same as that with putrescine and agmatine as substrates.

3.2 METHODS AND RESULTS

The enantiomeric samples of (1-2H)cadaverine, (1-2H)putrescine
and (1-2H)agmatine were prepared by enzymic decarboxylation of the cor-
responding L-amino acidﬁ. The method of preparation is discussed in
Chapter 2.
~ R-(-)-(1-2H)Cadaverine (77 d1hydroch]or1de (Expt 1), (-)-(1 2H)—.
pJ}resc1ne (190) dihydrochloride (Expt. 4) and (-)-(1- 2H)agmatme (104)

sulfate (Expt. 7) were derived from L-lysine, L-ornithine and L-arginine,
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respectively, by decarboxylation in deuterium oxide. g;(+)-(1-2H)-
Cadaverine (QZ) dihydrochloride (Expt. 2), (+)-(1—2H)putre$cine (1Q2)
dihydrochloride (Expt. 5) and (+)-(1-2H)agmatine (106) sulfate (Expt. 8)
were derived from é;(Z-zH)lysine, L-(2-2H)ornithine and g;(Z-ZH)arginine,
respectively, by decarboxylation in unlabelled water (Table 3, Section
2.2). _

-Samples of (1,1-2H,)cadaverine (119) dihydrochloride (Expt. 3)
and of (],]_ZHZ}putrescing (1%0) dihydroch]oriae (Expt.jﬁ) {each > 90%
perdeuteriated at one of the terminal carbon atoms) wg:é prepared simi-
larly, by enzymic deﬁarboxy]ation of the L-component of 2&;(2-2H)1ysine
(2@) (Section 6.2.1.1.3) and of_the L-component of 2&;(2-?H)ornithine-
(]Q]) (Section 6.2.2.1.3) in deuterium oxide.

In separate experiments each of the three deuterijated samples of
cadéverine (Expts. 1-3), the three deuteriated samples of putrescine
(Expts. 4-6) and the two deuteriated samples of agmatine (Expts. 7 and 8)
were in&ubated with hog kidney diamine oxidase (E.C. 1.4.3.6 diamine:
oxygen oxidoreductase (deaminating)). The details of these experiments

are presented in Table 6.

The incubation in Experiments 1-6 was carried out in the presence

o
195’19ﬁ,of o-aminobenzaldehyde which serves to tr‘ap]%’].97 the oxidation
products which, themselves, are difficult to iso]ate,wa’199 since they

tend to trimerise at physiological pu,‘98,200,201

The product of the enzymic oxidation of cadaverine (121), 5-amino-
pentanal (1%2), in equilibrium with al-piperideine (123), is trapped by
o-aminobenzaldehyde (1%4) to yield, as the major product, 3-(3'-amino-

propyl)guinoline (1%5) which is isolated as the dipicrate or the
. e
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A second product, 2,3-ietramethy1ene-],2-dihydro-
quinazolinium ion (1%6), isolated as.the picrate,]g7’198 is formed in
lower yield (Scheme 18). The oxidation product of putrescine (1%1),
4-aminobutanal (132), in equilibrium with a'-pyrroline (133), is '
trapped as 2,3-trimethy1ene1],2-dihydroquinazo]inihm ion (1%4), isolated

as the picrate,'9/»199,202

while 3-(2'-aminoethyl)quinoline (1%5) is
formed as a minor product (Scheme 19). | ‘

The samples of 3-(3'-amjnopropyl)quinoline dihydrochloride, ob-
tained from the incubation, with diamine oxidase, of the three deuteriated
cadaQerfnes (Expts. 1-3) (Table 7) and the samples of 2,3-trimethylene-
1,2-dihydroquinazolinium picrate, obtained similarly from the three
deuteriated putrescines (Expts. 4-6) (Table 8) each contained deuterium.
The lgpation of the deuterium in these samples was determined by 2H NMR
spectroscopy.

Assignment of the NMR signals was facilitated by the chemical
synthesis of (2-2H)-3-(3'-aminopropyl)quinoline dihydrochloride (& 8.8)
and of (2-2H)-2,3-trimethylene-1;2-dihydroquinazolinium picrate (5 5.3),
by oxidation of DL-(2-2H)lysine (cf. ref. 203) and DL-(2-2H)ornithine
(cf.lref. 199), respectively, with ¥-bromosuccinimide, to yield {1-2H)-5-
aminopentanal and (1-2H)-4-aminobutanal, respective]}, which were trapped,
as.before, as their o-aminobenza]déhyde adducts (Sections 6.4.1.1.2 and
6.4.1.2.2). _

The samples of 3-(3'-aminopropyl qui%o]ine (1%5) dihydrochloride
obtained from the inéubation with diamine oxidase of 5;(]-2H)cadaverine

(Expt. 1) and (1,1-?H,)cadaverine (Expt. 3a}, each showed two signals in



88

T

*9SPPIXO DUTWERTP Y3lIMm AHMHv SUTISAEPED JO UOTIBRqUOUT 2yl JO s3dnpoid °8 =SWaYyos

9zt

Y

gzl

INNONIND(TAJOEJONIWY-E)-E

ISVaIXO
INIWvIQ

(443

H N°H _N%H

Wi $



89

<<<< . e i TR e e e e ..lu-..iux-:....l!..@l

-

e
n, m\
*9SEPTIX0 JuTWerp Y3Tm (TET) aurosazind Jo uorjeqnouT aya jo s3donpoad *g] SwWayos

PET ‘ GeT :

NO | ‘ ‘ N N°H
WNINITOZYNINDOYAAHIA-T' Q%

ket

9fcT N°H

€€T ™ (41

ISvaIXo

. . a
N\, | Af . INIWVI

TET

H N°H _N°H
. :5;: nﬁ




90

ano—:uoLuchu

iL ¥ 5z L (611) dutJanepes(lyz- 1) - (a)
[L/(v0 7 2'2)] ﬁ ., 3PLJO[Y204pAYLD
JORRL 8'8 ‘6°2 - L (6L1) @utaaaeped(“Hz-1°1) (®) €
) . A . ~ 3P0 Y204pAYLp
61 05 - 62 . G (£6) autuaneped(Hz-1)-(+)- S Z
. [L/(2°0 F o' L) ' 8PLIOLY204PAYLP _
6L F E0L 8'8 ‘6'2 4 (1) uL43ARPeI(Hz- ﬁv (-)-¥ L
(4N Hy Aq pauLwa3ap) (aLgestidde 3L (Guw)
(%) wnLaainap eade °iaJ ‘fwdd) ©  pL3lL4
40 uol3ualay sleubls YWN Hg
apLaoydoupAyLp autloutnb(Adoadourwe-,c)-¢
(sZ1) 39npoud a3e43Sqng . oN
*3dx3
*SePLX0 JULweLp YJiIM Aﬁwﬁv duLJIARPRD JO *f ?lqe]

uoLleqnaul ayl Jo s3onpoudd



91

A5

£,
%
. [1/(5°0  0°£)} . BPLIOLYDd0upAY Lp .
. 8706 2'6 ‘L't 2L (021), autdsauind(Zy,-1¢|) 9
| ' 3PLAOLYI04PAYLP
b ¥ 28 L oL (eBL) sutosauand(H-1)-(+) g
[L/(e0%0°L)] 9p40LY204pAYLP |
26 ‘L't L ~ (081) autasaaind(Hy-1)-(-) ()
_ (L/{Lo+21)] 9pLAOLYI04pAYLP °
6 ¥ 001 2'S ‘LY 5L (031} sutosaund(H,-1)-(-) (e} ¥
(YWN Hy A9 pauluualap) (algeotdde 4t ( Bur)
(%) wnLaajnsp pade a4 ‘fwdd)  praLA
< J0 uoljualay S{RUBLS YWN Hg ‘ .
3jeddtd wniul[ozeutnboapAyLp-2¢ | -3us [AY3awLa3-g<¢
7 N
(4€1) 32npouqd - . @je43sqng ‘2dx3

- "ISEPLXO IuLWeLp YilM A—mpv aulasaajnd jo :owwmn:uc_ ay3 jJO s3onpoudds g 3|qel



their 2H NMR spectra (& 8.8 and 8 2.9). The sample of (125) obtained
from S-{1- 2H)cadaverine showed only a single signal (& 2.9) in its 2H NMR
spectrum. .It follows that oxidative deamination of -cadaverine (1%1) to .
5-aminopentanal (1%2), catalysed by‘diamjne oxjdase, is accompanied by
removal of the Si-hydrogen. |

. The samples of 2,3-trﬁmethy1ene-1,Z-d{hydroquinazolinium (1%4)
picrate obtained from the incybation of (-¥(1-2H)putrescine (Expf. 4)
and (1,1:2H2)putrescine (Expt. 6) éach.showed two signals in their 2H
NMR spectra (& 5.2 and § 451) whereas only one 2H NMR signal (6 4.1) was
observed in the spectrum of thé sample of (1%4) obtained from {+)-(1-2H)-
putrescine (Expt. 5). g

Corresponding]y;-in'the oxidation of agmatine (1%7) to 4-quanidi-

N
196 which was isolated as the phosphate salt of its 2,4-

" nobutanal (1%8)
dinitrophenylhydrazone (139) (Scheme 20), deuterium is preserved in the
"oxidation produEt of {-)-{(1-2H)agmatine sulfate ﬂExpt. 7) but is lost in
the formation of the product %rom_(+)-(]-2H)agmétine sulfate (Expt. 8)
(Table 9). - . ™

If hog kidney diamine oxidase mediates stereospec%fic removal of
the si-hydrogen*from C-1 of putreécine (131) and agmatine (137), as it does
with cadaverine (1%]), it follows that deuter1um occup1es the 1-Re-pos1t1on
of the levorotatory samples of (1-2H)putrescine and of (1 2H)agmatme'\
Congruently, deuterium occupies the 1-Si-position of the dextrorotatory .
"sampies of (1-2H)putrescine and of (1-2H)agmatine.

While the enzymip reaction with the three substrates thus takes a

qualitatively similar stereochemical course, a quantitative difference in
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the reactions of cadaverine on the one hand and of putrescine on the
other 15 revealed by the 2H NMR spectra of the products of these reac-
tions: whereas the deuterium enrichment at the two deuteriated positions
in the product from (1,1-2H,)cadaverine gives rise to relative areas 2:1
for the signals at & 2.9 and 8.8 with a deuterium retention of 75%

(E}pt. 3a, Table 7), the corresponding product from (1,1-2H2)putrescine
 showed a deuterium enrichment at the two deuferiated positions which o
gives rise to relative areas 7:1 for the signals at 6 4.1 and 5.2 w;fh
a deuterium retention of almost 90% (Expt. 6, Table 8). This observa-
tion indicated the occurrence of a primary intramolecular hydrogen-

deuterium isotope effect. in the course of the oxidation of {1,1-2H,)-

putrescine, -but not (1,1-2H, Jcadaverine.

‘ L
3.3 DISCUSSION

3.3.1 2H NMR as a probe of the stereochem1stry of enzymic
oxidative deamination

Hog kidney diamine oxidase catalyses the oxidative deamination of
a w1de range of primary amines, including diamines, agmatine and arylal-
kyl amines, - to the corresponding aldehydes. 167,204-207 The aliphatic
diamines, cadaverine (1%1) and putrescine (1§1) are amongst substrates of

the enzyme which have the Towest Michaelis constant (Ky)20°

206,207

and the
highest oxidation rate (Vjpay). Agmatine (137) is 5150 readily
attacked and is oxidised at a rate which is approx. half that of the
aliphatic diamines.?%6

The stereochemistry of the removal of an a-hydrogen atom in this

reaction may be determined using as substrates chiral amines of known
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chirality, in which one or the other of the two enantiotopic hydrogen
aéoms on the carbon adjéﬁent to the reacting primary amino group is re-
placed by deuterium or tritium. Enantiomeric, chirally labelled,samples
of {1-2H)cadaverine, (1-2H}putrescine an;\z1-2H)agmatine were available
(Chapter 2). Thus, with deuterium as the label, the deuterium content
of the products of the enzyﬁe-cata]ysed process serves as a diagnostic
indicator of the steric course of the reactidon. S%nce stérting materi-
als with deuterium enrichment approaching 100 iEpm % at the desired
position can bg used, the deuterium content as well as its location
within the products can be determined by !H or 2H NMR spectroscopy.

When chirally 1abe11ed_(]-ZH)aminesﬂ_which bé:: a single re-
active amino group {e.g. (1~2H)agmatine), serve as 'substrates, 6ne en-
. antiomer, by stereospecifigqloss of deuterium, yields a product which
is devoid of label, whereas the other enantiomer, by stereospecific loss
oflprotium, yields a product which retains label. If the chirality of
the (1-2H)substrate is known, determination of the presence or absence
of deuterium in the product is sufficient to establish, unequivocally,
the ch%rality of the process which leads to the products. Alternatively,
+f the chirality of the process is known, but that of the (1-2H)substrate
is not, determination of the presence or absence of deuterjum in the pro-
duct provides a definitive answer to the question of the chirality of the
(1-2H)substrate.

By contrast, when the aliphatic diamines, rendered chiral by deu-
terium substitution at oniy one of the two equivalent methylene groups
adjacent to nitrogen (z.e. (l—gH)cadaverine or (1-2H)putrescine), serve as

substrates, the reaction will not lead to deuterium-free product with one
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enantiomer, and to deuteriated product with tﬁe other. Due to the Cop
symmetry of these amines (wheh unlabelled), both enantiomszihzgeld pro-
ducts containing deuterium.

Oxidation of a sample of (1-2H)cadaverine or (1-2H)putrescine |
may occur either with removal-of the amino group adjacent to the
labelled methylene group or of that adjacent to the unlabelled methylene
group. When oxidation takes place at the unlabelled end of the molecules,
the products are (5-2H)-5-aminopentanal and (4-2H)-4-aminobutanal from
eithef of the two enantiomers of (1-2H)cadaverine and {1-2H)putrescine,
respeqtively,'by loss of protium.lﬁyhsn oxidation occurs at the labelled
end of the substrates, one of' the énantiomers will yield unlabelied 5-
qminopentana] and 4-amih@butana1, respectively, by stereospecific loss
of deuterium, whereas the other enantiomer will yidld (1-2H)-5-amino-
pentanal and (1-2H)-4-aminobutana], respectively, by stereospecific loss
of protium. ~Concurrent oxidation at the labelled and the unlabelled
ends will yield a mixture of broducps. One enantiomer of (1-2H)substrate
will yield a mixture of a monodeuteriated and an unlabelled species, the
other enantiomer a mixture of two different monodeuteriated species
(Scheme 21). Thus the presence or absence of deuterium within the pro-
duct will not be a diagnostic criterion for the stereochemical course of
the reaction, or for the stereochemistry of the (1-2H)substrate. Quan-
titative determination of deuterium within the product will be necessary
in order to obtain the required information. A further problem arises
if the reaction is accompanied by a substantial isotope effect (ef. ref.
135 and 168). Measurement of the extent of retention of label within

the product would, in this case, not yield information concerning the
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stereochemistry of hydrogen removal in the oxidation of (1-2H)-
putrescine and (1-2H)cadaverine\ To solve the question of the stereo-

chemical coursg of the reaction determination of the distritition of
deuterium within the products becomes mandatory. )

The distribution of deuterium within the products can be deter-
mined very accurately by 2H NMR spectrdscopy.]ﬁg’zog’zog Since deuter-
ium exhibits a significant electric quadrupole moment, its relaxation
behaviour is dominated by a quadrupole exchange mechanism.208’210 This
results in shorter relaxation times compared to those of other nuclei
commonly employed in NMR investigations (e.g. lH, 13¢, 1'5N).2” As a
consequence of the short 2H-rf:a]axation times,211 combined with the ab-
sence of a nuclear Overhauser enhqncement (when spectra are obtained
with proton decouph‘ng),208 the relative extent of enrichment within
partially deuterigted molecules can be determined accurately by integra-

t_ion-lﬁ‘I-),ZOB

Quantitative determination of deuterium enrichment at a
specific site may be determined by refereﬁce to a suitable internal
standard or, alternatively, this information can, in some cases,.be
obtained from the corresponding H NMR spectrum.

Assignment of the 2H NMR signals arising from deuteriation at
specific sites within a ]abe]led molecule is often facilitated by com- _
parison with the corresponding !H NMR signals (observed in the 'H NMR
spectrum of the un1a5e11ed molecule), since, apart from a small isotopé
effect, the chemical shift values of 2H-resonances are the same as those
of the analogous H-resonances, 208 Unambiguous assjgnment of either the

IH- or 2H-resonances, corresponding to protium or deuterium, respec-~

tively, at a position within the molecule, can be achieved if a labelled
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standard, in which the position of interest is specifically Tabelled
with deuterium, is available by chemical synthesis.
24 NMR suffers from two major limitations: spectral crowding and

poor reso1ution.]69

These limitations are the result of the quadrupole
moment and the low magnetogyric ratio associated with 2H nuc1ei.208 Since
the magnetogyric ratio of deuterium is significantly less than that of
protium, the chemical shift dispersion of 2H-resonances is only a fraction

208
|

(iJe. 15%) of that of the corresponding lH-resonances. Extensive line

broadening of 2H-resonances, due to the dominance of deuterium quadrupole

re]axation,]sg’zo8

often accompanies this eﬁfect which results in poorly
resolved 2H NMR signals. These limitations can be overcome by -obtaining
spectra at higher magnetic field or in the presence of lanthanide shift
Qeagents. In the present investigation, the problem of poor resolution
was avoided by employing suitable derivatives éf the. products of enzymic
reaction (labelled samples of 5-aminopentanal and 4-aminobutanal {Scheme
21)), in which the chemical shifts of the 2H NMR signals, corresponding to

the two deuteriated centres, were well separated.

3.3.2 Isolation of enzymic reaction products

Enzymic oxidative deamination of‘the aliphatic diamines, cadaver-
ihe (1%1) and putrescine (1%1), yields the corresponding w-aminoaldehydes,
5-aminopentanal (1%2)vand_4—aminobutana1 (1%2), which are in equilibrium
with their cyclic imines, A'-piperideine (1%3) and A'-pyrroline (1%3),
respectiveiyws’]g?’z12 (Schemes 18 and 19).

The action of diamine oxidase on cadaverine has been shown]95’197

to lead to reaction products which accumulate as a mixture ¢f at least

N
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three isomeric trimers (Scheme 18). The chemistry of A'-piperideine has

been extensively investigated by Schopf aﬁd his co—workers.]98’213'2]5
Reversible trimerization of A‘lpiperideine (]%3) gives rise to a- and

216) which. differ only in

g-tripiperideine ((1%7) and (]%8), respectively
the relative configuration of the three chiral methine carbon atoms. A
second, structural isomer, <so-tripiperideine (1%0) appears to arise via
tetrahydroanabasine (1%9). igo-Tripiperideine (1%0) possesses four
chiral centres and may comprise a mixture of as many as 16 stereoisomers
(8 enantiomeric pairs). The constitution, configuration and conformation
of the threeqtrimers has recéntiy been investigated by 13C NMR spectro-
scopy.216 .

A'—Pyrfo]ine also undergoes. polymerization under the enzymic re-

action conditionslgs’zoo’ZOI

(Scheme 19). This imine has been reported
to be difficult to isolgte since it is susceptible to air oxidation at
pH values of greater than 7.]99 At pH values of 1es§ than 7, a’-pyrroline
(133) exists in equilibrium with the symmetrical trimer (136) (i.e. Cg

symmetry),201’2]7

: -9
analogous to a-tripiperideine (127).

Due to the complexity of the enzymic reaction mixtures derived
from cadaverine (Scheme 18) and putrescine (Scheme 19), it was therefore

4-aminobutanal, respectively, as a suitable derivative.: There were two

necessary to i§f1ate each of the oxidation products, 5-aminopentanal and
requirements for such a derivative: (1) when samples of the (1-2H)-
.diamines serve as substrates of diamine oxidase, the distinctiveness of
the two potentially deuteriated positions within the reaction products,

the corresponding w-aminoaldehyde or its cyclic imine, must be retained

4
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within the derivatised products (ef. Section 3.3.1, Scheme 21); (ii) the
2H NMR signals due to deuterium substitution at the two corresponding
positions within the derivatised products should be well separated. Also
desirable was ‘a derivatiJ;\whin\would be produced in situ by reaction
with a reagent, which could be added to thé enzyme incubation mixture
without affecting the acfivity of diamine oxidase.

The reactions of A“-piper%de%ne (1%3) and a'-pyrroline (1%3) with
o-aminobenzaldehyde (1%4) to yield the corresponding quinoline ((1%5) and

(135), respectively) and dihydroquinazolinium ((126) and (134), respec-

tively) derivatives had previously been invest‘igated.]gs’]gg’202

o-Aminobenzaldehyde had also been employed to, trap-the reaction products

195,197

s .
obtained by enzymic oxidation of cadaverine and putrescine. This

*

Feégent has also been used for the spectrophotometric determination of

diamine oxidase activity:218’2]9 with putrescine (1g1) as the substrate,

a'-pyrroline (133) is trapped in situ as the 2,3-trimethylene-1,2-dihy-

droquinazo]iniuﬁfion'(1%4)= o-Aminobenzaldehyde d?és not significantly

218

iqﬁibit diamine oxidase activity. This was the reagent employed in

the present investigation for the iso]ation'of,the enzymic reaction pfo-
. _ g
ducts.
Under the conditions adopted for incubation of the diamines with
diamine oxidase (Table 6), 5-aminopentanal (1%2) (= aA'-piperideine (1g3))
was trapped with o-aminobenza]dehyde-(Tg&) to afford 3-(3'-aminopropyl)-

quinoline (1%5) as the major product (Scheme 18), whereas 4-aminobutanal

) (1g2) (= a'-pyrroline (1%3)) afforded the dihydroquinazolinium adduct

(1%4) as the major product (Scheme 19). The integrity of the two poten-
b

tially deuteriated positions witﬁin each of these products ({.e. -2 and

-
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C-3' in both (1@5) and (134)) was maintained when samples of (1-2H)cada—-

verine.and (1-2H)putrescine served as substrates: the 2H NMR signals

corresponding to deuterium substitution at the two positions were fully

resolved (Sections 3.3.3 and 3.3.4). | 5N
Enzymic oxidative deamination of-agmatine (]%7) affords 4-guani-

dinobutanal (1%8) 96 (Scheme 20}. Incubétion of agmatine with hog kidney

diamine oxidase led to guantitative oxidation of the amine {Section

6.4.2.2.3). The 1H NMR spectrum (2H,0) of the oxidation product showed

three poorly resolved signals which, by integration, corresponded to the

-protons at C-1 (6 5.2}, C-4 (& 3.2) and C-2,3 (6 1.7). The absence of a RN

signal in the region characteristic of aldehydic protons (> 9 ppm),220

and the occurrence of a signal at 5.2 ppm;'suggests that the product
exists in aqueous solution as the hydrated aldehyde (1&0) or, possibly,
as a cyclic hydrated imine, e.g..(1$1). Corroboration of this inference
was obtained from the 13¢ NMR spectrum of the product: no signal was

presenf:in the aldehyde c;:BEH‘?Egion~(éa. 200 ppm),22]'whi1e the signal

attribuged to C-1 occurregd at 83.8 ppm. The product of enzymic oxida-
tion of agmatine-(IQY) was subsequently isolated as the 2.4-diﬁitropheny1—
hydrazone derivative (1%9) (Scheme 20) whic; was {den;ified from its lH
and 13C(NMR spectra. The products resulting from thg\jncubation of the
samples of (1-2H)agmatine with diamine bxidase were siﬁi]ar]y isolated,

* as their dinitrophenylhydrazone derivatives (Section 3.3.5).

A IR

!
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3.3.3 The stereochemistry of the dehydrogenation of cadaverine,
catalysed by hog kidney diamine oxidase

incubation of $-(1-2H)- and R-(1-2¥&daverine with hog kidney

diamine oxidase afforded deuterigted samplés of S-aminopentanal (T%Z)
which were trapped wifﬁ o-aminobenzaldehyde to yield deuteriated samples
of 3-(3'-aminopropy1)quinqcine (1%5) (SchéheiZZ). The two samples were
isolated as their dihydrochloride éalts and 2H NMR spectroscopy was em-
p!oyed to determine the location of deuterium within the two derivatives
(Table 7). 1In order to ass¥gn the 2H Nﬂﬁ signals of the deuteriated

quinoline derivatives, the 1H NMR spectra of samples of the unlabelled

derivative and of derivatives of known isotope distribution were examined.

A specimen of 3-(3'-amin0pro§il)ﬁuinoline (125) was obtained
from cadaverine (lgl), by enzymi:/gg'ydrogenation, and was found to be

identical with an authentic specimen prepared198

from a-tripiperideine
(127) (section 6.4.1.1.1, of,/Scheme 18). The H NMR spectrum of the
free base (125) in 24,0 (Pigure 4) showed two low field doublets at

6 8.63 (J 1.8 Hz) and & 8.277(J = 1.8 Hz), each corresponding to one pro-

ton. These signaly were readilyNassigned to the ‘protons at C-2 and C-4

of the quinoline/ring system. The five line ﬁattern centered at 6 2.93

(relative ared 4) arising from two ovér1appingstrip1ets (J = 7.5 Hz) was
assigned to -the protons at C-1' and C-3' of the 3-aminopropyl side chain.
The chemical shifts corresponding to each of these protons (H-2, H-4,
H-1', H-3') were sensitive to chahgeé in p2H. When the 1H NMR spectrum
of the dihydrochloride salt was recorded in.2H,0, the differehce in chem-
ical shift between the two doublets arising from H-2 apd H-4 was only

0.07 ppm; the signals due to H-1' and H-3' were indiéfinguishab]e and

.
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Figure 4. 1H NMR spectrum of 3-(3'-aminopropyl)quinoline (125)
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gave the appearance of a triplet centred at 6 3.05. At p2H ca. 5, however,
the spectrum of the dihydrochloride was similar to that of the free base
(in 2H,0) (Table 10). The signals due to H-2 and H-4 were separated by
0.32 ppm, whereas the protons at C-1' and C-3' gave rise to a five line
pattern. Unambiguous assignment of the signals arising from H-2 and H-3'
was made using compounds of known isotope distribution.

A sample of 3-(3'-aminopropyl)-(2-2H)quinoline (125D) was prepared

. by w-bromosuccinimide oxidation of (2-2H)1ysine,.fo]1owed by condensa-
;::::ZQQEE:;;tion of the product, (1-2H)-5-aminopentanal with o-aminobenzaldehyde
™~ (Section 6.4.1.1.2). The 1H NMR spectrum (2H,0, p2H ~ 5) of the dihydro-
" chloride of (2-2H)-{125) showed virtually complete absence of the sig-
nal at & 8.68 which was present in the spectrum of the unlabelled speci-
ﬁen. This established that the signal at lowest field (Z.e. § 8.68) in(::7£
the spectrum of the quinoline (1%5) corresponds to H-2.

A sample of 3-(3'-aminopropyl)quinoiine dihydrochloride (IQSC)
intermolecularly doubly labelled with deuterium at C-2 and C-3' was ob-
tained by tncubation of (1,1-2H,)cadaverine with diamine oxidase in the
presence of o-aminobenzaldehyde (Expt. 3a). /fhe 'H NMR spectrum {2H,0,

p2H ~ 5) of this sample (125C) showed the two signals at & 8.32 (H-4)
and & 8.68 (H-2) in a ratio of 2:1. The intensity;of the downfield porJ el
tion (& 2.95, t) of the five line pattern centred at & 2.90 was approzx. )
half that of the upfield portion (& 2.85, t), indicating that the tripfet
at 3 2.95 corresponded to the protons at C-3' (ef. Table 10).

The 2H NMR spectra of_these samples of 3-(3'-aminopropyl)quinoline
dihydrochloride ((1%50) and-(ﬁ%SD)), as well as those of the two samples
((I%SA) and (1%58)) derived from g;(1-2H)-.and 5;(1-2H)cadaverine are

R . L
shown in 51gure 5.
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Proton decoupled 2H NMR spectra of deuterium labelled samples

of 3-(3'-aminopropyl)quincline (1%5) dihydrochloride: A (1%5A),
derived from S-(1-2H)cadaverine (by enzymic oxidative deamina-
tion) (5 mM, 56628 transients); B (125B), derived similarly
from 5;(1-2H)cadaver1ne {5 mM, 57000 transients); C (1%50),
derived similarly from (1,1- 2H,_)cadaver‘ine (13 mM, 3475 trans-
jents); D (1250). obtained from DL-(2- 2H)1y51ne by chemical |
oxidation (8 mM, 4808 trans1ents)
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The 2H NMR spectrum of the sample of 3-(3'-aminopropyl)-(2-2H)-
quinoTine (1%50) showed a singlé peak at 5. 8.8 (Figure 5, spectrum D)

(apart from the si .4.5 due to the nafural abundance of deuterium

in water). The 2H NMR spectrum of the quinoline derivative (1%5C) derived
from (1,1-2H,)cadaverine {Expt. 3a) showed two signals at.§ 2.9 and § 8.8,
of relative areas—71, due to deuterium at C-3' and C;Z, respectively
(Figure 5, spectrum C). o
| The gquinoline derivative.of the sample of 5-aminopentanal derived
from é;(]—zH)cadaverine contained deuterium only at C-3' of the sidé chain
(6 2.9, Figure 5, spectrum A), that derived from R-(1-2H)cadaverine con-
tained deuterium at C-3' of the side chain as well as at C-2 of the guino-
line ring (8 2.9 and 8.8, Figure 5, spectrum B). bjhus, the 5-aminopen-
fana], derived from g;(I—ZH)cadaverine, was a mixture of (5-2H)-5-amino-
pentanal and nondeuteriated 5-aminopentanal, whereas the product from
R-(1-2H)cadaverine was a mixture of (5-2H)}~5-aminopentanal and (1-2H)-5-
aminopentanal. Deuterium had been $tereos;§Lifica11y lost from é;(]—ZH)-
cadaverine, protium from 5;(1-2H)cadaverine (Scheme 22).

It follows that diamine oxidase from hog kidney mediates the
stereospecific removal of the éi-hydrogen from C-1 of cadaverine, and
that thg product of oxidative dsgminatibn, 5-aminopentanal, 1n,equiiibrium
with A'-piperideine, retains the Re-hydrogen at the sp2 harbon.

This stereospecificity corresponds to that of the analogous re-

150

actions, catalysed by the coppez:amine oxidases (E.C. 1.4.3.6) from pea

seediings and bovine plasma {Table 2, Section 1.5). The hog kidney enzyme

. 222-224

is also a copper-amine oxidase. The FAD-containing enzyme, rat

TSO'b

liver mitochondrial monoamine oxidase (E.C. 1.4.3.4), y contrast,
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catalyses the reaction of opposite chirality: oxidative deamination of

tyramine]]9‘122’129 151

and heptylamine takes place with Toss of the Re-
hydrogén from the carbon adjacent to the amino group.

The diamine oxidase from pea seedlings has been shown to catalyse
stereospecific removal of the 1-SZ-hydrogen in the course of the oxida-
tion of every substrate so far investigated (Table 2). The stereochemi-

cal consistency with such a wide range of substrates would appear to jus-

;ify the assumption that, in the feaction catalysed by this enzyme, oxi=

dation of every substrate is accompanied by loss of the Si—hydrogenjxlzr\

Indeed, configurational assignments of the absolute stereochemistry of

\
132

chiral samples of 4-aminol4-3H]butan-1-01, of 5-aminol5-3H}pentan-1-

q1,135 of 3-methy]thio[1-3H]pr0py1amine138 and, very recently, of [1-3H]-

putrescine,]68 have been made on the basis of this assumption.

Similarly, the assumption that mitochondrial rat Tiver monoamine

oxidase catalyses removal of the Re-hydrogen not only from tyramine]]g’

122,129 151

and heptylamine but also from other substrates, has served as

the basis of configurational assignment of chiral sampTes~of [a-3H]-

141

tryptamine. The validity of such an assumption would therefore appear

to be well accepted. Based on this assumption, that hog kidney diamine

oxidase not only mediates stereospecific removal of the Si-hyd?ogen from

1]

C-1 of cadaverine, but also of putrescine and of agmatine, configuration-

al assignments of the chiral samples of (1-2H)putrescine and of (1-2H)-

agmatine can be made.

~\
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v
3.3.4 Configurational assignment of the enantiomeric samples
of (1-2H}putrescine

—

Incubation of the enantiomeric samples of (1-2H)putrescine,
obtained by enzymic dedarboxy]gtion of L-ornithine, with diamine oxidase
produced deuteriated samples of_A'-pyrroIine (]%3) which were trapped
with o-aminobenzaldehyde (1%4) to yield deuteriated samples of 2,3-
trimethylene-1,2-dihydroquinazolinium (1%4) picrate. The location of
deuterium in the samples of the dihydroquinazolinium. derivative was deter-
mined by 2H NMR spectroscopy (Table 8, Figure 6).

The oxidation of putrescine.catalysed by diamine oxidase is
expected to occur with stereospecific loss of the 1-$7-hydrogen (Section
3.3.3). Thus, oxidation of the §;eﬁantiomer of (1-2H}putrescine by
stereospecific loss of the Si-deuterium leads to a sample of A'-pyrroline
(I§3) enriched in deuterium exclusively at C-5, together with nondeuteri-
ated (]%3). The dihydroquinazolinium derivative (134) obtained from this
(5-2H)-aA"'-pyrroline will be deuter%ated exclusively at C-3' of the tri-
methylene ring. Oxidation of the g;enantiomer of (1-2H)putrescine by
stereospecific retention of the Re-deuterium but Joss of the Si-hydrogen «
from C-1, leads to a sample of A'-pyrroline, intermolecularly doubly
labelled at C-2 and C-5. This, in tumn, yields an-intermolecularly
labelled dihydroquinazolinium adduct, deu;griate at C-3', as well as at
C-2 of the dihydroquinazolinium ring system (Sc Fme 23).

" Assignment of the NMR signals due to 14 and 2H at these positions
was facilitated by chemical Eynthesis of (2~2H)-(1g4): This was‘achieved
by'oxidative decarboxylation of (2-2H)ornithine (101) with ¥-bromosuccin-
imide to afford (2-2H)-a'-pyrroline which was then trapped, as before,

with o-aminobenzaldehyde.
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Proton decoupled 2H NMR spectra of deuterjum labelled samples
of 2,3-trimethylene-1,2-dihydroquinazolinium (1%%) picrate:.

A (T§4A), derived from (+)-(1-2H)putrescine dihydrochloride

(by enzymic oxidative deamination) (13 mM, 15140 transients);

B (1348), derived similarly from (-)-(1-2H)putrescine dihydro-
chloride (13 mM, 10000 transients); C (134C) derived s1m11ar1y
from (1,1-2H,)putresctne dihydrochloride (26 mM, 4824 trans-

jents); D (]340), obtained from DL-(2-2H)ornithine by chemical
oxidation (20 mM, 5000 tranS1ents)
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The 14 NMR spectra of unlabelled sampies of 2,3-trimethylene-
1,2-dihydroquinazolinium picrate derived from putrescine, by enzymic
oxidation, and from ornithine, by oxidative decarboxylation with ‘v-
bromosuccinimide, were identical (Figure 7). The signals assigned to
the protons at C-3' and C-2 appeared at & 4.12 (t, Jav 3t 6.8 Hz) and
§ 5.20 (t, J, ;L\G 0 Hz), respectively. The downfield signal (s 5.20)
was absent in the 1H NMR spectrum of the sample of 2,3-trimethylene-
(2-2H)—1,2-d1hydroqu1nazo11n1um (134D) picrate. The 2H NMR spectrum of
(2—2H)1(1%4) showed a single peak at 6 5.1 (Figure 6, spectrum D). (apart
from a signal at ¢ 2.8 due to the natural abundance of 2H in dimethyl-
sulfoxide).

The assignment of these NMR signals was further verified by exam-
ination of the 2H NMR spectrum of a sample of (2,3',3'-2H3)-(134) (i’e.
(]%46)) which was obtained by enzymic dehydrogenation of (1,7-2H, )putres-
cine (Expt. 6, Tabie 8). The 2H NMR spectrum of this sample showed two
signals at'§ 4.1 and & 5.2 (relative areas*, 7:1) corresponding to deu-
teriation at C-3' and C-2, respectively (Figure 6, spectrum C).

The 2H NMR spectra of the dihydroguinazolinium derivatives ob-
tained from the two enantiomeric samples of (1-2H)putrescine are shown in
Figure 6 (spectra A and B). The dihydroquinazolinium derivative (]g4A)l
derived from (+)- (1 -2H)putrescine (102) dihydrochloride (Expt. §) con-

ta1ned deuter1um on]y at C-3' of the trimethylene ring (s 4.1, Figure 6,

The relative areas of these signals are discussed in Section 3.3.6.
A .

'l

‘..
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spectrum A} while that (134B) derived from (-)-(1-2H)putrescine (]QO)
dihydrochloride (Expt. 4) contained deuterium at C-3', as well as at C-27
of the dihydroquinaoniniuh ring system (5 4.1 and & 5.2, Fiqure 6, spec-
trum B). Thus, the deuteriated A'-pyrroline derived from the sample of
{(+)-(1-2H)putrescine was a mixture of (5-2H)-a'-pyrroline and nondeuteri-
ated TT%4), while the product derived from the sample of (-)-(1-2H)-
putrescine was a mixture of {5-2H)-a'-pyrroline and (2-2H)-A'-pyrroline.

Deuterium had been stereospecifically lost from the (+)-enantiomer, and

"~ protium from the {-)-enantiomer.

T’If hog kidney diamine oxidase mediates stereospecific removal of
tﬁe Si-hydrogen when putrescine is the substrate,‘as it does when cada-
verine iS.the substrate, it follows that deuterium occupies the 5i-posi-
tion of (+)-(]-2H)putfescine, while protium occupies the Si-position of
(-)-(1-2H)putrescine. (+)-(1-2H)Putrescine is the g;enantiomer;
(-}-(1-2H)putrescine, the R-enantiomer (Schéme 23). Thus, it was g;
(1-2H)putrescine which was derived from L-(2-2H)ornithine, by enzymic
decarboxy]ation in 14,0, and it was ngl-zH)putrescine which was derived
from unlabelled L-ornithine, by enzymic decarboxylation in 2H,0. Replace-
ment of the carboxyl group of g;ornithine by a solvent proton in the |
course of decarboxylation, catalysed by é;ornithine décarbo;ylase of E.

coli occurs with retention of configuration (cf. Scheme 17, Section 2.3.1).

3.3.5 Configurational assignment of the enantiomeric samples
of (1-2H)agmatine -

Incubation of (-)-(1-2H)agmatine (104) sulfate with hog kidney
diamine oxidase (Expt. 7) yielded a sample of 4-guanidinobutanal (138)

1 '
2 4 . [
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(isolated as the phosphate salt of the 2',4'-dinitrophenylhydrazone (139)) (\_. o

which contained deuterium at the aldehyde carbon atom as revealed by ex-
amination of its 2H NMR spectrum. The product (159) derived from the
enantiomeric (+)-(1-2H)agmatihe (1g6) sulfate {Expt. 8) was free of deu-
terium: no signal due to deuterium in the product was detettable by 2H

NMR (Table 9).

~The 1H NMR spectra of the two dinitrophenylhydrazones confirm

the inference that @deuterium is maintained in one of tﬁe produtts but not

in the other (Figuﬁé}B). Thecﬁaﬁnfie1d region of the spectrum of the
aldehyde dinitrophenylhydrazone from (+)-{1-2H)agmatine sulfate (Figure

8, spectrum A) shows a hroton triplet, centred at ¢ 7.74 (Jl,z 5.1 Hz),
due to the proton at the imino spz-carbon, c-1. Iﬁ this spect}um, the
céntra1 line of the triplet, § 7.74, coincides with the downfiéld Tine

of a doublet, & 7.68 (Js',s' 9.8 Hz), due to H-6' of the aromatic nucleus.
This triplet is missing entirely in the sbéctrum‘of tHe sample derived
from (-)-(1-2Hjagmatine (Figure 8, spectrum B). Thus, this sample is
completely deuteriated at C-1. _

Complete r%?ention of deuterium in the prodqct derived from one ,k\
enqptiomer of (1-2H)agmatine (1Q4), and comélete loss of deuterium in the
proﬁuct derived from the other enantiomer qf,(1-2H)agmatine (IQG), pro-
vides c]gar evidence that, in the course of the convePsdon of agmatine
to 4-guanidinobutanal, hog kidney diamine/oxidase mediates stereospecific
re]egse of one of the two enantiotogic hydrogens from the carbon adjacent
to the reacting aﬁino‘group. The degree of stereospecificity>js as com-

plete as the methods of detection can reveal. Thus, on the assumption

that the reaction’occurs with stereospecific removal of the Si-hydrogen

)
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"Figure 8. - Downfield region of the 1H NMR spectra of "samples of 4-§uanidi-
. ' nobutanal dinitrophenylhydrazone (139), derived from deuterium

1 labelled samples of agmatine by entymic oxidative deamination.
COA (1§9A), derived from (+)-(1-2H)agmatine sulfate. B (1%98),

derived from (-)-(1-2H)agmatine sulfate. The signals assigned .

C:;;:\_ : to the protons,at C-3', C-5' and C-6' of the aromat1c nuc]eus
" Bf the 2',4'- dQ;1tropheny1hydrazone appear at & g. 03 (d J3» |5t
2.7 Hz, H-3'), 8.23 (d of d, Jj .50 2.7 Hz, g0 g1 9.8 Hz,

H-5') and 7.68-(d, Jgt g' 9.8 Hz, H-6'), respect1ve1y. The
triplet due to the presencé of protium at C-1 (Spectrum A) is
centred at § 7.74 (JI,Z 5-1 ‘HZ). :
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(Section 3.3.3), it follows that (-)—(1—4H)§gmatine (1g4) sulfate is the
R-enantiomer and that (+)}-{1-2H)agmatine (1g6) sulfate_is the S-enanti-

omer (Scheme 24).

The sample of (-)-(1-2H)agmyth\ne was obtained from L-arginine by

\
(+)-(1-2H)agmatine was obtained

decarboxylation in 2H;0. The sample o
from L-{2-2H)arginine in l_HZO. Since deuterium>occuBies the Re-positioﬁ
in the levorotatory saﬁpie-aqd the Si-position in the dextrorotatory

sample, it follows that enzym}c décarboxylafion of é;arginine“to yield .

agmatine, catalysed by L-arginine decarboxylase of E. coli, occurs with

- net retention of confiéuration (ef. Scheme 17, Sjggigyfzfé.})a

3.3.6 Decurrence of ah intramolecular isotope effect in the
ehzymic oxidation of (i-2R)putrescine

The results discussed in previous sections of this chapter provide
unequivocal evidence that the reaction catalysed by hog kidney‘diamine
oxidase, with cadaverine, putrescine and agmatine as substrates, occurs
with a very high degree of stereospecificity. Indeed, the 2H NMR spectra
of the products obtaiéed by the action of hog kidney diamine oxidase.pn
the chiral samples of (1-2H)cadaverine (Figure 5, spectra A and B} and of
(1-2H}putrescine (Figure 6, spectra A and B) show that the#stereochemica]
coursé of the reaction is highly exacting with both substrates. Even so,
c&ﬁﬁéfTSon of the 2H NMR'spectra of the corr®sponding products obfained N
from (1,1-2H,)cadaverine (Figure S, spectrum'C) and from (1,1-2H,)-
putrescine (Figure 6, spectrum C) reveals that the extqu‘ofjfeaction at ‘
the deuterium labelled site, relative to that at the unlabelied site may

be significantly different with the two substrates.
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~ The preduct (125C) from (1,1-2H;)cadaverine showed deuterium en-
richment at C-3' (5 2.9) which was approximately twice thaf at C-2 (s 8.8)
(Expt. 3a,_TabIe 73 Figure 5, spectrumlg), whereas the product (]§4C) from
(1,1-2H, )putrescine, which bears deuterium at the corrgséonding positions,
" showed deutgrium enrichment at C-3' (¢ 4.1) which was seven times greater
than that ét C-2 (5§ 5.2) (Expt. 6, Table 8; Figgre 6, spectrum C).

Since enzymic‘oxidative deamination of the (1,1-2H,)diamines can
take place at one of two sites within a given molecule, either at the
labelled site (C-1}, with release of deuterium, or at the unlabelled site
(C-4 or C-5, respectively), with release of protium, two isotopically dis-
tinct species are formed (Scheme 25). The relative contribution of each
qf these two species to the product, which is trapped in situ with o-amino-
" benzaldehyde, can be determined from the 2H NMR spectrum of the quinoline
or the gquinazolinium derivative which 1$ isolated.

The 2H NMR spectrum of the sample of 3-(3'-aminopropy1)qu}noliﬁe
(1%5) dihydrochioride derived from (1,1-2H,)cadaverine (119) (Expt. 3a, |
Table 7; Figure 5, spectrum C) 1ndi;ates the presence of a mixture of the
dideuteriated species, (3',3'-2H2)-(135) (s 2.9, relative area 2.2 {+ 0.4))
and the mongdeuteriated species,'(Z;zH)-(TQS) (5 8.8, relative area 1) in
the ratio 1t1. It follows that the enzyme mediates release of hydrogen
" from C-5 and deuterium from C-1 of (1,1;2H;)cadaveﬁine (IlQ)-to an equal .
extent (Scheme 25, A). ' _

By éontrast, the 2H NMR spectrum of the sample of 2, ~trimethylene-
1,2-dihydroquinazolinium (1%4) picrate derived from (1,1-2Hé) utrescine
(1%0)‘(Expt. 6, Table 8; Figure é, spectrum C) indicates preferéntial for-

mation of the dideuteriated species,(3',3';2H2)-(1£4) (6 4.1, relative
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Scheme 25. Products derived from the diamine oxidase

catalysed 0x1dat10n of (1, l—zH )cadaverlne (119)
(), and (1, 1-2 H,)putrescine (120) (B).
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area 7.0 (+ 0.5)) over the monodéuté?iated species, (2-2H)-(]g4) (6 5.2,
relative area 1), by a factor of ca. 3.5. .
Two obvious possibilities must be considered for the predominance
(i;__/__.of_tﬁe dideuteriated product, (3?,3'—2H2)-(1§4), over the monodeuteriated

QE’MJ © product, (2-2H)-(1§4), in the product mixture.

\ The first possibility is that, as in the case of (1,]—5H2)1
cadaverine, enzymic oxidation of (],1-2H23putrescine leads $o a 1:1 mix-
ture of mono- and dideﬁteri;;ed-products, but that deuterium {s subsequently
Tost from C-2 of the monodeuteriated product, (2-2H)-(1§4),by solvent ﬁedi—

ated exchange, e.g. via tautomerization (Scheme 26). This would lead to

unlabelled (1%4) from the monodeuteriated species, (2-2H)-(1é4), but would

not affect deuterium enrichment in the dideuteriated species, (3',3'-
(1§4). The net effect of such a process would thus be to change the fatio
of dideuteriated to monodeuteriated (1%4) within the product frog/ 1:1 to
:ggg;observéd_hfgh value.

The second possibility for the preponderance of the dideuteriated

species in the reaction produgt is that the enzymic reaction is accompanied

by a large primary intramolecular protium-deuferium isotope effect, pro-

-

tium being released more readily (from C-4)/than deuterium is released
(from C-1) in the course of oxidation of (1,1-2H,)putrescine (1%0) {Schéme
25, B). '

Solvent mediated exchange as the cause of the high ratio of dideu-

&

teriated to-.monodeuteriated species within the product may be excluded on
the basis of the 1H NMR spectrum of the reaction product (1%4C). The
» relative areas of the signals assign®d to the protons at C-2 (s 5.20) and

C-3' (s 4.12) correspond to 0.76 and 0.50 H atoms, respectively. This

=.:;;tl;q:j-.—.-.-‘. .



> Scheme 26. Tautomerization of the 2,3—trimethy1ene-l,2—,
dihydroquinazolinium ion (134).
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indicates that the product consists of 24% (2-2H)-(134) and 74%

o

(3'.3'—2H2)—(1%4) (Table 11, Expt. 6). Since_these two species account

for approximately 98% of ‘the product, and since non-deutertated (1%4)

_ conEfiPutes less than ‘1%, Joss of deuterium by tautomerization of the di-

hydroquinazolinium ion cannot be significant under the conditions of the
experiment.

This inference is fOwther supportéd by the results of Experiments
d4a and 4b. The‘;ampTe of dihydroquinazolinium salt (I§4B), derived from
(-)-{1-2H)putrescine (190) dihydrochloride, consisted of approximately
equal amounts of (3'-2H)-(I§4) and (2-2H)-(1g4), as determined from the
24 NMR#pectrum (Table 8, Expts. 4a and 4b). The lH NMR spectrum of
(1%48) (Table 11, Expt:. 4a) revealé‘that 100% of the deuterjum of fhe
putrescine is rétained in the components of the product. Thus, deuterium
at C-2 of (2—2H)-(1%4), derived from (-}-(1-2H)putrescine dihydrochloride,
is maintained without 1oss-in the course of the enzymic reaction. It can
be conciuded that the integrity of deuter1umLat C-2 is also maintained in
the {2-2H)- (134), which is derived, under similar conditions (Tab1e 6,
Expts. 6 and 4), from (1,1-2H,)putrescine.

Since exchange is excluded as the caust of the high ratio of di-

"deuteriated to monodeuteriated species in the product of the diamine oxi-

dase catalysed oxidation of (1,1-2H,)putrescine, it can be concluded that
the observed high ratio is the result of isotope discrimination between
the two éymmetry-equiva]enf, ile. homotopic, but 1$otopica11y distinct
sites of the substrate, in the course of the enzymic oxidation of
(1,1-2H,)putrescine (Scheme 25, B). The mole ratio of the two compoﬁents

of the product, (3',3'- H2)~(1§4)/(2-2H)-(1§4), derived from
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;“
(1,1-2H)putrescine {120) (91% 2H,)* indicates an intramolecular isotope
effect,'kH/kD = 4 (Table 12, Expt. 6). By contrast, oxidation of (1,1-2H,)-
cadaverine (119) (ca. 93% 2H,)* 1eads’§p a product containing (3*,3'-2H,)-
(1%5) and (2—2H)-(1%5) in a ratio 1:1, indicaqing a fegligib1e intramolec-
ular isotope effect (Table 12, Expt. 3a).

Thus, whereas a primary intramolecular isotope effect islobserved

in the diamine oxidase catalysed reaction with (I,]-sz)putrescine\;E‘suhzx‘_;;///,//

strate, but not with (1,1-2H,)cadaverine as substrate, it is evident that

the rate-limiting Etep in the hydrogen abstraction process with each of \\____,,/

. the two substrates is not the same. This finding weakens the assumption .
thag\hgs stereochemistry of hydrogen abstraction in the oxidation of ‘

~putrescine is the same as that in the oxidation of cadaverine (Sectioﬁ

3.3.3)‘since not only the rate-limiting step, but also the mechénism,
might be different with eath of the tw; substrates. |
L + The reaction catalysed by plasma amine oxidase has recently been

Le 154

shown to have a different stereochemical outcome with homologous sub-

strates, which differ by only one methy]enéﬁg;bup.v With p-hydroxybenzyl-

amine]sz 153

and benzylamine as substrates, bovine plasma amine oxidase
mediates stereospecific removal of the Si-hydrogen from thé carbon ad-
Jjacent to nitrogen. With enantiomeric samples of {1-3H]dopamine ((&@) \\\Q

and (Q?), Table 2) as substrates, the enzyme-mediated hydrogen

*'.qhe contribution of the mono- and dideuteriated components to the
““Products derived solely from the (1,1-2H,)-species of .the sub-
strates is discussed in Section 3.3.6.1.
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le 12. Intramolecular isotope effect in the oxidation of
(1-2H)- and (1,1-2H,)cadaverine and putrescine,
catalysed by diamine oxidase. /7

Expt. : ; - 2H content Intramolecular
MNo. Substrate (atom % isotope effect
) R-{1-2H)cadaverine 95 1.0+ 0.27

B /m\ 1.0 = 0.4%
2 S-(1-2H)cadaverine ca. 95. 1.0 = 0.5%¢
3a (1,1-2H,)cadaverine ca. 93 1.1 = 0;2;’§

- 0.9 £ 0.2
3b (1,1-2H,)cadaverine - ca. 93 1.0 £ 0.2229
4a R-(1-2H)putrescine 7 99.7 1.2 & 0.1g

= 1.0 = 0.2°
4b R-(1-2H)putrescine 98.7 _ l.0%o0.3
5 5-(1-2H)putrescine 97.2 4.7 £ 13>
6 (1,1-2H, )putrescine © 9 4.2 + 0.3%°
» o 3.9 £ 0.3%°
Determined from the xelative areas of the 2H NMR signals corres-

ponding to deuterium n%ichment.at C-2 and C-3' (from Tables 7 and 8).

Determined from the relative area of the H NMR signals corres-
ponding to H-2 and H-3' (from Table 11)

Corrected for the presence of un1abe11ed species in the (1-2H}-

substrate.

Corrected for 5% R-(1-2H)- and 2% S-(1- )-speciés present in the
sample of (1,1- 2Hz)cadaverme (Section 3.3.6.1). .

Corrected for 7.9% R-{12H)-, 1.0% g;(1 2H)- and 0.1% unlabelled
spec1es)present in The sample of (T1,1-2H,)putrescine (Sect1on
3.3.6.1

TS THN
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abstraction process éppears to be non-stereospecific and a substantial

154

hydrogen-tritium isotope effect is expressed. To expliain these resuits,

154-

it was suggested that the dehydrbgenation reaction, with dopamine as

substrate, occurs by two competing mechanisms.

P} . Hog kidney diamine oxidase exhibits absolute s

Vits reagtions with agmagine, putrescine and cadaveryne as su

Chapter 2 &f this the§is, \it wds demonstrated that th rorotatory

samples of (1-2H)a ne and (1-2H)putrescine are of the same configura-

tion. Simila evorotatory samples of these (1-2H)amines are of

the_same'“ (tiguration (Secfioﬁ 2.3.1). Since hog kidney diamine oxidase .

/

catalyéssf tereg3pecific removal of deuterium from the dextrorotatory

N
enantiomers

and .of brotium from the Ierrotatéry enantiomers, it follows
that the reaction stereospec%ficity exhibited by this enzyme is the same
with both agmatine and putrescine as substrates. If would seem very un-
likely that hog kidney diamine oxidase catalyses the reaction of oppbsite
chirality with cadaverine as substrate’ Even so, to put tg-rest lagy
doubt, the configurational assjgnmenfs of the enantiomerif samples of
‘(i-zH)agmatine were confirmed by an independent method (diScussed in
Chapter 4}. This provided conclusive evidence that deuterium occupies
the 1-3i-position in the dextrofotatory sémp] ngﬂEEE\l—Re-positiqn in
.the levorotatory séﬁp1e. Thus, hog kidney diamine oxidase catalyses
stereospecific'?émova1 of the si-hydrogen from C-1 of all three substrates
even though oxidation of_(1,1~éH2)putrescine, but not of (1,1-2H,)cada-
verine, is subject to a primary iﬁtfamolecular hydrogen-deuterium 1sot0pe

effect.
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Correspondingly, a primary intramolecular isotope effect is ob-
served in the oxidation of é;(1«2H)putrescine, but none in the oxidat{on
of g;(]-ZH)cadaverine.

The H NMR spectrum of the product (134A) of the oxidation of
S- (1-2H)putrescine 1nd1cates the presence of two components, (3'-2H)-

(1 % ) and unlabeiled (134), in the approximate ratio 4:7 (Tab]e 11, Expt.
Tth:/the Si-proton at C-4 of S (1- 2H)putrescme is abstracted in
preference to the Si-deuteron at C-1. On the other hand, the composition
of tht product. (IQSA) from S (1- 2H)cadavemne (Table 11, Expt 2) indi-

cates the absence of an isotope effect (Table 12, Expt. 2).

Intramolecular isotope effects are hot observed in the reactions

f </of the R enant1omers of (1- 2H)putrescme and (1-2H)cadaverine. The 2H

and 14 NMR spectra of the products, (134B) and (1258), obtained from the
enzymic oglgat1on of R-(1- 2H)putr‘escme (Expts. 4a and 4b) and of R- (1-2H)-
™ cadaverine (Expt. 1), respectively, indicate equal molar amounts of the

two monodeuteriated components in each of the products (Tables 7, 8 and
11). a-Secondary hydroéén-deﬁterihm isotope'effeéts, kH'/kD', in the range
1.1-1.3 have been obgerved in other enzyme-catalysed hydrogen abstraction
p!r‘ocesses.zz-s'227 Although the reactions~Of the 5;(1-2H)d1amines take
p]ade without detectable intramolecular i?b"pe effect, the occurrence

of swall a-secondary éffects cannot be ruled”6ht due to the sensitivity

of the methods used to determine the ratio of t e two components in the
regction products (Table 12). -
Thus, an intramolecular isotope effect (kHsi/knsi = 4} is ahly

observed in the reactions catalysed by hog kidney diamine oxidase when

S-(1-2H)- and (1,1-2H,)putrescine serve as substrates (Table 12). An
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intramoiecular isotope effect of'simi1af magnitude (kH/kD = 3.91-4.75) in
the hog kidney diamine oxidase catalysed oxidation,o% (1,1-2H,)putrescine
was recgntly reported by Callery ot a2.228 In this investigation, the
cohtribution'of the monodeuteriate& species’, {2-2H)-a'-pyrroline, and of
the dideuteriated species, (5,5-2H2)l4'—pyrr011ne, to the oxidation.pro~
duct was determined by analysis of the N-trifluoroacetyi-2-cyanopyrroli-
dine derivativé by mass spectrometry.

The magnitude of hydrogen-de terium isotope effects observed in
enzymic reactions are knoﬁn to be sensitive to variatibn in experimental

226,229,230

conditions. Since cadaverine (Expts. 1, 2 and 3a) and»putres-

cine (Expts. 4 5 and 6) had been incubated with diamine ox1dasehynder
sl1ght1y d1fferent conditions (Table 6), the reaction with (1,1- 2H2)-
cadaverine was repeated (Table 6, Expt. 3b) employing conditions similar
to those used in the oxidation of (1, 1-2H2)putfescine (Table 6, Expt. 6).
The product, 5 am1nopentana1 (122), was-trapped- with o-am1nobenza1dehyde,
and the picrate salts of the quinoline derivative (1%5), as well as the

dihydroquinazolinium ion (126) were isolated (Scheme 18). In agreemént

with the earlier results these products again contained mono- and di-

deuteriated species in the ratio 1:1, confirming the-absgnce of an intra-

molecular isofope effect (Tables ll‘énd 12, Expt. 3b).

Thus, an intramolecular isotope effect is not observed with cada-
veriné as the substrate.of hog kidhey.diamine oxidase. Similarly, oxi-
dation of cadaverine, catalysed by peﬁ seedling diaminé oxidase alsoc takes
place without significant primary isotope effect, as shown by the result
of the oxidative deam1nat1on of S-[1- 3H]cadaverine (53) in the presence

of [1-1%C]lcadaverine. 134" The resulting A//p1per1 eine (143) which was

S v fima ik e iDd

e
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trapped as pelletierine (1%4), retained 55 (x ?)}* % 3H, relative to-l“C,
indicating little, if any, preference for remov§1 of the Si-protium from
C-5-over that of the Si-tritium from C-1 of cadaverine (Scheme 27).

The oxidation of 2;[1—3H]cadaverine, together with [1-1%C]-
cadaverine, Catalyééd b& pea seéd]ing ?iamine oxidase, was recently rein-
vestigated.]35 The reaction was carried out in the presence of a.second
enzyme, yeast alcohol dehydrogenase, together with ethanol as a hydride o
donor. Under these ¢ 2pnd1t1ons the ox1da§30n product of cadaverine,
“5-aminopentanal, is reduced i<n situ to y1e1d S5-aminopentan-1-01. Furthers:
diamine oxidase mediated redction of this compound yields pentan-1,5-diol '
(via 5~hydroiypentana1). 5-Aminopentan-1-o1 as well as pentan-1,5~diol
were isolated. When S-{1-H]cadaverine (53) sgrved as the subétrate the.
pentan-1,5- diol (1d6) w;;\éssent1a11y free of tritium, re]at1ve to 14C.”

"’?he 5- am1nopentan -1-01 (94) on the other hand, reta1ned almost all the

135

tritiun (95 + 5%) relative to 1%C. This was interpreted ~” to indicate a

~ large isotbpe.effecf,in the oxidation of the é;[1-3H]cada;erine (gg). In
.//’”f”/i’;?:w|pf the result reported bﬁ G;rdes and Leistner,w4 it is more likely

that the retention of tritiup, relative to 14C, in the sample of $-5-
amino[5-3H:I,S-lﬁczlpentan-1-o1 (94) was the result of;a substantial

_ intermo]ecu;;?“T3otope effect in its further oxidation to [1-1*C]lpentan- R
1,5-diol (146), raéher than the consequggzg?g;/a% {htrdﬁ61e;u]ar isotope ’f’d/
effect in'it§ generation from g;[1-3H,i-1“C]cadaverine~+i§) (Scheme 27).
* The confidence Timits of the count1ng data were not given; the re-

su1t134 was taken to indicate a loss of 50% of the tritium, relative
> C .¢. @ reaction not accompanied by an isotope effect. ,f\'

;
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.. ‘recently been advanced.

- lar isot
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Intramolecular isotope effects in enzyme catalysed hydrogen ab-

231-233

ber of instances ~and values for kH as high as 11 have been ob-

straction in substrates with Coyp symmetry(hate been investigatedhin a num-
/kD

served. A kinétic_mode] for the'interpreté jon of intramolecular isotope
effects between two N-methy) éroups in stbstrates with C; symmetry. has

234. This modgl is adaptable to-the C,, case. If
hydrogen abstraction wefe irreversibley, the intramoleéu1ar isotopé effect
is a function of the relative rate of this hydrogen abstraction compared
to the rate of the exchange, at the active site 6f the enzyme, of the two

symmetry equivalent but isotopically distinct regions of the substrate.

Thus, if the Tabelled and unlabelled homotopic regioéi‘of the substrate

rapidly equilibrate at the active site, a large intramolecular 1sptobe
effect results, as was observed in the diamine oxidase catalysed oxida-
tion of é;(T-ZH)putrescine. If equilibration of Tabelled and unlabelled
regibns is slow, relative to C-H (or C-2H) bond cleavage, i.e. when

there is 1itt1e rotational mobf]itxﬁonce substrate is bound at the active ¢

site, the intramolecular isotope effect is small. This is the case when

cadaverine serves as the substrate of diamine oxidase. Since the varia-

tion in intramolecular isotope effects appears to arise from changes in

the relative contribution of ‘the individual rate constants to the overall

- kinetic scheme, rather than from intrinsic differences in the rate-

226,230,234

limiting step, mechanistic inferences cannot be based on the

ifferences in the behaviour of putrescine and cadaverine as
o~ .

fects in reactions catalysed by hog kidney diamine oxidase

4
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A
are smaller than those of the intramolecular isotope effects. Thus, in

~ the oxidation of putrescine, ky/kp (intermolecular)?28

was found to be

ca. 1.3 (compared to kH/kD (intramotecular) = 4). With p-dimethylamino- .
methy]benzylamine and the corresponding (u,a-2H,}-derivative as substrates,
the hydrogen-deuterium isotopé effect was found to be sensitive to varia- ' 3

tion in pH and temperature.235

Values for kH/kD ranged from 4.8 to 1.8
for'bH values from pH 6 to pH 8, at 20°C. The isotope effect on the kin-
etic pafameégrs_vmaxlkﬁ varied from 2.1 at pH 7.0 and 40°C to 5.2 a@d;H 6
and 20°C. 1The_isotope effect on Vmax was less sensitive to changes.in
pH and temperature, varying from 1.6 to 2.8.7_Sim11ar values for inter-
molecular isotope effects have been observed in the reactions catalysed
by monoamine oxidase. from rat 1iver119’]22’236'(
231 (kH/kD = 2), as well as by hog plasma monoamine oxidase

. >

(kH/kD = 2.8).

kH/kD = 2.3), and from

rabbit liver 238

-

3.3.6.1 Determination of the composition of the enzymic oxidation
products obtained from samples of the {1,1-ZH;)diamines

The samples of (1,1-2H,)putrescine and (1,1-2H,)cadaverine were

prepared by enzymic decarboxylation of the corresponding IZ-zH)amino
acids in deuterium oxide. Since tﬁe (2-2H)amino acids were not‘fu]1y
deuteriated at C-é and enzymic decarboxy]atfon‘in 24,0 led to incohp]ete
deuterium incorporation into the &-position of the amines, the sampies
of the {1,1-2H,)diamines also contained monodeuteriated species.

' The sample of (1,1-2H,)putrescine (Expt. 6) was found to be com=
posed of 91.0 # 1;Oi_dideﬁteriated amine and of 9.0 + 1.0% monodeuteriated

amines, ¢.e. R~ and S-(1-2H)putrescine, by mass spectrometry (Section

N

/ &
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6.2.2.1.3). Since this sample was‘prepared from a specimen of 2&;
ornithine which was ea. 92% monodeuteriated at C-2 (by !H NMR), enzymic
decarboxyiation of the L-component of the specimen of 2&;(2-2H)0rnithine
in 2H,0 must have led to incorporation of ca. 98.9 atom % 2H frmw{{;e
medium inbo-the ]—Re-position* of putrescine. It follows that thé sample
‘consisted of 91% (1,1-2H,)-, 7.9% R-{1-2H)-, 1.0% é;(j-zH)- and 0.1% non-
deuteriated putrescine. .
Oxidative deamination of theq§a%p1e bf (],1-2H2)putrescjne, cata-
lysed by hog kidney/diamine oxidase, led to a product (1%4C) which con-
sisted of a mixture of mono- and didedteriated species (Ta§¥é‘f1,'Expt. 6).
Given the above composition of the sample of putrescine, the contribution
of the two specieg, (3',3‘¥?H2)—(1%4) and (2—2H)~(1%4), derived solely
*\_H_,Y>from (1,1-2H2)putréscine (]gO), to the product can be determined ‘from
eitﬁ%r the 2H or IH NMR spectra: 73.3-% 6.8% (3',3'-2H2)-(1§4) and 17;7
+ 1.0% (Z—ZH)-(1§Q), determined from the relative areas of the éH NMR
signals corresponding to 2H enrichhent at C-3' and C-2 of (134C) (Table 7,
Expt. 6); and, 72.4 + 7.2 % (3},3'—2H2)-(1§4) an& 1%.6 + 0.5% (2-2H)—(1§4),
determined fromithe relative, areas of fhe 14 NMR signals assigned to the
protons at C-3' and C-2 of (1%40) (Table 11, Expt. 6)}. These values for
“the contributidn of the twq‘§aacies to the product were used for the cal-

cu]a;}qs of the values of the intramolecular isotope effect reporfed in

Table 12,
_ | . ,
* gince the enzymic decarboxylation of L—ornffhine to putrescine takes

N place with net retention of configuration (Sectidhs 3.3.4 and 4.3),
the solvent derived deuteron occupies the 1-Re-position. -
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The deuterium content of the samples of (1,1—2H2)cadave(ine
(Expts. 3a and 3b) was not. accurately known (ca. 95% dideuteriated at'
one of the methylene groups by 1H NMR). The saméIe of {1,1-2H,)cadaverine
was obtained from the L-component of 2&;(2—2H)1ysine {ca. 95 atom % ZH‘
at C-2 as determined by 'H NMR) by enzymic decarboxylation in 2H,0 (> 98
atom ﬁ 2H) (Section 6.2.1.1.3). The contribution .of the chiral monodeu-
terfated species to the sample can be calculated if the efficiency of
deuterium incorporation into the product of decarboxylation is estimated.
If it is assumed that decarboxylation of the specimen of g;(Z-ZH)]ysine leads
to incorporation of 98 atom % 2H* from the medium into the 1-Re-position]20
of thé diamine, the sample will be composed of 93% (1,]—2H2)-, 5% R-
(1-2H), and 2% g;(1-2H)cadaverine. Taking this to be‘fhe‘composition of
the samples of (1,1-2H, )cadaverine éﬁployed in experiments 3a and 3b, the -
relative contribution of the dideuteriated, (3',3'—2H2)-(135), and the
monodeuteriated, (2-2H)?(]£5), spgcies to the product (125C) derived éxf

clusively from the (1-1,-2H2)-species (1l9) was determined (Table 12).

S

* The enzymic decarboxylation of L-ornithine and L-arginine under
similar conditions in 2H,0 was found to Tead to incorporation of
> 98 atom 4 2H into thg products (Table 3, Expts. &, 7, 9 and 11).



CHAPTER 4

THE STEREOCHEMISTRY OF THE ENZYMIC DECARBOXYLATION
OF L-ARGININE AND L-ORNITHINE

.

4.1 INTRODUCTION

_—

Evidence has been presented which demons%rates that the reactions
catalysed by,the bacterial g;ornithine and g;arginine dgcarboxy]ases take
p]ace‘stereospecif{ca11y (Chapter 2)2 By employing deuterium to probe
the séereochemistry of these enzyﬁic reactions,'optica11y active enantio-
meric samples of (]-EH)putrescine and (I-ZH)agmatine_were.obtained. Con-

figurational analysis of the chiral samples of (1-2H)putrescine and

-(1-2H}agmatine by the enzymic method described in Chapter 3 led to the.

inference that the replacement of the carboxyl group by a proton in the
enzymic conversions of L-ornithine to putrescine and of L-arginine to

agmatine occurs with net retention of configuration. -
: _ , b

The determination of absolute configuration by the enzymic'methqd

was based on the assumptISP that the stereochemistry of the react1on,
cata1ysed by hog kidney diamine oxidase, with putresc1ne and agmatine as,
substrates was the same as that with cadaver1ne as substrate. The stereo-
chemistry of this react1on had been determ1ned with enant1omer1c samp]es
of (1 2H)cadaverme, of known configuration, as substrate. However, the
occurrence of a primary-kinetic isotope effect in~the reaction, catalysed
by hog kidney diamine oxidase, when (1,1-2H2)putresgine sefyed as sub-.

strate, but not when (1,1~2H)cada7er1ne served as substrate, indicated

N
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that the rate—limiting-step of the hydrogen abstraction process with
putrescine as substrafé was not the same as that with cadaverine as sub-
strate. S{nce there was thg possibi1it} that the mechanism of the hydro-
gen abstraction process was also différent with the two substrates, it ‘
would have been unsound to base the assignments of absolute chirality
solely on the use.of this assumptiqn. '

The optical activity exhibited by the chiral {amples of (1-2H)-

putrescine and (1-2H)agmatine provided an independent method for config-

urational assiéﬁmént. This method is described in this chapter and in-
volves chemical correlation of the chiral samples of (1-2H)agmatine with

4-phthalimido(4-2H)butyric acid of known stereochemistry.

4.2 METHODS AND RESULTS

The preparation of the enantiomeric samples of (1-2H)agm§tine and
of (1-2H)putrescine is described in Chapter 2 of this thesis.

(~)-(1~ 2H)Agmat1ne (104) sulfate and (+) (1-2H)agmatine (106) sul-
fate were obtained, respectively, by decarﬂixy1at1on of L-arginine (103)
in 2H,0 and of L- (2-2H)arginine (195) in H,0, catalysed by L-arginine
decarboxylase of E. coli (Table 3, Section 2.2): The two enantiomers of
(1-2H)agmatine were converted in two steps into the corresponding enan-
tiomers_qf 4-phth;}1mido(4-2H)butyric acid. Treéfment‘of égmatiﬁe (1%7)
with ¥-carbethoxyphthalimide (1'1\{7)239 gave 4-phthalimidobutylguanidine

(138) which, on oxidation with potassium permanganate, afforded 4-phthal-

imidobutyric acid (149) (Scheme 28).

t
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4-phthalimidobutyric acid

‘Scheme 28. Synthesis of 4~phthalimid6butyric acid-(lig)
from agmatine (la?).
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The sample of (-)—(1—2H)agmatine (104) sulfate gave (-)-4-phthal-
imido{4-2H)butyric acid (150) (Expt. 11); The sampie of (+)-(I-2H)agﬁa-
tine (106) sulfate gave (+)-4-phthalimido(4-2H)butyric acid (151) (Expt.
12). The ORD curves of the enantiomeric 4-phthaliTido(4—2H)butyric‘acids
are shown in Figure 9.

A sample of the (-)-4-phthalimido(4-2H)butyric acid (150) was con-

-verted into (-)-methyl 4-phthalimido(4-2H)butyrate (§§) by treatment with
diazomethane. ® . )

Anauthentic specimen of (-)-methy] 5;4—phtha1imido(4-2H)butyrate
was obtained from M.H. 0'Leary, University of Wisconsin. This sample had’
been prepared by methylation of (-)~4-pﬁtha]imido(4-2H)5utyric acid which
had beeﬁ)obtained by decarboxylation in 2H,0 of g;g]utam%c acid,.catalysed

by é;g1utamate decarboxylase from E. coli, and had been shown]Z]

to have
R-chirality by direct correlation with an authent%c specihen, prepared from
chiral (2=2H)91ycine by a series of reactions which‘did not affect the
stereochemistry at the chiral centre (Séhéme 10).

The sariple of (-)-methyl 4-phthalimido(d-2H)butyrate (63) derived -
lfrom (-)-(1-2H)agmatine sulfate (104) and the sample of {-)-methyl R-4-
phﬁha]imido(4~2H)butyrate;supp1ied'by'M.H. 0'Leary showed similar plane

negative ORD curves (Figure 10).

4.3 : DISCUSSION

In Chapter 2 of this thesis, evidence was presented which demon-
strates’ that the optically active samples of (142H)putrescine and- (1-2H)-

agmatine of the same sign of rotation correspond in configuration at c-1

\
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Figure 9. ORD curves of (+)- and (~)-4-phthalimido(4-2H) butyric acid.
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ORD curves of (-)-methyl 4-phtha11m1do(4—2HJbutyrate (§3).

Curve A: Sample supplied by M.H. 0' Leary.

Curve B: Sample obtained from ( )- (1 2H)agmatine (104)
sulfate. - .
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(EX,FSLJQ and 10, Table 4)}. Thus, stereochemical correlatign of ejther

(1-2H)agmatine or (1-2H)putrescine with a suitable configurational stan-

~dard would allow assignment of absolute configuration to both of the

-

(1-2H)amines.

(1-2H)Agmatine rather fhan,(l-ZH)putrescine was chosen for chem-

~ical correlation with a known standard 1ndgrder toLEy61d possible compli-

cations due to the Cg, symmetry of putrescine.
(1-2H)Agmatine was converted into the ]-N—phtha10y1.derivative.

The pfimary amino group was thus afforded protection from oxidative
attack. TRe guanidino group ﬂfﬁ_the“ removed by ox1dat1on with botass1um
permanganate, yielding 4- phtha11m1do(4-2H)butyr1c acid whose stereochem1~
ca] integrity had been ma1nta15€é;7 By this reaction sequence {-)-(1-2H)-
a?/3t1ne (1Q4) suifate .afforded (-)-4-phthalimido(4-2H)butyric acid (150),

174 (+)-(1- 2H)agmatme (196) sulfate afforded (+)-4-phthalimido(4-2H)-
butyr1c acid (15]). The two enantiomers of 4-phtha11m1do(4-2H)butyr1c
ac1d showed ‘0RD curves of equa1 magnitude but of oppos1te sign (Figure 9).
The 1evorof§22ry enant1omer of 4-phthalimido(4~2H)butyric acid (1é0)

([a)saq - 1.69°) has been shown to have the R-configuration at C-4;]2]

Thus, R-(-)-4-phthalimido{4-2H)butyric acid (150) ([ﬁ]sag - 1.11°,

methanol) was obtained from (4)-(1—3H0agmatine (124) sulfate. Since con(ltﬂd

version of the sample of (-)-(1-2H)agmatine (124) sulfate into (-)-4-
phthalimido(4-2H)butyric acid (1g0) involved a reaction sequence which
did not affect the chirality of.the deuteriated centre, it follows that
the levorotatory sample of {1-2H)agmatine (104) has the R- conf1gurat1on
at C-1 (Scheme 29). |
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, Correspondingly;'§;(+)-4-phthal1ﬁﬁdo(4-2H)butyric acid (1§1)
\"'j - - . ‘\
({e)sgg + 1.13°, methanol) was obtained from (+)-(1-2H)agmatine (106)

4l

sulfate. This indicates that the dextrorotatory sampTe of (1—2H)agmatire
“(ig&) has the S-configuration at’C—].i ’ | ¢
Confirmation’ﬁ?’t;ese stereoehemica1lassigﬁments was~obteined by
‘direct comparison of the ORD curve of.the'methyl“ester‘of the sample of
4-phthalimido(4-2H)butyric acid, prepared from the sample ;f (-)-(1-2H)-
agmat1ne sulfate, w1th that of an authentic spec1men
A samp]e of (—)—4-phtha11m1d0(4—2H)butyr1c acid (150) was con-
rertedﬁinto the eerresponding methyl ester, (-)-methy] 4-phthalimido-
(4-2H)butyrate_(§§) (isotopic enrichment (m.s.)\98.2 + 0.3 atom % 2H11.
This Qerivative was compared directly with an autheﬁtic specimen of
— - (-)-methy] 4—phtha1iﬁido-R-(4¥2H)butyrate (isotopic eﬁrichment 92, S + 0.4
‘ atom % 2H1, 4.7 + 0.4% 2H,), which had been prepared it the laboratory of.

121 The absolute configuration of

MNi.- O'Leary, University of Wisconsin.
“&7»\'
this sample ultimately rests on chem1ca1 correlation with that of R- S

(2-2H)glycine (26)121 (Sect1on 1.4, Scheme 10).

The two samp1es of (- )-methy1 4-phthalimido(4-2H)butyrate (63)

‘that froﬁ’?:F:TT‘zﬁngmat1ne (104) sulfate and that supp11ed by 0 Leary,

d both show plane negative ORD curves (§1gure 10). S1nce (=)-methyl
'4-phtha11m1do(4-2H)butyrate has the R-conf1gurat1on the (-)-(1-2H)-

. agmat1ne sulfate from which it was obtained, by a react1on sequence which

TN e e eme el .

did not affect the ch1ra] centre also has the R-conf1gurat1on (Scheme

L]

29, no change in ligand priorities around the ch1ra1 centre).
' e -\\5‘~ Since this 5;(7)-(1-2H)agmat1ne (1Q4) sulfate had been obtained

from L-arginine (193) by decarboxylation in 2H,0, catalysed by-the

<

e e e B
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A. inducible L-arginine decarboxy]ase {E.C. 4.1.1.19) from E. ecoli the re-

action cata]ysed by this enzyme proceeds w1th
,54//’urat1on -

*Singe 5;(-)-(1-2H)agmat1ne 104) sulfate y1e]ded (=)}-(1-2H)-

t retention of config-

cine (130 d1hydr0ch1or1de in a reaction wh1ch does not affect the
chiral¥centre, this compound is g;(-)—(]-zH)putrescine dihydrochioride.
) Since the R—(-)-(]—ZH)putresc{ne (100) dihydrochlefide had been
obtained from L orn1th1ne (98) by decarboxy]at1on in 2H20, catalysed by
the ‘inducible L orn?%h1ne decarboxylase (E.C."4.1.1.17) from E. coli,
the reaction catalysed by this enzyme proceeds with net retention of 63%3
figuretion. | '

These eonfigurational refationships are summarised in Scheme 3a.
- The stereochemical course of the reactions catalysed by these en-
zymes has. very recently been determined by ineepehdent methods.mo’]68
In agreement with the .results presented in this thesis, the conversions
of L -ornithine to putresc1ne and of L—arg1n1ne to agmatine weﬁe reported
by Orr and Gould, 100 .and by Robms]68 to occur} with net retentwn of con-
figuration. ' ‘

Using deuter1Um to probe the stereochem1stry of these react1ons, | ¢
Orr and Gou1d1 00 employed the NMR method of Gerlach and agalak (Sec-
tion 1. 3) to ass1gn abso1ute conf1gurat1on to the enant:§%en1c samples
_of (1- 2H)putrescme, which had been obtained from L ornithire, by enzym1c ;
decarboxylation, and %rom (1-2H)agmatine, by hydrolysis. Th1s method in- ‘f)

volved H NMR analysis of the biscamphanoylamide der1vat1ves in the i

presence of the shift reagent, Eu(fod)a. Determination. of the chirality
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of the two enéntiomers of (1- 2H)putresc1nt>was based on the assumption
that the 1H NMR signal corresponding to the a-Si-hydrogens of putrescine

(Z.ev Héi at C-1 and C-4) occurs at lower field than that corresponding

to the a-Re-hydrogens. In the lH NMR spectrum of the biscamphanoylamide

derivative of cadaverinel the signal arising from the a-Si-hydrogens was

found to occur at Tower fie]d.]oo

168

Robins employed radioactive tracer methods to investigate the

stereothémistry of these reactions. The enantiomeric samples of [1-3H]-
putrescine derived from L-ornithine or L -arginine, via [1-3H]agmatine, id
were subjected to stereocheffiical analisﬁé with pea seedling diamine oxi-

- dase 1h the presence of yeast alcohol dehydrogenase. Thisﬁﬁethod was

135

.similar to that employed by Battersby et al. for the cogfiguratioﬁaﬂ

assignment of'\samp1es of [1-3Hlcadaverire (of. Sch% 27). It was assumed
that pea seediing diamine oxidase mediates stereospecific removal of the
TP

Si-hydrogen from C«l of putrescine.
The decarboxylation of L-ornithine to putrescine in intact plants
(Nicotiana tabacuwm) has also been shown to take place with net retention

of configuration.240’24]

The)p cter1a1 L ornithine and L- arg1n1ne decarboxy]ases,

A2

171,173 .

as well as many other amino acid a—decarboxylases,]a require pyradbxa]
. L

5'-phosphate foscataT_ytTc activity. The mechamsm for the mode of
action of the pyridoxal 5'-ﬁhd§phate debendent avdecarboxy1a§es, proposed ',
3 ;

242 43"

independently by Nestheimer »and Metzler et az.,2 involves initial

format1on of an enzyme- bound Sch1ff% base {156) between the prosthetic

group (]§4) and- the am1po id substrate (1@5) (Scheme 31). According
244,245
AN

to the stereoelectronic theory Rdvanced by Dunathan, the enzyme
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2 : 151

-

5.

“ Scheme 31. Megchanism- for the mode of action of the pyridoxal
5'-phosphate dependent amino acid decarboxylases.

N

v
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imposes conformational constra1nts upon the amino acid-pyridoxal phos-
phate comp]ex (1§6) which lead to the carboxyl group being aligned ortha-
genally to the plane of the extended cbnjugated system (e.g.conforma-
‘ tion_shown.for.(lgﬁ) in Scheme 31 These E‘pformationa1 restraints

é]]omeaxﬁ;ﬁm orbital overlap between the breaking o-bond and the

245

m-system during the décarboxylation step. DecarboxyIation of (156)

produces the intermediate imine (Ig?), which then undergoes protonat1on
at the a—carbon to yield, vza the Schiff's base (158), the amine product
(159).

Protonation of the intermediate imine (1é7) can, in principle,

——

occur from either side of the planar conjugated sysfem. Since the pyri-
doxal phosphate dependeht a-decarboxylése catalysed decarboxylations of

l. or‘mthme,* 100 168 L arg1n1ne * 4 ]00 168 L 'IyS'lne ]20 .[34 135 L

19, ]29‘ 99,121,132,133 14

tyrosine, _:gﬁutam1c acid,

L-tryptophan and L

_histidine]40 have all been shown to‘téke place with net reténpion of
’ o r }
configuration (Section.1.4), it would appear that protonation occurs

only from thé side of the planar imine (]é?) which ;orresponds to that

from which the carh y1 group is liberated {Scheme 31). Such‘ste?eochem- ,

ical consistency is also observed in the reactions catalysed by other

pyridoxal phosphate dependent enzymes (e.g. am1notransferases)]4 245 246

and 1t has been suggested14 »246

that a1l bond- -making and bond-breaking
processes in pyr1doxa1 phosphate dependent enzyme- cata]ysed reactions

occur on the same face of the substrate—coenzyme compliex. Decarboxy]atibn

_* Results of the present jnvestigation.
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. | / ;
of meso-a,e-diaminopimelic acid, catalysed by the pyridqxa] phosphate

L

dependent enzyme, diaminopimelic acid decarboxylase, however, takes

1

place with net inversion of configuration 42 (section 1.4).

The bacterial amino acid «-decarboxylases specific for L-histi-

dine297’2%8 and §7adenosy1-L;methioninezé§ are not pyridoxal pthphate

depéndént but regquire enzyme bound pyruvate for catalytic activity. A
mecﬁanism for the mode of action of the pyruvate containing decarboxy-
1ase§, analogous to that of the pyridoxal phosphate containing decarboxf

ylases, has been PTOposed,248-25Q

136,137

The decarboxylation of L-histidine

and of §7ad9nosy1-Lfmethionine,138

cétaiysed by the appropriate
pyruvate dependent decarboxylase, both occur with net retention of con-

figuration. ' ' (_



CHAPTER 5

SUMMARY AND CONCLUSIONS o
P ' | )
5.1 SUMMARY
Optically act1ve enantiomeric samp]es of (1- 2H)putrescme,
(1-2H)agmatine and (] 2H)cadaverine were prepared by enzymic decarboxy-
lation. The dextrorotatory specimens of (1-2H)putrescine (]02), of
(1-2H)agmatine (]Qﬁ) and of g;(]-zH)cadayer1ne (2}) were obtained, re-
spectively, by enzymic‘decarboxy]atfon_of g;(Z:@Hfdrnithine, catalysed
bd;? L-ornithine decarboxylase or E. eoli, of g;(Z-ZH)arginine, catalysed
by g;arginine dqcarboxy1ase of E. eoli, and of L-(2-2H)1ysine catalysed
by-L—lysine decprboxylase of B. cadaveris. The levorotatory specimens
of (1- 2H)putrescme (1Q0), of (1- 2H)agmatme (104) and of R- (1 2H)cada-
ve;Tﬁ§5(77) were obtained s1m11ar1y, by decarboxylation of the corres-
ponding unlabelled L-amino acids, catalysed by the appropriate a-decar-
boxylase in deuterium oxide. . ' ‘ |
The chiral samples of (1-2H)putréscine and of (1-2H)agmatine of
the same sign of rotatory dispersion also corresponded in conf1gurat1on
at C-1. This was established by chemical convers1on of the enantiomers
of (1-2H)agmatine into the corresponding enant1omers of (1-2H)putresc1ne,
which provided clear eviden;e‘that-Ihe-decarboxy1at10ns of L;ornithing,
catalysed by é;ornithine'décarboxy]ase, apd of é;arginine, cata]gsed by

L-arginine decarboxylase, take the same stereochemital courses (Chapter 2)..

-158- . - ?
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The abso]ute stereochemistry of the'ﬁydrogen abstraétion process
in the reactioﬂf;;ta1ysed by pég kidney diamine oxidase was determined
using as substrates the chi’gl samples of known chirality of (1-2H)-
cadaverine. The 1abei]ing<;§tterns within the resuiting deuteriated pro-
ducts were determined by %H NMR spectroscopy. Since enzyﬁic oxidation
was found to involye stereospecific loss of deuterium from C-1 of o ‘
(1-2H)cadaverine (QZ), and stereospecific loss of protium from C-1 of:kﬁﬁ)
5;(1-2H)cadaver e (ZZ), it followed that hog kidney diamine ox{aase
mediates stereospecific removal of the Si-hydrogen from C-1 of cadaverine.
Similar 2H NMR methods were‘then emb]oyed to determine the labelling pat-
terns within the prodicts obﬁained, on incubation with hog kidney diamine
qxidase,.from the'enantiomerié samples of (1-2H)putrescine and (]-ZH)-.
agmatine. The results of fhese experiments indicated that‘enzymic oxida-
tion of the (+);(1-2H)amines is accompanied by stereospecific re&oVa1 of
deutfrium from C-1, whereas~enzymic o¥idhtion of the (;)-(]-ZHJamines is
accompanied by stereospecific removal of protium from C-1. On the assump-
tion that the absolute stereochemistry of the reaction ca;alyéed by hog
kidney diamine oxidase is the same with cadavefine; putresci?e and égmatine
as substrates, it wa ncluded that the dextforbtatory enantiomers of
(1-ZH)puhrescine/é;;i;::chloride and of (1-2H)agmatine sulfate possess the
g;configuration, whi1e);he ]evorétatory enantiomers of the two (1-2H)amines
poésess the R-configuration (Chapter 3). ' .

- A primary intramolecular hydragen-deuterium kinetic isotope effect

(kH/kD = 4) was observed in the diamine oxidase catalysed reaction of

(1,1-2H20putresgine (1%0), wﬁ:lf)oxidation of 1,1-2H2);adaverine (119) .



156

e

occurred without detectﬁb1e intfamo]ecu]ar isptope effect. This observa-
tion made- it necessary to question the basis of the assumption that the
stereochemistry of the hydrogen‘abstraction process, catalysed by-hog
kidney diamine oxidase,twas the same with both cadaverine and putrescine
as substrates. The configurational assfgnments of the enantiomeric sam-
p1e5 of (1-2H)putreséine and (1—2H)agmatine, made on this*assg?ption,

were confirmed by an independent method. This was achieved b} stereochem-
ical correfation of the enantiomers of (1-2H)agmatine with ihe corres-

ponding enantiomers of 4-phthalimido(4-2H)butyric acid of known absolute

chirality (Chapter 4). The chemical conve}sion of (-)-(1-2H)agmatine

(104) sulfate into R-(-)-4-phthalimido(4-2H)butyric acid (150) -by reactions

which did not affect the chiral ckntre, led to the conclusion that the

fevorotatofy (1-2H)amine has g;chiralify. Direct comparison of the ORD
| curve of (-)-mefhyl;4-phtha1imido(4—2H)butyrate (Q?), derived from (-)-
(1-2H)agmatine (104) sulfate, with that of an authentic specimen_of (-)-
methy1l 5;4-phtha1imidETﬂizH)butyrate provided further evidence for this

assignment. It followed that the levorotatory samplp of (1-2H)putrescine

spéctiGe,bacterial decarboxyﬂases, take place with net ention of con-~

figuration.

PO TCTUCNTR L



. 5.2 CONCLUSIONS TN

The objectives of this investigation wére to determine the .
stereochemistryej;\ihe reactions catalysed by é;ornithine decarboxylase,
g;arginine decarboxylase, and diamine oxidase. These objectives were
accomplished. ’
Decarboxylation of L-ornithine to putrescine, cataljsed by the
inducible L-ornithine decarboxylase of E. coli, and of L-arginine to
agmatine, catalysed by the inducible g;arginine decaﬁboxy1ase'of E. coli,

takes place with net retention of configuration.

Oxidative deamination of cadaverine, of putrescine, a gma-

tine, caté]ysed by hog Eidnéy diamine oxidase, occurs with stereospecific
removal of the Si-hydrogen frbm C-1 of each of~£?e three substrates in
the course of the convérsion of the primary amino group to an aldehyde
group. L .

The degree of stereospecificity of each of these enzyme-catalysed
‘reactions is as complete as the methods of detection can reveal. |

Oxidative deamination of S-{1-2H}putrescine, catalysed by hog
kidney diamine oxidése, exhibits a primary‘intramolecu1ar hydrogen-
deﬁterium kinetic jsotope effect. No isotope effect is detectable in the

course of the analogous oxidation of S-(1-2H)cadaverine. This observa-

tion is interpreted in termé of the relative rate of hydrogen {or deuter-

=4 .
jum) abstraction compared to the rate of exchange, at the active site of

the enzyme, of the two symmetry equivalent but isotopically distinct

methylene groups of the substrates. Although this .difference is observed

in the diaﬁine oxidase catalysed reactions of the two substrates, the
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stereospecificitylof the hydrogen abstraction with the two substrates

is identical.

5.3 + FUTURE INVESTIGATIONS

The methods empToyed.in the present investigation aré applicable
to the solution of stereochemical problems associated with other enzymic
‘reactionsf and; more genera]ly, to clarify stereochemical aspects of ‘bio-
‘synthet%c pfocesses. | . ‘

Thi; work provides a method for the preparatjon of enantiomeric
samples of‘(1-2H)putresc1ne and (1-2H)agmatine ofrknown chirality. If
tritium f: employed as the chiral marker, similar methods can be employed
for the preparation of the corresponding [1—3H]amine§ of knoﬁn confiéura-
tion. The chira11y‘1abe11ed Samp]es of putrescine and agmatine can there-
fore serve as configurational standards for stereochemical corre]étibn
with other ﬁo]ecules, rendered chira]ldue to isotopic substitution, but
of unknown absolute configu;ation.

Oxidative deamination of N—methy]putreséine to N-methyl-4-amino-
butanal forms a key step in the biosynthesis of the pyrrolidine ring of

160

nicotine. The oxidation of N-methylpitrescine in intact tobacco

plants (¥. tabacwm) has recently been shown to occur with stereospecific

rémoval of the Si¥hydégggg from the carbon adjacent to the primary amino
: gr'oup.241 A partially purified preparation of N—methy]putfesbine oxidase,
the enzyme which is thought to catalyse this reaction, has been isolaqég—\\“

251

from.tobacco roots. It would be of interest to examine fhe stergp-

~ chemistry of the reactions mediated by this enzyme. If ¥N-methylputrescine

i Cehbme bl n ks e ae
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oxidase is the enzyme responsible for the conyers%on of N-methyl-
putrescine into N-methyl-4-aminobutanal during nicotine biosynthesis,

stereospecific removal of the Si-hydrogen would be expected.za] N

<
- Methylputrescine oxidase also catalyses the oxidation of putrescine

and'cadaverine at appreciable rates.25]

A putrescine oxidase (E.C. 1.4.3.4) which catalyses the oxida-

tion of putrescine to 4-aminobutapa] has been isolated and purified
' 252-254

,

from Mierococeus rubens. This enzyme. is an FAD-containing amine

oxidase and several of its molecular properties are similar to those of
150

mitochondrial monoamine.oxidase. The monoamine oxidase from rat
! A )

Tiver mitochondria mediates stereospecific removal of the Re-hydrogen

from C-1 of tyr*amine”g’]zz’]29 and 1-aminoheptane ) in-the course of

the oxidation to the corresponding a]dehjde. The s reochemistn} of the
~reactions catalysed by other FAD-containing amine oxidases has not been
‘investigated, whereas tHe copper-containing amine oxidases from pea
seedling, bovine plasma (Tab]e 2) and hog kidney (present investigation)
catalyse the removal of the Si-hydrogen from C-1 of their substrates.
The 24 NMR method} employed in the preseng {;Chstigation can provide an
ansWer to the question of the stereospecificity of the oxidative deamin-

ation ef putrescine, catalysed.by putrescine oxidase.

ey

In add;%ion to the inducible ("biodegradative") bacterial enzymeé P

employed in the present investigation, distinct constitutive ("biosyn-

thetic") L-ornithine and L-arginine decarbdxy]aseg have also been isolated

-

and purified from . coZi.log’]]O Like their inducible counterparts,

'tHese'constitutive eﬁzymes require pyridpxal phosphate for catalytic



"160
activfty.]09’110 The constitutive enzymes are invoived in the biosyn-
thesis of Putrescine in Bacteria.107’108- Putrescine is a precursor of
the polyamines, spermidine (1g0j and spermine.158 The-N—prop§1amine
moiety of spermidine (160LLjs derived from SQadenosylmethionine (1@1);
following decarboxylation, catalysed by S-adenosy]meth1on1ne decarboxy-

103,104

- lase. {Scheme*32). Decarboxylation o? S-adenosy]meth1on1ne (151),

catalysed by the enzyme from E.* eoli, has been shown138 to occur with
\Eff‘retentyon of configuration. The stereochemistry of thg decarboxyla-
tions catalysed by the constitutive g;érginine and L-ornithine decarbox-
ylases has not been determined.

Highly purified preparations of mammaTiaﬁﬂs}niLhine decarbox}1ase
N 115

from rat 1%

\

ported .The mamma11an enzyme is also involved in the b1osynthes1s of
y 158

and from radprostate have also been re-

sperm1d1ne Although the formation of putrescine (131) from

arginine

mé"agmatme ('137) has not been obse‘ved in mammalian tis-
11] 158 159

J

these react1ons appear to be a major pathway 1eaq1ng_to
the formation of.putrescine in higher p]ants;]12’158 E;Arginine decar-
boxylase has been iSo]gted from bar]ey257 and Lathyrus sativuazsa seed-
Tings. The steric coursg’bf the reactions catalysed by these enzymes

has not been investigated.

_ X -
Amine oxidases are involved in the degradz?ive metabolism of

po]yamines.]yz’]sa Oxidation of one or the otherOf the two primary

qmino groups:“;;\he1l as the secoﬁﬁary anﬁno Qrpup of the 4-aﬁinobdt&1

moiety of épermidine (lgﬂ) has been observed ﬁith different enzymes

{Scheme 32). —Bﬁffne\plasma aminé oxidase (spermine oxidase)zs_9 acts at
o~

t
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1n the reaction catalysed by the latter three enzymes ~ Enantiomeric

catalysed by bovinefplasma amine oxidase, occurs with stereosﬁ% fic

162
Yl |
the primary amine of the, 3-aminopropyl group of spermidine (130) to -

y1eld N-(4- -aminobuty1)-3- -aminopropanal (],QB),2 0 whereas pea seed11ng

' d1am1ne ox1da e acts at the primary amine of the 4- am1nobuty1 group of

sperm1d1ne (160, to yiel N-(B-am1n0propy1)-4-am1nobutana1 (LQISL)]96 »261

which cyclizes to afford’ ¥-(3-aminopropyl)-A'-pyrrolinium ion {165)

(ef. ref. 262). Spermidine oxidase from Serratia murcescens,253’264

polyamine oxidase from oat seed]ings,265

253

as well as putrescine oxidése -
from M. rubens, catalyse oxidation of the secondary amino group of

the 4-aminobutyl moiety of spekmidi@g (160) to yield a'-pyrraline (1%3)

and 1,3-diaminopropane (]QG). The methods employed in the present in-

vestigation (Chapter 3) would provide the means of determining the

stereochemistry of abstraction of a hydrogen atom from C-4 of spermidine

)

samples of (4-2H)sperm1d1ne could be prepared from the correspond1ng

The-stereochemistry of the oxidative deamination of -spermidine

(160) to N-(4-aminobuty1)-3-aminopropanal (163} would also merit in-

152 15

vestigation. Oxidation of p-hydroxybenzylamine and beniyiamine,

154 '

removal of the Si-hydrogen, whereas the analogous oxidatiop’6f dopamine

et

is apparently nonstereospecifié.- Spermidine is the s
oxidised by fﬁis eniyme.260 R
by 4 - *
. f\-\. -\ . /\
' ' - L\ ' aj
* . * ‘ R . \. ) 1
\ . C\‘V \:J% ' i i
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CHAPTER 6 . -,
\‘\-_hﬁ\\\\\\ EXPERIMENTAL :
6.1 ’ PREPARATION OF (2-2H)AMING ACIDS '
' -
6.1.1 DL-(2-2H)Lysine

6.1.1.1 Diethyl 2-acetamido-2-{4-phthalimidobutyl)malonate almn

Diéthyl acetamidomalonate (1Q9)(A1drich Chemical Co.) (2.17 g)
was dissolved in hot dry ethanol* (10 ml1) in a fwo-necked round Eottom
flask, fitted with a‘ref1ux coqdenser, calcium suifate drying'tube, and
a pressure equa]iiing dropping funnel. A solution af sodium ethoxide
(250 mg of sodium in 14 ml ethanol) was added and the resu]ting'solution
was heated at reflux whiig\y-(4-bromobhtyl)phtha]imide(HQB)(AIdrich
CHemica1.C9.j (2.83 g) in ha: ethanol (14 ml1) was édded dropwise over 10
min. The reaction mixture was ref]&xed 20 h, and was then cooled to 0°C.

'Hater.( 5 ml) was added to precipitate ‘the product (2.77 g) which was

‘ used without further-purification in the preparation of (2-2H)1ysine
(see Section 6.1.1.2). Concentration of the filtrate i@gﬂang to one-
half the original vqlggé‘yie]ded additiomad product (1.0 g). Yield 90
from diethyl acetamidomaldnate; g;p 110-111°C (from 95% ethanol), !
-NMR (CzHCIg), 6§ 1.0-1.3 (2H, unresolved), 1.23 (6Hf~t *J 7.2 Hz), 1. 67

YEH quin., J 7.2 Hz), 2 04 (3H, s), 2.34 (24, m), 3.60 (2H, t, Jié.S Hz),,

~— * Absolute ethanol pur1f1ed'é& the Lund-BJerrum method was used :

throughout. 267 ' , <:;‘\ -/
3 o -163-° x/// C \J,f//j

- o
_ - . Vi -
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~

4.27 (84, g, J°7.2 Hz), 6.74 (1H, s), 7.80 (4H, m}; m.s., m/e 418 (M, 2%),
345 (100), 303 (89), 299 (80), 229 (97), 160 (42), 148 (23), 130 (44).

Anal. Calcd. for, CpyHpgN,0,+3C,H0H: C, 59.85; H, 6.62; N, 6.35. Found:
C, 59.65; H, 6.25; N, 6=4l%. '

L4

6.1.1.2 2&;(2:2H)Lysﬁne (96) monohydrochloride (cf. ref. 177)

Diéthy] 2-acetamido-2-(4;phtha1iﬁn‘doputy] )malonate (Uh]) (2.77 q)
was suspended in a solution of deuterium oxide contaim'-ng deuterium
chloride (38%, w/w in 2H,0, 25 m1) (Merck, Sharp and Dohme, 99.7 atom %
2H) in a flask f1tted with a reﬂux condenser and calcium sulfate dr‘ymg
tube. The m1xture was heated at reflux for 18 h, coo]ed to 0°C, and di- '—“ .
]uted with water (10 m1}. Phthalic acid, which precipitated, was fil- \ )

e

tered off and washed w{th water (2 x 1. ml). The combined fi_:]trate' and .

washings were concentrafed to dryness'/in_ vacuo, and the residue was re-a

peatedly diséo'l,_ved in water and evaporated to dryness to remov.é exchange-
able deuterijum. The .residue,_ crude lysine dihydrochior}'dé, was dissolved
in hot 95% ethano] (8 ml )J the solution w:;s éoo1ed to room temperjature ¢ '
and fﬂtered “and pyridine (ca. 600 mg) was added. lDL-(2-2HI1ysine mono- .

' hydroch]omde which prec1p1tated was recrysta]hzed ?om aqueous ethanol. ’\,/ .
Yield 1.05 g; m.p. 259-260°C'(decomp.).r(Ht. (ng_rjdeutehated) n}.p. ‘ 7/’
259-262°c]772~;;afzﬁ%ct253; 263-264°C%%%); Ty MR \2H,0), & 1.2-2.1 o
(6H, m,H345) 3.05 (2H, t,J72Hz.Hﬁ),377 (< 0.05 H, H2),
the 2H NMR spectrum (H,_O 22 mM, 8600 transients) showed one s1gna] at .

3.5 ppm relative to that due to natural abundance 2H in ‘water (‘jygapm) ' i
_ ¢ ‘ 9 ;



""’/;ITN% uthertic unlabelled material and indicatqg\that this sample was ca.
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DL-(2-2H)Ornithine

Diethyl 2-acetamido-2-(3-phthalimidopropyl)malonate (110)

imide (107) (Aldrich) (2.69 g) under the same conditions
:that were used\for the reggratiﬁn of (Tll)(Section 6.1.1:}3 to give tﬁe
substitution pro uct(];é& YiéId‘Z.BS_g, 71%;-m.p. 116-116.5°C (from

© 95% ethanol) (1i%. m.p. 115-116°¢27% 1m1-1122c¢21); 4 R (c2HE1y),
J 7.2 Hz), 1:53 (2H, m), 2.00 (34, s), 2.40 (24, m), |
3.67 (2H, t, J 7.2 Hz), 4.23 (a4, a, J 7.2 Hz), 6.80 (1H, s), 7.77

(4H, m). 1 -

§1.20 (6H, &
A I

6.1.2.2 . DL-(2~2H)Ornithine (1QJ)monohydrch]oride (ef. ref. 177)

Hydrolysis of diethyl z:acetamido-z-(s-ﬁhthal1mid0prop¥1)
malonate (1]0) (784 mg) in deuterium chloride so]ufion (38% w/w im 2H,0,
10 m1) and conversion of the produét to its monohxgrqch1oride as déti‘
cribeg for the pré5aration of (2-2H)}1ysine (Section 6.1.1.2) afforded
H)ernithine monohydrochloride (398 mg): m.p. 235-237°C (decomp. )

nondeuteriated) m.p, 232°C (decomp.)'S%; 222-224°C (decomp.)?’l; .

215-21§°C (decomp.)177).  The TH NMR spect™m (2H,0) was similar to that

. - J
98 uterium labelled at C-2: ¢ 1.%3}(4H, m, H-3,4), 3.05 (2H, t, J
6.8 Hz, H-5), 3.80 (ca. 6\02 H, H-2). The 2H NMR spectrum (H,0, 107 mM,
200 transients) shOﬁid one signal at 3.5 ppm (relative to 1H2HO at 4.5

Y

ppm).

.
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@
In another experiment, hydrolysis of (110) (QOO mg) gave(a'sémp1e
of.2&;(2-?H)0rnithine—ébnohydroch]o#%de (330 mg) hich was ea. 92% 2H-
labelled in the Z-ﬁbéition as determined by !H NMR '

/

6.1.3 " L-(2-2H)Arginint ;> .

6.1.3.1  a-»-Acetyl-L-arginine (1]2) dihydrate :
. - = g

L-Arginine monohydrochloride (4.24 g) was ac tylated with acetic
anhydride in aqueous sodium bicarbonate by“a published p cedure,]BO
yielding a-acetyl-L-arginine dihydrate (4.10 g, 81%): m.p. 267-268°C

272

(from water) {1it. m.p. 266°C); H NMR (2H,Q), & 1.73 (4H, m, H-3,4),

2.05 (3H, s, COCH3), 3.23 (2, t, J 6.8 Hz, H-5), 4.20 (1H, d of d, J;
. LY .

vea. 7.8 Hz, J; ca. 4.8 Hz, H-2); ORD, [alzgg - 10.1 % 0.3°, [al,gq -

12.3 + 0-30, [01302 - 14.1 = 0.3°, [0]312 - 15.8 % 0-30, [01334 - ]6.6

£ 0.3°, [alags - 16.0 = 0.3°, [a]qos - 13.6 £ 0.3°, [alysq - 11.9 £ 0.3°,

[alsyg - 7.6 £ 0.2°, [¢ls77 - 6.7 = 0. 1 s [alsgg .~ 6 3% 0.2° (¢ 2% in

180

1M HCY, 25°C), (1it. 0 [alsgs - 7.0° (e 2% in 1 M.HC1)).

6.133.2 - a-N-Acetyl-DL-(2-2H)arginine (115) dihydrate (cf. ref. 273)

a-NkAcEtyl L-arg1n1ne dihydrate (3.9 g) was d1sso1ved in deute-
rium ox1de (s m]) and the solvent was evaporated in vacud. This process

was repeated three ti

s to effect rep]acement of the exchangeable p%g-- |

tons by deuterium. {The residue was then recrysfé]lized from deuter1um

ing over phosphorous pentoxide at 75°C f6r'24-h. The product{, a-¥-acetyl-
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B e : ‘ -
m,P. 253-255°Q)(11't..(nondeuterjated)273 m.p. 250°C),’se§obtained, uas_,
dissolved in dEuterioacetic acid (25 m]) which had been prepared in the
following way (cf. ref. 274). . (‘ , |
A mixture of freshly distilled acetic anhyﬁride_(ﬁjshek) {(b.p.
-137-138°C, 40 1) -and deuterium oxide (Merck, Sharp and Dohme, 99.7
atom % 2H) (8 g) was stirred at room temperature under a stream of drg .o '
nitrogen until the jp]utjon Nae homogeneous (ca. h).‘\bistillation " (:S;Tﬁj ;
under anhydrous cond1t1ons gave deuter10aceg/i,;;fd CH3C022H b.p.
112«114°C. The 1H NMR Spectrumvof a sample of the product indicated that
it was > 98% deuterium 1abe11ed and conta1ned a trace of acetic anhydr;ge
(ca. 1%).
| Acetic anhydride (b.p. 137-138°C, 1 7 m1) was added to the solu-
tion of a-N-acetylarg1n1ne in deuterioacetic acid, and the m1xture was -
heated at reflux under dry nitrogen. After 2 h deuterium oxide (0.4 m1)

»
was added and heating at reflux was continued for 30 min. The solution

was cooled to room temperature, acetic acid removed in vacuo and the

residue, a yellow oil, was dissolved in water (5 m). The solutio® was

e

fevagprated the residue redisso]ved in water and the solution again evap- N
oréted‘ The 0i1 was then’ redisso1ved in water (5 ml}), the pH of the —
so]ution was/ﬁazugted‘;g pH 8 with concentratdd ammonium hydrox1de, | g
,acetoneiil/ml) was added and the mixture cooled to 0°C. The crysfa]s
‘which formed were filtered off, washed with cold water and dried ¢n

vecuo over phosphorus pentox%de The1samp]e of u-N-ace%y] DL-(Z—ZH)-

arginine (115)d1hydrate (3 4 g) so obtained - (opt1ca11y inactive, m.p.

kR e e it Ly

268-270°C (ffom water)), was 85- 90% deuter1um 1abe11ed at ( H NMR). .

]

- ¥
Deuterium was also present in the acety] group ) :5»--

-
.'-V

. b 4

. " . F e

* J . . ] ¢ L) .\
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_ <;\_ﬂ/r::>l\ngi11 hydrolyse 1 ymole of N-acetyl- L-metﬁ’on1ne/h Hydrolysis’
E;f

W

—

6.1.3.3 L7(2-2H)Arginine(1Q5)monohydroch}pride and’a-ﬂ-acety1<gf.

(2-2H)arginine (116) dihydrate (ef. ref. 179,180)

The pH of a solution of uﬁv acetyl -DL- (2 2H)arginine d1hydrate

(3.2 gq) in water 4% mI) was adJusted to pH 6.8 with hydrochlort§\3c1d '

(10% w/v).. Hog kidney acylase I (S1gma, 6300 U/mg*, 8.6 mg) in-water \
(20 ml1) was added. The resulting solution was incubated at 36°C in a
constant temperature water bath fd} 23ih' The pH of the enzymic reaction
mixture was then adjusted to pH 4.8 with glacial acetic acid, Norite ﬁas
added, and the mixture fi]tergd through Celite.' The clear filtrate was
concentrated in vacuo (7'm1f; aﬁd‘after cooling in a refrigerator for -
several days, a-N-acetyl -D- (2-2H)arg1n1ne dihydrate, which crystak11zed
was filtered off and washed with water Yield 1.4 g, 89%; m.p. 268-269°C
(fFrom water); ORD, [alzge + 14.0 = o 3°, [alags + 16.9 ¢ 0.4°, [al5gp +°
18.0 £ 0.4°, {a]z;o + 19.4 + 0.4°, [a]33u +19.6 + 0. 4°, [a]sss +17.9
£0.4°, [alyos +.15.3 + 0.3, [,a.].q.gs +13.2 2 0.3°, [u]545 +8.3 ¢ 0.2°,
[as77 + 7:2 £ 0.2°, [alsgg + 6.8 + 0:2° (c 2.06% in 1 ¥ HC1, 25°C).

The combined f11trate and washings containing L (2-2H)ar91n1ne

(10 m]) were diluted with water 025.m1), sodium hydroxide solut1on (5% ;

w/v) was added to d/ 11, and, the solut1on»was cdﬁ]ed in an ice bath
Benzaldehyde (1. 3 m]) was added and the mixture stirred at 0°C for 2 h.-
The benzy11d1ne der1vat1ve wh1ch separated was f11§ered off and was

washed w1th ethano] and ether Y1e1d 1. 54 g, 93%, m. p. 198 199°C

. (decomp )} (1it. (nondeuter1ated) m.px 206°-207°C (decomp.)).

s \*‘.

of x-N-acetyl- L-arginlne is ea. 60 times slower. 276

’--

hndgden Ak T ot A= e e

™. ol
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The solution of the benzylidine derivative (1.53.g) 1n aqueous

hydroch]or1c acid (ZM, 12 m1) was heated (95°C) 20 min with stirring.
After cooling to_room_temperature, the mixtdre Wa extracted with ether.
(2 x 5 ml) and the ether layers were discarded. The aqueous phase, con-
taining the d1hydrocthr1de of L (2- 2H)argmm » Was evaporated in vacuo.
The.residue was dissolved in hot 95% ethanol (5 ml1), the solution cooled

to room temperature, and fi?tered. g;(é—zH)arginine mono

- was precipitated from the filtrate by addition of pyridine {1.2W]), and

Was recrysta111zed frdg aqueous ethanol‘ Yield 1‘ﬁ g, 91% from the ben-
zylidine der1vat14e, m, p>\322 -223°C (1it. (nondeut;§1ated) ﬁlp. 220°C)
14 NMR (2H,0), § 1 74 (4H, m H-3,4), 3.17 (ZH t, J 6. 8 Hz, H 5), 3.72
(ca. 0.15H, H-2, .e., ca. 85% of 2H); ORD, [a]z96 +94.5 1 190, (a)302
+ 87Nt 1.9°, falzyp + 75.6 ¢ 1.5°; [als3, + 58.6

e

2°, [alses + 43.3

£0.9°, [alygs + 31.4 £ 0.6°, {alysg +25.3 £ 0.5°, [algyg + 141 & 0.3°,
[u]577 + 12. 4 0. 3 , [a)sgg +11.7 £ 0. 2° T: 2.06% in water, 25°C). An
authentic samp]e of unlabe11ed L-arg1n1ne monohydroch]or1de showed a plane
positive ORD spectrum. [0lagg + 94.0 £ 1.9°, [al3g; + 87.2 + 1.7°, {alao '
+ 75.4 £ 1.5°, [u]335 + 58.6 £ 1.2°, [a)ags + 43.3 * 0.9°, [;1u05 +
31.5 + d£6°7\{a]q35 + 25.4 + 0.5°, Rxlsyg + 14.0': 0.3°, [a]57; +12.4

£ 0.3 (alsag #1117 £ 0.2° (e 2.07% in watér, 25°C) (1it, [alssg +
11 30° (e 5.0% in water, 25 c)273, [a]sag +12.2,+ 12.3 (c 5.0% in water,
T 250¢)275), e L s . o

A samh]e of t (2-2H)arginine monohydrochloride f67 mg)‘whith was

> 92% 2H- labe11ed\§by 14 NMR) was obtained from a-N-acety1 -L- arg?hqne

]
under a similar_set of reaction cond1t10ns (see(dbove) except that,the
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2H for 1H exchange reaction was opg;aﬁzed by following thé course of the
reaction in perdeuterio-acetic acid-acetic anhydride solution by lH NMR.
. | , ¢
6.2 | PREPARATION OF (]-2H)AMINES'§Y ENZYMIC DECARBOXYLATION
. , R [\
6.2.1 ‘Cadaveriné ;
6.2.1.1 Decarboxylation of lysine, catalysed. by . L ~-lysine !
‘ decarboxﬁlase (E.C. 4.1.1.18) from B. cadaverzs
The enzym&eactwn was carried out e1ther‘ in H,0 ér 2H20 solu-~
‘tions, buffeted with potassium phosphate. The phosphate—szo buffer
so]ution‘was prepaped in the'?bllowing way. A mixture of Qipotassium
hydrogen phosphate (120 mg, Fisher) and potassiumﬁdihydrogen'phosphate
(600 mg, Analar} was repeatedly dissolved in deuterium oxide {3 x 5 ml) -

and evaporated to-dryness-to effect remova] of exchangeab]e protons The ///—\43,

residue was then dissolved in 25 ml deuter1um oxide (99.8 atom % 2H

Stohter Isotopes) yielding a buffer solutionm, ca. 0.2 f%, p2H 6.

L ]

e
4 7

[
' \
6.2.1.1.1. R-{-)-(1-2H)Cadaverine (ZZ) dihydrochloride-by decarboxyla- ” .

tion of the'g;component of unTabelled 2&;1ysid@ in'deuterium

oxide solution (Experiment 1)}

LY

DL-Lysine monohydrochloride (Sigma) (152 mg) was twice dissolved
in deuterium oxide (3 m1) and the solution evaporated to dryness. After
bestng dried ;n'vacuo overnight, the residue was dissolved in phosphate- i !
24,0 buffer ‘solution (0.2 M, p2H 6, 24;9}) (see Secti:?Qf.Z.T.l)and

transferred into a flask containing [-
' ' d

ysine decarboxylase (Sigma, "Type

RNy

r
v ] .
FENE" T PRI RS S SIS
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VI", 2.6 U/mg*) (24 mg). fhe f]a;k, fitéed with a calcium suifate dry-
ing tube, was warmed at 36fc.in_a-shaking constqnt temperature bath. '
After 48 h, thi§ enzymic reaétibn mixture was acidified with 4 M.hydro-
chloric acid, heated on a steam.bath for 30 min and cooled to rocm tem-
perature. The precipitated enzyme wa§ rémdved by centrifugation, fol-
lowed by filtration of fhe subernatant éoiuti&hs through Celite. The
filtrate was then lyophilysed, the residue}dis§01ved in 10%.(w/v) sodium
- hydroxide (3 m])f andbthe alké]ine solution saturated with sodium chlo-
ride. (ZH)Cadaveriﬁe was extraﬁted into 1beta601 (4.x 5 m]). The ex-
tract was acidified by additibn of a solution of hydrogen chloride in
butanol and the solution.was then concentrated in vacuo (5 m]) 5;
(1-2H)- Cadaver1ne d1hydroch1or1de which prec1p1tated was grystal 11zed
from 95% ethanol Yield 61 mg; 'H NMR (ZHZO) § 1.3-1.9 ( ,» H-2,3,4),
3.06 (ca. M, t, J 7.2 Hz, H-1 »5); ORD, [m]j65 - 0. 3§\+ 0.02°, [alyg7 -
0.23 +.0.03°, [G]sqs - 0.14 + 0.01°, [alsyg - O. 10 + 0.02° {c 4.92% 1n‘
0 1 M HC1,-26°C, uncorrected for incomplete deuteriation).

A samﬂje of the dihydroch]oride’has converted into N,#'-diben-
.zoy}agf(1-2ﬁ§tédaverine: m.p. 132-133°C (from aqdeoqs ethanol) (1it.
(nondeuteriated) m.p. 129-131°C?7, 135°c?78)%h.s., m/e 312 (W41, 1.72),
311 (M, 7.73, 310 (M-1, 1.0), 206 (9.0), 189 (19.4), 188 (3.4), 105
(100), 77 (75). - | o |

An authentic sample of un]ébé]led N,N'-debpzochadavérine, m.p.

1132-133°C, showed m.s., m/e 31 (M1, 0.32), 310 (M, 1.6), 205 (2.5),

189 (3.6), 188 (10.3), 105 (100), 7 (75). : .
= |

1 U'will release 1.0 umo]e carbon dioxide fPom L 1ys1ne per minute .
at pH 6.0 at 37°C

*

—

§
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6.2.1.1.2 §5(+)-(1-2H)Cadaverine'(gg)'dihydroch]oride by decarboxyla-

tion of the L-component of DL-(2-2H)1ysine (Experiment 2)

*

2&;(2~2H)Lys;ne monohydkoch]oride (> 95% 2-2M, 123 mg) and L-
lysine decarboxylase (2.6 U/mgj (16 mg} were dissolve&-{h phosphate buf-
(fer (0.2 M, pH 6, 20 m1). After incubation at 36°C for 40 h, the enzy-
mic reaction mixture was worked up as described above (Section 6.2.1.1.1)
to give g;(]-zH)cadaJerine dihydrbchforide (47 mg); ORD, [a}yo7 + 0.25 %
0.03°, [alsyg + 0.15 + 0.03°, [a]579.+ 0.10 0. 03°, (¢ 3.17% in 0.1 ¥

- HC1, uncorrected for incomplete deuteriation) The 14 NMR spectrum

(ZHQO) was similar to that of :R-(1-2H}cadaverine dihydrochloride. Nl'- 4
‘Dibenzoyl- 5-(1- 2H)cadaver'me m.p. 132-133 C; m.s., m/e 312 (M+1, 1.6%),
n3]1 (M 6.8), 310 (M 1, 3 6) 206 (7 9), ]89 (20. 9) 188 (]1.9), 105 (100),

77 (75). —_— ‘ —

A\

6.2.1.1.3  {1,1-2H,)Cadaverine. (L% Ydihydrochloride by decarboxy1at1on
of the L-component of DL-(2-%H)1ysine in deuterium oxide

solution (Experiment 3) N

4
- Decarboxylation of the g;co?ponent of DL~—{2-2H)Tysine monohydro-

. / u * .
chloride (> 95% 2-2H; 110 mg), catalysed by L-Tysine decarboxylase (18
mg) 1?1 phosphate-2H,0 buffer solution (0 2 M, p2H 6, ;20 m]) was carried
out as descr1bed in Section 6 2.1.1.1, y1e]d1n9 (1,1-2H, )cadaverine di-
hydrochloride (50 mg). IH NMR (2M,0), & 1.66 (6H, m, H-2,3,4), 3.05
) A 2~
(ca. 2.1 H, t, J 7.2 Hz, H-1,5).

m.p. 133-134°C; m.s., m/e 313 (
™

N, ¥"-Dibenzf1~ (1,1-2H, )cadaverine:
; 0.9%),-312 (M, 4.6), 311 (-1, 2.3),

' 310 (M-2, 0.5),7207 (2.3), 206 (0.9), 190 (8. 9), 189 (6.9), 105 (100),

77 (75).

‘47;97‘*\_f

.-‘<$ |
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6.2.1.2 Incdba;jow-of cadaverine with L-1ysine decarboxylase in
deuterium oxide solution

. ‘Cadaverine dihydroch19ride was prepared by passing a stream of
dry hydrogen chloride through a solution on€%daverine free base (Aldrich)
in ethanol at room temperature. The dihydrochloride precipitated on

*f';“"“*ngo1jnq}'m peg5-252° (13t.%78 m.p. 255°¢).

A solution of cadavertne d1hydroch10r1de (23 mg) and L 1ys1ne
decarboxylase (Slgma, "Type II") (9 mg) in phosphate-2H,0 buffer solu-
tion (0.2 M, sz 6, 10 ml) was 1ncubated at 36°C under anhydrous con-
ditions (<.a» exc1us1on of 1H20) After 28 h the solution was acidi- -
fied with concentrated hydrochloric acid, heated on a steam beth for 1 h,
and the precipitated enzyme removed byrcentrifugation. The supernatant

solution was lyophylised and exchangeable deuterium wastfemoved by'rEf~ee

N

peated so]ution of theeesidue in water.(§ x5 ml) followed by evapora- .
- tion to dryness. -The residue was theq\fissolyed in water (2 m1). Pﬂr%
of the aqueoys so;;:?::‘Tl mi) containine'Fedeverinewas converfed iﬁtd
the dibenzoyl derivative. Yield 23 mg; m.p. 129-1315¢C (frbm aqueous
ethano]) 1yt NMR (02HC13), 8 1. 3 1.8 (6H, m, H-2,3 ,4), 3.48 (84, q, J

ca. 6Hz, H-1,5), 6.44 (2H, s (br), 2 NH), 7.3-7.5.(6H, m, ArH), 7.7-7.9 f

IR
.

(48, m, ArH): m.s., m/e 311 (M+1, 0.3%), 3107, 1.6);, 309 (M-1, 0.1),
- 205 (2.5), 188, (10.2), 105 (100), ) (75). The 14 NMR speafghm and the

mass -spectrum were 1dent1ca1 with those of unlabe]]ed material.
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6.2.2 . Putr'esci.ne : ;o » ' - ~ o,
6.2.‘2;1 Decarboxylation of ornithine, catalysed by L-ornithine

T decarboxylase (E.c;"d”.].'l.]?) from'&\'ﬁ@

Ll
6.2.2.1.1  (-)-(1-2H)Putrescine (10[1) dihydrochloride by decarboxylatwn

of the’ L-component of unlabelled Mthme in deuterium

-

0x1de‘ solution _(Expemmen.t 4) B oy !
_ 'Anhydrou; sodium carbonate (Analar') (111 mg) was added to a

.stn"red solution of perdeuterioacetic acuijMerck Shar‘p and Dohme 997 -- |

atom 4 2H) in deuterium oxide (Stohler Isotopes, 99.8 atom™¥ 2H) (0.2 M, |
]§ m]) under an atmosphere of dry nitrogen. After gtirr"ing for 1 h, Q_E-

) "~ ornithine monohydroch]oridé (Aldrich) (98 mgq), v':h_ich had been stripped _
. f of exchangeéble protons by" fepe&%‘lutiﬁn in ZH;d (3 x 5ml) and -

0 ; 'evaporation to. dryness and L-oxhithine decarboxylase (S1gma, 0.06 U/mg_*)

| (45 mg) were d1sso]vedI in ‘the buffered solution (ca. sz 5). The enzynnc
,reactwn mixture, 1n a ﬂask fitg;ed with a caleium sulfate Qing tube,

was ag1tated at 36°C for 40 h, and wor'ked up as described for\the decar-

. I

i P ITNPRRE UR SN

boxy]atw‘p ‘of Tysiné (Sectwn 6 2.1:1), to give ( ) ('I 2H)putr‘esc1ne d,:-

-7’. hydroch]oride (46“!19) which was recrysté]hzed from 95% ethayH NMR . )
' (2H,0), & 1277 (8H, m, H-2 3),3.06 (cd. 3H; m, H-1 )3 C.I. 5., w/e -
_90 (MtH, 54), 74 (5) 73 (M—NH3, 100) 72 (2), (C I. m.s. of authent1c

~ untabelled material, m/e_ 89 (M+H, 5_%_), 73-:_(5), 72 (M-NHj, 100),- M (2));

* T U will re]ease 1.0 umole carbon d1ox1de from L-ormthme per
/"“1nute at pH 5. 0 at 37°C. '

-
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99.7 + 0.03% 2H; determined by C.I. m.s. The sample showed a plane neg-
ative ORD curve: [alsgs - 1.11 £ 0.10°, [algy - 0.83 * 0.06°, [alses
- 0.65 + 0.06°, [alygs - 0.56 + 0.06°, [alusg - 0.35 + 0.04°, [u]sus.-
0.24 + 0.06°, [alxad - 0.21 * 0.08°, (e 3.39% in 0.1 & KC1, 26°C, un-
‘corrected for incomplete deuteriation).

Another sample of (-)-{1-2H)putrescine dihydrochloride obtained
as above from L-ornithine monohydrochloride (rather than from 2&;)qwas
98.7 + 1.2% mono-2H labelled at C-1, determined by C.I. m.s., an&sggve

ORD, [alsgp - 1.12 = 0.11°, [a]zy3 - 1.03 = 0.08°, [alzzy - 0.78 £ 0.09°,
[G]ass - 0.66

1+
H+

0.040, [G]436 - 0.43

1+

0.05°, [alyps - 0.50 0.04°,

i+

[alsqs - 0.24

I+

0.05°, [als77 - 0.20 + 0.06°, (c 2.26% in 0.1 M HCI,

26°C, uncorrected for incomplete deuteriation).

6.2.2.1.2  (+}-{1¢2H)Putrescine (102) dihydrochloride by decarboxyla-
tion of the L-component of DL-(2-2H)ornithine (Experiment 5)

A solution of 2%;(2-2H)ornﬁ£h1ne monohydrﬁch]oride (cq. 98%
24} (100 mg) and L-ornithine decarboxylase (40 mg) in acetate buffer
0.2 ¥, pH 5.0, 15 m1) was incubated at 36°C for 20 h. After workup,
(+)-{1-2H)putrescine dihydroch]oriée was obtained and recrystallized
from 95% ethanol'(yie1d 45 mg). The H NMR spectrum (2H,0) was iden-
tical with that of (-)-(1-2H)putrescine and the sample showed a plane
positive QRD curve. C.I. m.s., m/e 90 (MHH, 3%), 74 (5), 73 (M-NHj,
100), 72 (5); 97.2 + 0.3% 2H, determined by C.I. m.s.

Another sample of (+)-(1-2H)putrescine dihydrochloride obtained
by enzymic decarboxylation of Eé;(z-éH)ornithine (ca. 92% 2H) was 93.1
+ 0.9% mono-2H labelled af C;1 (determined by C.I. m.s.); ORD,
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+

[d)3g92 + 1.21 + 0.09°, [al3;3 + 0.98 0.06°, [alaszy *+ 0.81 = d[gg:}

+
+

+

[a)3gs + 0.64 + 0.04°, [a],gs ¥ 0.51

1+

0.04°, [alysg + 0.30

1+

0.03°,

+

[a)syg + 0.23 £ 0.03°, [a]gy7 + 0.20 = 0.04°, (e 2.86% in 0.1 M HC,

+

26°C, uncorrected).
N ' Unreacted 2;(2—2H)ornithine was reisolated from the incubation

? mixture. The alkaline solution, remaining after extracgion of the
(1-2H)putrescine into bufanol, was neutralised with conc. hydrochloric
acid, and was then applied to a column {25 x 1 cm) of Dowex 50-X8 (H*
form). The column was washed with water (25 m1), hydrochloric acid
(2 ¥, 25 m1) and water (25 ml1). 2;(2¢2H)Ornithiné was eluted with
ammonia (1 M, 25 ml1), and was iso]atéd as the monohydroch]oride,Eﬁ?ﬁgﬁ-
cribed earlier (cf. Section 6.1.1.2). L
| The 1H and 2H NMR spectra of the sample of 2;(2—2H)0rnithine
monohydroch]oride\(ca. 92% 2H) were identical with those of the DL-
(2-2H)ornithine from which it was derived. ORD, [alpgs - 157.8°% 7.9°,

LY

[G]zgo - 114.8 + 5.7°, [31289 - 98.0 + 4.9°, [0]295 - 87.3 £ 4.4°,

lalpz - 80.7 + 4.0°, [alsys - 69.2 + 3.5°, [alzay - 52.8 * 2.6°,

\ {alzgs - 39.3 + 2.0°, [alyos - 29.0 % 1.5°, f[alysg ~ 23.4 + 1.2°,
| |

\ [G]qu - 14.4 = 0.8°, {0]577 -12.9 + 0.7°, [Gqsag -12.1 = 0.8°,

(e 0.63% in water, 25°C).

An authentic sample of unlabelled é;ornithine monohydrocﬂ]oride
gave the following ORD: [aljgs + 166.3 + 3.3°%, [alagg + 124.9 + 2.5°,
[a)ygg + 107.6 £ 2.2°, [alagg + 96.1 + 1.9°, [alzp, + 88.9 + 1.8°,
falgy3 + 78.1

I+

1.6°, [algsy + 61.7

I+

1.20,_[01365 + 45.1

1+

0.9°,

+

[3]405 + 32.3 = 0.70, [ﬂ]qss + 26-1

I+

0-50, [01546 + 13.6

1+

0.4°,
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[algz7 + 11.5 = 0.3°, [a)sgg + 11.8 2.0.5", (e 0.49%1@", 25°C)
(1it.285 [a]sgq + 11.0° (c 5.5% in water, 4§°c)).

6.2.2.1.3  (1,1-2H )Putrescine (120} dihydrochloride by decarboxyla-
tion of the L-component of 2&:(2-2H)0rnithine in deuterium

oxide sgiution (Experiment 6)

Decar?gxﬁ?gggon of the L-component of 2%;(2-2H)ornith1ne mono-
hydrgch]bride (ca. 92% 2H) {117 mg), catalysed by L-ornithine decar-
boxylase (40 mg) in perdeuterioacetate-2H,0 buffer solution (0.2 ¥, ca.
p2H 5; 20 m1) to give (1,1-2H,)putrescine dihydrochloride (52 mg) was
carried out as described in Section 6.2.2.1.7; H NMR (2H,0), & 1.78
(4H, m, H-2,3), 3.08 {ca. 2H, m, H-1,4); C.I. m.s., m/e 91 (M+H, 5%),
75 (5), 74 (M-NH3, 100), 73 (10), 72 (5); ca. 91 * 1% 2Hp, 9 + 1% 2H,

determined by C.I. m.s.

\

9

6.2.2.2 Incubation of putrescine with ornithine decarboxylase in
deuterium oxide solution

A solution of putrescine dihydrochYoride (25 mg) and L-ornithine
decarboxy]éSe (9 mg) in perdeuterioacetate-2H,0 buffer (0.2 M, ca..sz
5, 3 ml) was incubated at 36°C under a nitrogen a?gg;phere. After 42 h
a 1H NMR speltrum of the reaction mixture indicated no apparent change

in the signals.due to putrescine: & 1.77 (4H, m), 3.05 {ea. 4H, t (br)).
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6.2.3 - Agmatine : ‘ Z\,/j

6.2.3.1 Decarboxylation of arginine catalysed by L-arginine

decarboxylase (E.C. 4.1.1.19) from E. coli

6.2.3.1.1  (-)-(1-2H)Agmatine {104) suifate by decarboxylation of
L-arginine in deuterium oxide solution (Experiments 7,

9 and 11)

L-Arginine monohyd?och]oride (Eastman) (90 mg) was fwice dis-

solved in deuterium oxide (3 m1) and evaporated to.dryness to effect re-
placement of exchangeabie protons with deuterium. The amino acid was
then dissolved in perdeuterioétetate-zHgo buffer (ca. p%H 5.2, 20 m1)<:
to yield a”0.02 M solution. The buffer had been prepared from perdeuter-
ioacetic acid (0.2 ¥ in 2H;0) and anhydrous sodium carbonate (8.36 mg/mi)
(see Section 6.2.2.1.1). E;Arginine decarboxyjase (Sigma; 2.9 U/mg (11
mg), Experiment 75 0.7 U/mg (43 mg), Experiments 9 'and 11)* was added °
and the resulting solutijon incubated at 36°C in a flask equipped with a

calcium sulfate drying tube. After 30-40 h the incubation mixture was

“acidified (eca. pH 2) with concentrated hydrochloric acid, treated with

Norite, Heated on a steam bath for 30 min, and filtered through Celite.
The fi]tratg)was evaporated, the residue dried in vaeuo over sodium

hydroxide and then dissolved in 5% (w/v) sodium hydroxide solution (1-2

",ml). The alkaline solution was saturated with sodium chloride and ex-

" tracted with 1-butanol (4 x 3 m])._ Evaporation of the butanol gave an

0i1 which was redissolved in aquedus sulfuric acid (0.1 ¥, ca. 1 ml).

* 1 U will release 1.0 pymole carbon dioxide from L-arginine per
minute at pH 5.2 at 37°C.
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After addition of methanol and cooling at‘p°c overnngF the crystalline
sulfate of (-)-(1-2H)agmatine separated and was recrystallized from
water:methanol. Yield 72 mg; m.p. 238-240°C (1it. (nondeuteriated)279
m.p. 236-239°C); H NMR (2H,0), & 1.66 (4H, m, H-2,3), 2.95 (ca. 1H, t
(br), J ca. 6.8 Hz, H-1), 3.18 (2H, m, H-4); ORD, [2)z02 - 1.37 = 0.08°,

[el313 - 1.17

I+
1+
+

0.07°, [G]33h - ].01 0.060, [a]355 - 0.76 = 0.04°,

[2]ygs - 0.57 0.02°, &

[01579 - 0.16

I+

0.03°, Tulysg - 0.50

i+
I+

0.03°, [0]546 - 0.19

I+

0.03° (2.6.52% in water, 25°C, uncorrected for incom-*

plete deuteriation); 2H NMR .(H,0, 180 wv, 100 transients) showed one

« & ,
:§ﬁgna] at 2.9 ppm apart from that due to natugg; abundance 2H ih water

4.5 ppm).

o

6.2.3.1.2  (+)-(1-2H)Agmatine (106) sulfate by décarboxylation of
L-(2-2H)arginine (Experiments 8, 10 and 12)

A solution of L-(2-2H)arginine monohydrochloride (ca. 85% 2H,

" Experiments 8 and 12; ca. 92% 2H, Experiment 10) (0.02 ») and L-

argigjné decarboxylase (2.9 U[mg (19 mg), Experiment 8; 0.7 U/mg (75 mg),*
E;periments‘10 and 12) 1in acetate buffer (0.2 ¥, pH 5.2, 35 m1) was in-
cubated at 36°C for 40 h: The reaction mixture was worked up, as des-
cribed in Section 6.2.3.1.1 to g1ve (+)- (1 ?H)agmatine sulfate (100 mg).
The m.p. and NMR ‘spectra (IH and 2H) were similar to ‘those obtained for
(-}-(1-2H)agmatine sulfate. The sample showed a plane positive ORD
curves Gqlygy +/1.42 2 6’11 , Talsgy + 1.21 .+ 0.08°, [algyy + 1.07
0.07°, [a]33, + 0.84

+
+
1+

0-04°,.[B]u05 + 0.53

I+

0.06°, [alags + 0.70

I+
I+

o
+
+

0.03°, [aluze + 0.42  0.03°, [algyg *+ 0.27 + 0.03°, [algyy + 0.23

0.04° (¢ 4.18% in water, 25°C, uncorrected for incomplete deuteriation).

-
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6.2.3.2 _Incubation of agmatine with L-arginine decarboxy]asg

in _deuterium oxide solution

" Aw§o1ution containing agmating ingate (AldF:Eh) (&7‘mg) and

" L-arginine decarboxylase (Sigma, 2.9 U/mg) (8 mg). in perdeuteriocacetate-
?HZO buffer (0.2 M, ca. p2H 5.2, 14 ml) was incubated at 36°C under é
Stream of dry nitrogen. After 92.h, paper chromatography (Whatman 3

MM, deve1oéed with T-butanol:acetic dcid:pjridine:water (4:1:1:2)

showed only ggmatine, R¢ 0.36, as indicated by spraying separate chro-
matograms Qith ninhydrin (0.3% w/v; in 1-butanbi:acetic acid, 97.3,

v/v) and Sakaguchi reagent.ZSO  Agmatine sulfate was then re:@olated
from the enzymic reaction mixture as previously described.. The 'H NMR
spec%rum {2H,0) of the reisolated sample was identical with that of

authentic unlabelled materiail; only one signal was observed in its 2H

NMR spectrum (H,0, 83 mM, 5000 transients), due to natural abundance 2H

in water. ~—
6.3 CONVERSION'OF AGMATINE INTO PUTRESCINE
6.3.1 Hydrolysis of agmatine to putrescine

. i

A sd]utiop of agmatine sulfate (55 mg) in ethanol:water {70:30,
v/v, 3 m1) contairing sodium hydroxide {10% w/v) was heated at reflux
under a nitrogen atmosphere\ When the reaction was compﬁfte (ea. 20 h)

as revealed by paper chromatography (Whatman 3 MM, 1-butanol:acetic acid:

pyridine:water, 4:1:1:2; visua]i;ésswitb/hinhydin (0.3% w/v, in 1-butanol:

acetic acid, 97:3, v/v); agmatine, Rf 0.36; putrescine, Rf 0.27), the

reaction mixture was Egg;;;\}o room temperature and acidified to pH" 4

-
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with 10% (w/v) hydrochloric acid. After evaporation of the solvent the
residue was dissolved in sodium hydroxide soiution (10% w/v, 3 ml), the
solution saturated with sodiﬁm chloride and extracted with 1-butanol

(3 x 3 ml). The butanol extract was acidified with HCl-butanol and con-
‘centrated in vacuo ( 4 m1). Putrescine dihydrochloride which separated
was collected and recrystallized from aqﬁeous ethanol. Yield 33 mg, 87%.

The !H NMR was identical with that of authentic material.

6.3.2 Hydrolysis of (1-2H)agmatine to (1-2H)putrescine

6.3.2.1 - Conversion of (-)-{1-2H)agmatine (104) sulfate into
{-)-(1-2H)putrescine {100) dihydrochloride (Experi- : :
ment 9) . ' nnﬁas

Hydrglysis of {-)-{1-2H)agmatine suifate (65 mg),’as described
for unlabelled material (Section 6.3.1), gave {~)-(1-2H)putrescine di-
hydrochloride (41-mg) which was twice recrystallized from agueous etha-
no]:[)}rﬁn.s., m/e 90 (M+H, 3%), 74 (5), 73 (M-NH3, 100), 72 (2);

I+

99.4 + 0.4% 2H, determined by C.I. m.s.; ORD, [algep - 1.07 % 0.09°,

[ela; - 0.98 0.08°, [alsgs - 0.67 = 0.05°, [ 1

I+

0.080, [0133q - 0.84

I+
+

+

[G]q05 -_0.52 + 0.05°, [a]u35 - 0.43 x 0.060, [a]sus s 0.2]

+
I+

0.06° (c

1.84% in 0.1 M HC1, 26°C, uncorrected for incomplete deuteriation).

6.3.2.2 Conversion of (+)-(1-2H)agmatine (106) sulfate into
{+)-(1-2H)putrescine (1g2)dih1droch]oride (Experiment 10)

Hydrolysis of (+)-(1-2H)agmatine sulfate (40 mg) gave (+)-(1-2H)-
putrescine dihydrochloride (22 mg)} which was twice recrystallized from
water: C.I. m.s., m/e 90 (M+H, 5%), 74 (5), 73 (M-NH3, 100), 72 (10);
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91.7 = 0.8% 2H, determined by C.I. m.s.; ORD, {al3;3 + 0.85

I+

0.09°,

+

[alygy + 0.75 = 0.09°, [alsgg + 0.56 + 0.06°, (alyps + 0.44 + 0.05°,

I+
+

+
+

[alygg + 0.41 = 0.06°, [alg,g + 0.24 + 0.06°, (e 1L§J% in 0.1 M HC1,
26°C, uncorrected for incomplete deuteriation). .
Paper chromatography (see Sectfons 6.2.3.2 and 6.3.1) of the
samples of (-)}-(1-2H)- and (+)-(1-2H)putrescine dihydrochloride obtained
from Experiments 9 and 10 showed sing{e ninhydrin positive and Saka-

guchi280

negative spots at Rg 0.27. The 'H NMR spectra (2H,0) of both
samples were identical with those of (1-2H)putrescine dihydrochioride

- obtained from ornithine.

=4 A
6.4 OXIDATION OF (1-2H)AMINES TO w-AMINOALDEHYDES
6.4.1 Chemical synthesis of solid derivatives of the
o w-aminoaldehydes '
//' e 640 5-Aminopentanal
- 6.4.1.1.1 3-(3'-Aminopropy1)quinoline'(1%5) (ef. ref. 198)

a-Tripiperideine (1%7) (404'm§) was dissolved in hot citrate buf-
fer {0.1 M, pH 4.7, 10 m1) and added to a hot solution of o-aminobenzal-
dehyde (Fluka A.G.) (610 mg) in the same buffer (190 m1)}. The mixture
7 was heated on a steam bath for 6 h, cooled to 0°C and filtered. The
filtrate was bagified with aqueous sodium hydroxide (5%, w/v), saturated
with sodium chloride and extracted with chloroform (4 x 100 m1). The
combined cﬁloroform extracts wé;e dried over anhyﬂrous magnesium sulfate,
filtered and evaporated. 3—(3'-hminopropy1)quiﬁo1fne was obtained as a

A yellow 0il (686 mg). H NMR (C2HC1s), & 1.57 (2H, s (br)\NH,), 1.82
) |

i

-

N—
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(2H, quin, J 7.2 Hz, H-2'), 2.73 (2H, t, J 7.2 Hz, H‘ﬁﬁ), 2.80 (2H, t,
J 7.2 Hz, H-3'), 7.40-8.13 (5H, m, ArH), 8.77 (IH, d, J 2.1 Hz, H-2);
13C NMR (C2HC1,, 2.69 m¥, 6000 transients), & 30.5 {C-2'), 34.7 (C-1'),
41.5 (C-3"), 126.7 (C-5), 127.4 {C-6), 128.3 (C-10), 128.7 {C-7 or C-8),
129.3 {C-7 or C-8), 134.2 (C-4), 134.8 (C-3), 147.0 (C-9), 152.1 (C-2).
A solution of the quinoline derivative (125) (113 mg) in ethanol
{3 m1) was acidified with ethanolic hydrogen chioride. The dihydro-
chloride precipitated on éddition of a small amount of ether, aquyés
recrystallized from ethanol-ether. Yield 110 mg; m.p. 228-230°C
(1it.198 m.p. 225-230°C); 'H NMR (perdeuterioacetate-2H,0 buffer (0.2 #,
ca. p2H 5)), & 1.94 (2, quin., J 7.2 Hz, H-2'), 2.85 (ca. 2H, t, J 7.2
Hz, H-1"), 2.95 (ea. 2H, t, J 7.2 Hz, H-3'}, 7.42-8.02 (4H, m, ArH},
8.32 (WH, s, H-4), 8.68 (1H, s (br), H-2).

A sample of the dipicrate of 3-(3'-aminopropyl)quinoline was

N

9 198

zfiséred from the dihydrochloride. M.p. 209-212°C (from water) (1it.

[ 208-210°, %% 216-217° °0); 14 NMR (DMSO-ZMg:2H;0, 10:1), 6 2.12
(2H, quin., J 7.2 Hz, H-2'), 31}6 (4H, two overlapping t, J 7.2 Hz,
H-1', H-3'), 7.86-8.30 (4K, m, ArH), 8.66 (4H, s, picrate-H), 9.04
(1H, d, J 1.2 Hz, H-4), 9.30 (1H, d, J 1.2 Hz, H-2).
- y

6.4.1.1.2 3-(3'-Aminopropyl)-{2-2H)quinoline dihydrochloride
(ef. ref. 203)

N-Bromosuccinimide (131 mg) was added to a small flask contain-
ing an aqueous solution of 2&;(2—2H)1ysine monohydrochloride {ca. 95%
24, 66 mg) in water (7 m1). The flask was immersed in a water bath at

40°C and rotated by‘means of .a rotary evaporator under reduced pressure.
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When the solution had become colourless (45 min), the reaction mixture
hﬁv_\\\gd//”-\\w?s basified with aqueous sodium hydroxide (5%, w/v), and was extracted

with chioroform (4 x 5ml). The ch]droform extracts were dried over
anhydrous magnesium sulfate, filtered and the filtrate evaporated to
givela pale yellow 0il. The o0il, containing (2~2H)—Al-piperide{ne, the
cyclized form of (1-2H)-5-aminopentanal, was dissoIQed in hot citrate
buffer (0.1 &, pH 4.7, 1 m1) and reacted with o-aminobenzaldehyde (44
mg in 19 ml of the same buffer) as described for the preparation of un-
labelled material (Secfion 6.4.1.]71). '3-(3'-Aminoprahy1)-(2-2H)quino-

" line was obtained as its dihydrochloride and reérysta1lized from ethanol-
ether. Yield 40 mg, 41%; m.p. 228-230°C. The {H NMR spectrum (perdeu-
terioacetate-2H,0 (0.2 M, ca. p2H 5))‘;a5 identjcal with that of un-
labelled material except that the signal at 8.68 ppm cofresponded to ea.
0.05 hydrogen atoms. The 2H NMR épectrum (H50, 8 mM, 4808 transients)
showed one signal at 8.8 ppm as well as that due to natural abundance
24 in water (4.5 ppm). -

In a second experiment (2-2Hft;1-piperideine, which had been
obtained from DL-(2-2H)1ysine monohydrochloride (> 95% 2H, 23 mg) by .
oxidative decarboxylation with N-bromosuccinimide (46 mg), was trapped
as the dipicrate of the 3-(3'-aminopropyl}quinoline derivative. Yield
26 mg (33%); m.p. 212-215°C. 1H NMR (DMSO-2Hg:2H,0, 10:1), & 2.12 (2H,
quin., J 7.2 Hz, H-2'}, 3.16 (4H, two overlapping t, J 7.2 Hz, H-1',
H-3'), 7.86-8.30 (4H, m, ArH), 8.67 (4H, s, picrate-H), 8.95 (IH, s,
H-4). The signal present at 9.30 ppm-in the spectrum of the unlabelled
matéria] was ébsent. indicating that this samb]e was > 982 deuteriated

at C-2. The 2H NMR spectrum (DMSO, 25 mM, 866 transients) showed one

'? ;
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signal, at 9.2 ppm, in addition to that due to natural abundance 2H in
L

DMSO (2.6 ppm). o
' ]

6.4.1.2 4-Aminobutanal .

6.4.1.2.1 2,3-Trimethylene-1,2-dihydroquinazolinium (134) picrate

Oxidation of EL;ornithine monohydrochloride {333 mg) with ¥-
bromosuccinimide (350 mg} in ‘aqueous solution (20 m1’ to give al-pyr-
roline (1%3);'the cyclized form of 4-aminqbutana1 (1%2), was carried
out by a published pr:ocedure}99 the pH of the solution containing Al-

pyrroline {20 m1, pH 3.5) was adjusted to pH 4.5 with aqueous sodium

) hy&roxide (5%, w/v). o-Aminobenzaldehyde (253 mg) in citrate buffer

(0.1 M, pH 4.7, 40 m1) was added. The colour of the resultihg solution

A}

- change® from yelliow to bright orange during stirring at room temperature.
' Vs

After 20 h the reaction ﬁixture was filtered, and a solution of picric
acid in methanol.(10%, w/v, 5 ml) was added to the filtrate. The dihy-
droquinazolinium picrate (134), which precipitated at 0°C, was reéryg—
tallized from methanol-water. Yield 400 mg, 50%; m.p. 160;262°C (1itfﬁ;i2)

202 169.170°C. 192 166-168°C'°7); 1H NMR (DM

m.p. 170-171°C, “2H4¢), &
2.03-2.70 (4H, m, H-1',2'), 4.12 (24, t, J 6.8 Hz, H-3'), 5.20 (IH, t,
J 6.0 Hz, H-2), 6.85 (2H, m, ArH), 7.53 (2H, m, ArH), 8.07 {1H, s, NH),
8.57 (2, s, picrate-H), 8.97 (1H, s, H-4); 13C MR (DMSO-2Hg, 125 mM,
85,000 transients), s 22.5 (C-1' or €=2'), 30.2°(C-1" or C-2'}, 52.9
(c-3'), 71.0 (C-2), 114.5, 115.4, 119.5, 125.2, 132.8, 139.2, 142.0,

148.0, (C-5 to C-10 and picrate carbon atoms), 159.2 (C-4).

N\




6.4.1.2.2 2,B-frimethxlgne—(Z—zH)-l,2—dihydroqyinazo]inium picrate
gf?f The (2-2H)dihydroquinazolinium picrate (75 mg) was obtained from
Qg;(Z—ZH)ornithine monoﬁydroch]oride (ca. 98% 2H, 57 mg) as described
for the preparafion of unlabelled material (Section 6.4.1.2.1). M.p.
154-155°C (from methanol-water); !H NMR {DMSO-2Hg), & 2.17 {ea. 2H, t,
J 6.8 Hz, H-1'), 2.03-2.70 (ca. 2H, m (unresolved), H-2'), 4.12 (2H, F,
J 6.8 Hz, H-3'}, 6.87 (2H, m, ArH), 7.55 (2H, m, ArH), 8.07 (1H, s, NH),
8.58 (2H, s, picrate-H), 9.00 (1H, s, H-4). The signal at 5.20 ppm,
present in the spectrum of the unlabelled compound, was absent,. indicat-
ing that the sample was > 98% deuterium labelled at C-2. The 2H NMR
(OMSO, 20 mM, 5000 transients) showed one signal at & 5.2 ppm as well as

that due to natural abundance 2H in DMSO (2.6 ppm)}.

r

6.4.2 Enzymic synthesis of w-aminoaldehydes
6.4.2.1 5-Aminopentanal

6.4.2.1.1 Incubation of cadaverine {121) with hog kidney diamine
oxidase (E.C. 1.4.3.6) and isolation of the product as
3-{3'-aminopropyl)quinoline (Tgﬁ) dihydrochloride

A

(i) 40 b Incubation. A solution of cadaverine dihydrochloride

(40 mg), o-aminobenzaldehyde (32 mg), diamine oxidase (Sigma, Gradé IT,
0.12 U/mg)* (200-mg), and beef Tliver catalase (E.C. 1.11.1.6) (Sigma,

137 U/mg)T (500 ug) in phosphate buffer (0.1 ¥, pH 7.2, 30 m1) was in- X
cubated af 36°C for 40 h. The mixture was then acidified {pH 4.5) with

* 7 U'will oxidise 1.0 ymole putrescine per hour at pH 7.2 at 37°C.,

T uwin decompose 1.0 umole hydrogen peroxide per minute at pH /ﬁ

7.0 at 25°C.

e
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4 M hydrochloric acid, heated on a steam bath for 30 min and centri-
fuged. o-mni.nobenza]dehyde (20 m% was added, and ti.1e supernatant solu-
tion was refluxed for 6 h, cooled to room temperature and filtered
through Celite. The pH of the filtrate was adjusted to 11-12 with 5%
(w/v) sodium hydroxide, and the solution was extracted with diethyl

ether (4 x 20 m1). The combined ether extracts were dried over anhydrous
asodium su]faté, filtered and the solvent was evaporated to dryness. Tﬂe
residue was purified by preparative thin layer chromatography {silica

gel plates, 0.5 i , 20 x 20 cm; developed with 1-butanol:acetic acid:
watef (5:1:1)). The bangﬁéorresponding to that of 3-(3'-aminopropyl)- ’
quinoline, Rf 0.3, was eluted with ethanol. After removal of the So]vent
in vacuo, the residue'was suspended in sodium hydroxide solution (2%,

Q/v, 1 ml) and the product extracted into ether (4 x 2 ml). . The quino-
“Tine dihydrochloride was obtained by acidification with ethanolic hydro-
gen chloride, evaporation to dryness, and crystallization of the residue
from ethanol-ether. Yield 5 mg; m.p. 229-231°C. The H NMR speétrum
{(perdeuterioacetate-2H,0 (0.2 M, p2H 5)) was identical with that of
3-(3'—aminopyopy1)quino]ine dihydrochloride prepared from u-tripipéri—
deine (see Section 6.4.1.1.1).

(#i) 6_h Incubation. Cadaverine dihydrochloride (38 mg) was

incubated with diamine oxidase (200 mg) in the presence of o-aminoben-
zaldehyde (26 mg) in phosphate buffer (0.1 4, pH 7.2, 20 m1) for 6 h.
When picric acid in methanol was added, the products precipitated. The
solid was extracted with boiling methanol {1 mi1).

The yellow residue was recrystallized from water to give 3-(3'-

aminoprdpy1)quinoline dipicrate (8 mg), m.p. 216-218°C. The H NMR



188

spectrum (DMSé—ZHG) was identical with that of an authentic sample of
th€ quinoline dipicrate prepared from a-tripiperideine (see Section
6.4.1??.1).

When water (0.2 ml) waé’added to the methano] extract the second
'_product, 2,3-tetramethylene-1,2-dihydroquinazolinium (126) picrate (2 mg)
precipitatedK M.p. 165-167°C (from methanol-water) (1it.]98 m.p. 166-
172°C); H NMR (DMSO-2Hg), & 2.09 (6H, m, H-1',2'3"), 4.02 (ca. 2H, t
(br), J ea. 10 Hz, H-4'), 5.75 (IH,-d of d {br}, J; ca. 9 Hz, Jp ca. 3
Hz, H-2), 6.80 {2H, m, ArH), 7.45 (2H, m, ArH), 7.73 (ca. TH, s (br),
NH), 8.63 (2H, s, picrate-H), 8.80 (1H, s, H-1).

4

6.4.2.1.2 Enzymic conversion of (2H)cadaverine into {2H)-3-
' (3'-aminopropyl)quinoline

Samples (40 mg) of R-{1-2H)-, S-(1-2H)- and (1,1-2H,)cadaverine
dihydrochloride (Experiments 1, 2 and 3a, respectively), obtained from

the appropriate incubation with L-Tysine decarboxylase, were incubated

6.4.2.1.1 (i). The samples of 3-(3'-aminopropy1}quinoline dihydrochlo-

Another sample of (1,1-2H,)caddyerine (30 mg) dihydrochloride
(Ekpefimént 3b) was incubated with diamine oxidase, as described in
Section 6.4.2.1.1 (ii). S

. The major product, 3-(3'- ropyl)quinoline dipicrate {7 mg),

' i ) L
m.p. 205-233“@ gave a H NMR spgctrum (DMSO-2Hg) which indicated the

[ v S PRI LSRR AP R
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absence of !H from C-2 (5 9.30, 0.5 H) ang from C-3' (& 3.16, 3H, two H
- at C-1', one H at C-3').

The minor product, 2,3-tetramethy1ene-1,2-dihydroquinazo]inium
bicrate (ca. 1 mg) sho;éd a 1H NMR spectrum (DMSO-QHS:QHZO, 10:1) simi-
lar to that of unlabelled méterial; except that the signal at 5.75 ppm
(H-2} corresponded to ea. 0.5 K. The signal due to H—4'_(ca. 4.0 ppm)
was unresolved, due to the presence of a large overlap iﬁg sidna] of
ZHOH.

-~

6.4.2%2  4-Aminobutanal

6.4.2.2.1  Incubation of putrescine {131)with hog kidney diamine
oxidase and isolation of the product as 2,3-trimethylene-
1,2-dihydroguinazolinium (1§ﬁ7'picrate

A solution containing putrescine dihydrochloride (Sigma) {40 mg),
o-aminobenzaldehyde (24 mg), diamine oxidase (Sigma, Grade II) {200 mg)
and catalase (Sigma) (50 ug) in phosphate buffer (0.1 &, pH 7.2, 20 m1)
was incubated in a constant temperature water bath at 36°C for 6 h. The
pH of the reactiah mixture was then adjusted to“pﬁ 4-4.5 with concen-

- trated hydroqh]oric acid, .and the solution concentrated (ca. 15 ml1) by
heating on a steam bath under a stream of nitrogen. The precipitated

_ protein was removed ;} centrifugation and filtration of the supernatant
solution through Celite. A satUrgted solution of picric acid in methanol
(0.15 m1) was added, with swirTing, to the clear yellow solution and the

prroduct, which precipitated when the mixture was coo]éd at 0°C over-

night, was collected and recrystallized from methanol-water. Yield 14

_mg. The m.p. (159-160°C) and 'H NMR spectrum (DMSQ-2Hg) were identical

v
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with those of the dihydroquinazolinium picrate prepared from ornithine

(see Section 6.4.1.2.1).

6.4.2.2.2 Enzymic conversion of (®H)putrescine into (2H)-2,3-
trimethy]ene—1,2—dihydroqu1nazo1in1um picrate

Samplés (30 mg} of (-)-(1-2H)-, (+)-(1-ZH)- and (1;1-2H;)-
- }

putrescine dihydrochloride (Experiments 4, 5 and 6, respectively) were
incubated with diamine oxidase in the presence of o—aminobgnza]dehyde to
give samples of the dihydroquinazolinium picrate (9-15 mg) (sé;\séét¢q5\\
6.4.2.2.1), which were labelled with deuterium at C-2 and/or C-3', as

determined by 2H and !H NMR spectroscopy.

6.4.2.2.3 Incubation of agmatine (137)with hog kidney diamine
oxidase and isolation of the product, 4-quanidinobu-
tanal {138), as its dinitrophenylhydrazone {DNP)
derivative

A potassium phosphate buffer solution (0.05 », pH 7.2, 40 ml)
containing agmatine sulfate (111 mg, 0.012 M), diamine oxidase (Sigma,
Grade II) (243 mg), and beef liver catalase (Sigma) (ca. 150 ng) was
inchateq at 36°C in a constant temperature water bath. The course of
the reaction was followed by thin layer chromatography (silica gel;

1-butanol:acetic acid:water (5:1:1)) which showed the formation of a

. single oxidation product (Sakaguchi280 positive) at Rf 0.35 (agmatine,

Re 0.06). : )

When oxidation was compiete (ez. 23 h), the enzymic reaction
mixture was acidified (pH 4) with 10% {(w/v) hydrochloric acid; heated
on a steam bath for 30 min, cooled to room temperature, and its pH ad-

justed to pH 6 with sodium hydroxide solution (2%, w/v}. Ethanol {8 ml)
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4 was added and the precipitafed protein was removed by filtration through
| Celite. The filtrate was evaporated to dryness ;Z vacuo and the residue .
was dissolved in-deuterium oxide (eca. 1 m1). 'H NMR (2H,0), & 1.7 (4H,
s (br), H-2,3), 3.2 (2H,“m (br), H-4), 5.2 (1H, s (br),H-1); 13C NHR
(2H,0, 60,000 transients), & 22.8 (C-3), 35.4 (C-2}, 48.2 (C-4), 83.8

(C-1), 156.5 (~NH(C=NH)NH,).

After removal of the deuteridm oxide in vacuo, Phe residue was
redissolved in water {5 ml) and evaporated to dryness. It was then ex-
tracted with ethanol (3 x 2 ml). The combined ethanol extracts were
evaporated to dryness and a solution of dinitrophenylhydrazine in etha-
nolic phosphorié acid (0.1 #, 5 m1) was added. The solution was heated
at reflux for 30 min and after cooling at 0°C overnight the yellow-
6range DNP-phosphate derivative precipitated (82 mg). 1IH NMR (2H,0),

6 1.88 (2H, quin., J 6.8 Hz, H-3), 2.46 (2H, d of t, J; 6.8 Hz, J, 5.1
Hz, H-2), 3.26 (24, t, J 6.8 Hz, H-4), 7.68 (1H, d, J 9.8 Hz, ArH},

. 7.74 (1H, t, J 5.1 Hz, H-1),-8.23 (1H, d of d, J; 9.8 Hz, J, 2.7 Hz,
ArH), 9.03 (1H, d, J 2.7 Hz, ArH); 13C NMR -(DMSO-2Hg, 35 ﬁg/hl,'30,000
transients), & 25.3 (C-3), 29.4 (c-2}, 116.5, 123.3, 129.0, 130.1, 136.9,

/ © 144.9 (aromatic carbon atoms), 154.3 (C-1), 157.2 (-NH(C=NH)NH,)}. The
13¢ signal arising from C-4 was presumably buried under the DMS0-2Hg
septet centered at 39.6 ppm.

~~ Part of the DNP-phosphate {15 mg) was dissolved in hot ethanolic
hydrogen chtoride, and after cooling to 0°C, the hydrochloride’salt pre-
cipitated as yellow-orange needles which were recrystallized from ethanol.
Yield 5 mg; m.p. 95-96°C. The lH NMR (2H,0) of the DNP-hydrochloride

was identical with that of the phosphate.

&
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6.4.2.2.4 Incubation of (1-2H)agmatine with diamine oxidase

Incubation of (-}-(1-2H)- and (+)-(1-2H)agmatine sulfate with
diamine oxidase, in separate experiments, and isolation of the products
of oxidative deamination_as the DNP-phosphate derivatives was carried

out as described in Section 6.4.2.2.3.

6.4.2.2.4.1 Conversion of (-)-(1-2H)agmatine sulfate into-4-
guanidino(1-“H)butanal-DNP (Experiment 7)

The DNP-phosphate (25 mg) obtained from (-)-(1-2H)agmatine sul-
fate (33 mg) showed a !H NMR spectrum {2H,0) similar to that of un-
labelled material except for ‘the absence of the triplet at 7.74 ppm <~
{H-1) anq the presence of a triplet (J 6.8 Hz) centred at 2.46 ppm
(H-2)% instead of a double triplet. The 2H NMR spectrum {H,0, 4.8
mg/m]; 3484 transients) of this sample showed one signal at 7.6 ppm (br)
as well as the siéna] due to natural abundance deuterium in watér at

4.5 ppm.

6.4.2.2.4.2 Conversion of (+)-(1-2H)agmatine sulfate into 4-
guanidinobutanal-DNP (Experiment 8)

The 1H NMR spectrum (2H,0) of the DNPthosphate (32 mgd§ ob- -

tained from (+}-(1-2H)agmatine sulfate (41 mg) was identi}al with that

of unlabelled material and nB signals were observed in its ZH NMR spec-
trum (H,0, 7.4 mg/ml, 14,612 transients) other than the one due to

natural abundance deuterium in water.

-

<
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6.5 CONVERSTION OF AGMATINE INTO PHTHALIMIDOBUTYRIC ACID

6.5.1 _ Preparation of 4-phthalimidobutyric acid

6.5.1.1 4-Phthalimidobutylquanidine (148) sulfate

To a stirred solution containing agmatine sulfate (228 mg) and
sodium bicarbonate (168 mg) in water (3 ml1) was added N-carbethoxyphtha-
Timide (Aldrich) (232 mg) in small poriions over 15 min at room tempera-
~ture. After stirring for 1 h, the reaction mixture was cooled to 0°C
and the product, wh{ch precipitated, was recrystallized from methanol.
Yie]a 225 mg; m.p. 213-214°C; 1H NMR (C2H3C0,2H), 6§ 1.70 (4H, m (br),
H-2,3), 3.30 (24, t (bF), H-1), 3.84 (2H, t (br), H-4), 7.85 (4H, m,
ArH).  Anal. Calcd. for (CiaHyzNy0z),-50,-2H,0: C, 47.69; H, 5.85; N,
17.12; S04, 14.67. Found: C, 47.65; R, 5.98; N, 17.09: S0,, 14.49%.

. 6.5.1.2 4-Phthafim1dobut}ric acid (149)

A solution of potassium permanganate (0.4 &) in 0.5 ¥ sulfuric
acid was added in small portions (ea. 0.1 ml) to a stirred suspension of
4-phthaiimidobutylguanidine (27 mg) in 0.5 M sulfuric acid- (1 m1) at
room temperature. Additions of the oxidant were made until the colour
of permanganate in the reaction mixture was no longer discharged (ca.
0.5 ml over 1 h). Stirring was continued for 1 h and the reaction mix-
ture was then decoiourized_with sodium bisu]fitg. After cooling at 0°C,
the product, which precipitated, was extracted into chloroform (3 x2
ml). The combined extracts were dried over anhydrous sodium sulfate and
filtered. Evaporation gave 4-phthalimidobutyric acid (13 mg) as a white

solid which was recrystallized three times from wate§; m.p. 115-116°C

[}
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l1it.2

81|n§%;115—117°C); IH NMR (C2HC1;), & 2.01 (2M, quin., J 6.8 Hz,
H-3), 2.32 (2H, t, J 6.8 Hz, H-2), 3.76 (2H, t, J 6.8 Hz, H-4), 7.75 (4H,
m, ArH), 10.2 (1H, sobr), COH); m.s., m/e 233 (M, 43); 215 (M-H,0,

19), 187 (15), 174 (70), 173 (42), 160 (100), 104 (19), 76 (24). The
m.p. and spectral p;operttes wefe the same as those of an authentic

1
sample prepared from y-aminobutyric acid and N-c:arbetho:q,'phtha11'm1'de.]2

6.5.2 Conversion of {(1-2H)agmatine into 4-phthalimido-
{(4-<H}butyric acid

6.5.2.1 (-)-4-Phthalimido{4-2H)butyric acid {150) from (-)-
(]—ZH)ggmatingg(]Q4) sulfate (Experiment 11)

J' | N—Carbethoxyphthalimide (82 mg) was' added to a stirred soiution,
of {-)}-{1-2H)agmatine sulfate (70 mgi in 0.5 M sodium bicarbonate (1:5
mi). The resulting mixture was stirred at room temperature for 20 min
and then cooled to 0°C.- After standing at 0°C for 30 min, the product
was collected by filtration, washed with cold water (1 ml), cold ethanol
(1T ml1) and chloroform (1 m1), and dried in vacuo over sodium hxgyoxide.
4-phtha]imido(442H)Euty1guanidine (1§2) (66 mg}, so obtained, was re-
crystallized from methanol:acetic acid (20:1); m.p. 210-212°C. The 'H
NMR spectrum (C2H3C0,2H) of the deuteriated sample was similar to that
of un]abe]]gd material {see Section 6.5.1.1) except that the signal at
3.84 ppm (H-4) corresponded to eaz. 1.05 hydrogen atoms only.

Permanganate oxidation of a sample of the (2H)quanidine deriva-
tive (49 mg) in aqueous sulfuric acid (0.5 M), as described for un-
labelled material (Sectio.n 6.5.1.2), gave (-)-4-phthalimido{4-2H)-
butyric acid (150) (23 mg) which was recrystallized three times from

water; m.p. 112-114°C; 1R NMR (C2HC13), & 2.05 (2H, g, J 6.8 Hz), 2.39

G

N :
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(2H, t, J 6.8 Hz), 3.75 (ca. TH, t, J 6.8 HZ)? 7.80 (4H, m), 10.2 (1H,
s (br)); 2H NMR (CHC13, 30 mM, 2172 transients) showed a single signal
at 3.74 ppm apart from that due to natural abundance 2H in CHC13.(f.27
ppm); m.s., m/e 234 (M, 3%), 216 (M-H,0, 7), 215 (M-H2HO, 9), 188 (8)}///‘

187 (6), 175 (41), 174 (30), 173 (17), 161 (100), 160 (5), 104 (16),

76 (22); 97.2

I+

0.2% 2H;, determined by m.s.; ORD, [alsgs - 5.39 + 0.14°,
(elugs = 3.79

I+

0.22°, [0]435 - 3.07 £ 0.18°, [U.]Sr.,.s - 1.64 = 0.13°,

0.14°, [alsge - 1.08 £ 0.22° (e 0.91% in methanol, 25°C,
121

falgyy - 1.37

1+

uncorrected for incomplete deuteriation) (1it. [a)sgg - 1.69°).

A sample of (-)}-4-phthalimido(4-2H)butyric acid (150) was dis-

soTved in ether (1 ml), an excess of diazomethane in ether (1 ml)282 was

added and the mixture was aliowed to stand overnight. The product,

(-)-methyl 4-phthalimido(4-2H)butyrate (63) was recrystallized from

methanol. M.p. 87-88°C (1it. (nondeuteriated)?8! m.p. 89-90°C); m.s.,
m/e 248 (M, 9%), 217 (M-OCH3, 18), 216 (8), 189 (10), 188 (10}, 175 {100)
174 (20), 161 (95), ¥30 (15), 104 (17), 77 (15), 76 (12); 98.2 + 0.3% 2H,,
determined by m.s.; ORD, [aljgs - 5.97 = 0.60°, [alygs - 4.84 + 0.40°,
(alyze - 4.06 £ 0.30°, [algye - 2.02 = 0.30°, [alsyy - 2.21 £ 0.30° (e
0.34% in methanol, 25°C, uncorrected for incomplete deuteriation). An
unlabelled sample of methyl 4-phthalimidobutyrate was prepared aﬁa]o-
gously. M.p. 87-88°C (from methanol); m.s., m/e 247 (M, 13%), 216
(M-0CH3, 19), 215 (17},.188 (9), 187 (11}, 174 (100), 173 (23), 160 (79),
130 (11), 104 (14), 77 (12), 76 {(6).

An authentic sample of (-)-methy] 4-phthalimido(4-2H)butyrate -
(@3)'was supplied by Dr.-M.H. O'Leary, University of Wisconsin. This

sample had been prepared by methylation of (-)-4-phthalimido(4-2H)-
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butyric acid which had been obtained by decarboxylation in 2H,0 of L-

121y 5. 88-89°C

glutamic acid, catalysed by g;glutamate decarboxylase.
{from methanol); m.s., m/e 248 (M, 13%), 217 (M-0CHs, 21), 216 (10), 189
(10), 188 (8}, 175 (100), 174 {15), 161 (80), 130 (15}, 104 (15), 77 (10),

76 (12); 92.5 + 0.4% 2H,, 4.7

+
1+

10.4% 2H,, determined by m.s.; ORD,
[0]365 - 4.45

I+

0.300, [G]qos 3.35

I+

0.20°, [alyyg - 2.76 = 0.20°,

1+
+

[alsyg - 1.48 + 0.30°, [algy7 - 1.43 £ 0.30° (e 0.39% in methanol, ZSiSED

uncorrected for incomplete deuteriation).

6.5.2.2 (+)-4-Phthalimido(4-2H)butyric acid (151) from (+)-
{1-°H)agmatine (106) sulfate (Experiment 12)

A sample of 4-phthalimido(4-2H)butylguanidine (153) (80 mg) ob-
tained by the mefhod described in Section 6.5.1 from (+)-{1-2H)agmatine
sulfate (72 mg) showed m.p. 213-214°C (from methanol:acetic acid (20:1))
and a 1H NMR spectrum in thch thefﬁigna] at 3.84 ppm corresponded to
ea. 1.15 hydrogen atoms. Oxidation of part of this sample (60 mg), as
descpibed in Section 6.5.1.2, gaﬁe (+)-4-phthatimido(4-2H)butyric acid
(]é]) (28 mg), m.p. 112-114°C (recrystallized 3 times from water). The
'H (C2HC13) and 2H (CHC13, 30 mM, 1584 transients) NMR spectra of this
material were similar to those obtained for the (-)-(4-2H)phthalimide..
M.s., m/e 234 (M, 3%), 216 (M-K,0, 8), 215 {M-H2HO, 10), 188 (9), 187
(7), 175 (44), 174 (39), 173 (19), 161 (100), 160 (16), 104 (17), 76 (25);
84.7

1+

0.3% 2H, determined by m.s.; ORD, [al3gs + 4.77 + 0.27°, [alyqs +
3.26
1.20

I+

0.29°, [alyszg + 2.62

I+

0.]7°, [G]SMG~+ ].32.i 0.]]0, [01577 +

I+
+

0.13°, [alsgg + 0.96 + 0.22° (e 0.97% in methanol, 25°C, uncor-

rected for incomplete deuteriation).

(.
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6.6 INSTRUMENTAL METHODS

6.6.1 Measurement of optical activity

Optical rotation was measured by means of a Perkin Elmer 241 MC
polarimeter equipped with a mercury emission lamp, using a 1 dm polar-
imeter tube. At least 10 readings were taken at each mercury emjssion

Tine. Mean values and 95% confidence 1imits are reported.
o

6.6.2 Nuclear magnetic resonance spectroscopy <:\\\\
6.6.2.1 1H-NMR

1H-NMR spectra were recorded at ambient temperature on a Varian
EM 390 spectrometer or a Bruker WH90 pulsed Fourier transform spectro-
ﬁetéﬁ, each operating at 90 MHz, or a Bruker WP80 pulsed Fourier trans-
form spectrometer at 80 MHz. Chemical shifts are reported as ppm down-
field (s) from DSS (sodium 2,2-dimethyl-2-silapentane-5-sulfonate) for
samplies in 2H,0 solution, from internal TMS (tetramethylsitane) for
samples in DMSO-2Hg or‘zHCC]3 solutions, or from external TMS for samples

in C2H3C0,2H solution.

6.6.2.2 2H-NMR
2H-NMR spectra were recorded on a Bruker WH90 pulsed Fourier
transform spectrometer operating at 13.82 MHz at ambient temperature,
with broad band proton noise decoupling. Spectra were obtained of sam-
ples in aqueous, dimethylsulfoxide or chloroform solution in 10 mm {0.d.) -
J

sample tubes, using 2H,0 as external lock. The signal due to natural
Q

-
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abundance 24 in 2HOH, 2H-DMSO or 2HCC1; served as internal standard.

_—

Chemical shifts are downfield from perdeuteriotetramefhy]silane.
6.6.2.3  13c-NMR | SR

13C-NMR spectra were recorded on a Brukef WP80 spéctrometer
operating at 20 MHz in the pulsed Fourier trangform'mode with complete
proton decoupling. Spectra were obtained on samples in 2H,0, 2HCC]g or
OMS0-2Hg, in 10 mm (0.d.) sample tubes. Chemical shifts are reported

as ppm downfield from external TMS.

6.6.5 Mass Spectrometry

Mass spectra were determined on a Micromass 7070F double focus-
ging mass spectrometer, operating with electron impact (EI) or chemical
iqpization (CI), by direct injection of the samples. Methane at 5 x 10'5
mn torr was the reagent gas for CI. The isotopic content in deuterium
enriched samples was calculated as described .by Biemann.283 Determina-
tions were made from at least 10 m.s. traces of either the parent ion |
region or, with samples of (1-2H)putrescine dihydroch]oride,284 the

. -
M-NH; region. . Mean values and 95% confidence 1imits are reported.
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TH NMR as a Probe of the Stereochemistry of Fnzyme
Reactions at Prochiral Centers. Deamination of
Cadarverine, Catalyzed by Diamine Oxidase

Sir; .

Diaming oxidase (E.C. 1.4.3.6. diamincioxygen oxidore-
ductase (deaminating)) catalyzes the oxidative deamination
of a wide range of primary aminck. including diamines. his-
tamine, and arvialkylamines.,! ¥ The aliphatic diamines,
cadaverine and putrescine, arce the substrates which are most
readily oxidized. Thus, cadaverine (2), by luss of one of the two

-equivident amino groups, yields S-aminopentanal (3), which

15 in equilibrium with its cyclized form, A'-piperideine (4).4¢
Itis to be expected that the reaction takes place in a sterically
controlled manner. The oxidation of histamine, catalyzed by
hog kidney diamine oxidase,” and that of benzylamine, mad-
iated by diamine vxidase from pea scedlings,® takes place with
stercospecific release of one of the two cnantiotopic hydrogen
atoms from the catbon adjucent 10 nitrogen. In the latter case,
the stercochemisiry of the reaction was determined by means
of tritium labelink and determination of *H/*C rafios. The
chirality of the anabwgous oxidation of tyramine, cathlyzed by
monvamine oxidase (E.C, 1.4.3.4) of rat liver, was determined
by a kinetic method, using deuterium labeled substruates.”

The sterecchemistry of the oxidative deamination of cada-
verine has not been established. We have employed *H NMR
spectromeltry lo demonstrate that, in the courbe of this reaction,
catalyzed by diamine oxidase of hog kidney (E.C. 1.4.3.6), it
is the pro-S hydrogen which is removed stereospecifically from
the carbon atam adjacent to the reacting amino group.

The enantiomers of [1-*H]cadaverine, required for the
study, were prepared by decarboxylation of L-lysine (1), cut-
alyzed by 1-lysine decarboxylase (E.C. 4.1.1.18, L-lysine

~

. . . . L e
Journal of the Amertcan Chenucal Socrery 10023 7 Novemher 8, 7908

'

carboxylyase) from Bacillus cadareris, a reaction which is
known'? to proceed with reteation of configuration. {+)-
(S)-11-*H]Cadaverine dihvdrochloride (2A) (>95% deuter-
utc? at the pro-§ position of one of the terminal carbon
atdms)'! was obtained from the L-component of pL-[2-2H]-
lysine.’? (=)-(R)-{1-*H]Cadaverine dihydrochloride {2B)
(>95% deuterated at the pro-R position of one of the terminal
carbon atoms)!! was obtained by decarboxylation of 1-lvsine
indeuterium oxide (99.7 atom %, Merck Sharp and Dohme).
A third deuterated cadaverine, [1,1-"H,]cadaverine (2C)
(>95% perdeuterated at one of the terminal C atoms)! was
prepared by decarboxylation of DL-[2-?H]lysine in deuterium |
oxide. .

In separate experiments, each bl the three deuterated
samples of cadaverine (40 mg) was incubated (37 °C. 40 h)
with hog kidney diamine oxidase (Sigma Grade [T, 200 mg),
Scheme |
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Fipure 1. Proton decoupled “H NMR spectra of deuterium labeled samples
of Jo(3-aminoprapyDyuinoline dikvdrochlonde (6% A (6AL derived from
(33-[1-"H]cadaverine (24 (via enzymic oxtdative deamination (S mM,
56 628 transients): B (6B), derived from (R)-[1-Hlcadaverine (2B) (5
mM. 57 000 transients b C (6C), derived from [1.1-*Hj)cadaverine (20
(13 mM, 3475 tranuents); D (600, obtained from 11 -{2-7H]lxsine by
chemical oxidauion'™ (8 m™M, 4SR0S transicnis),

together with beef liver catalase' (E.C. 1.11.1.6. H.0>:H,0>
oxidoreductase) (Sigma, 0.5 mg) and o-aminobenzaldehyvde
(5. 32 mg). The latter traps the product of the enzymic reae-
tion, S-aminapentanal (3), to yicld 3-(3"-aminopropyl)quin-
oline (6).?

The location of deuterium in the samples of 6 obtained from
the three deuterated cadaverines 2A, 2B, and 2C was deter-
mined by 2H NMR spectroscopy.'® -~

Oxidation of a chirally deuterated [1-2H]eadaverine with
stercospectfic loss of deuterium leads to 3 sample of S-amino-
pentanad (3), enriched in dewterium exclusively at C-5, to-
gether with nondeuterated (3). The quinoline derivative (6)
obtained from this 5-[5-*H]aminopentanal will be deuterated
exclusively at C-3 of the side chain (Scheme 1, A). Oxidation
of a chirally deuterated [1-2H]cadaverine, with stercospecific
retention of deuterium but loss of protium from C-1, leads to
asample of S-aminopentanal, intermolecularly doubly labeled
at C-Land C-5. This, in turn, yiclds an intermotecularly labeled
quinoline derivative, deuterated at C+3 of the side chain and
at C-2 of the nucleus (Scheme 1. B).

Assipnment of NMR signals due to 'H and 2H at these two
positions was made using compounds of known isotope dis-
tribution: The "H NMR'7 signais assigned to the pratons at

T3

C-3and C-2 ol undeuterated 6 appeared at 6 2954 7 = 7.2
Hzvand 868 {5, br) ppm, respectively . The downticld signal
{0 868 ppm) was absent in the HHNMR spectrim of s sample
of 3-[2-*H]{3~aminopropyhiquineline (61)).1

The *H NMR'" spectrum of 61) showed 3 single peak at 4
8.8 ppm (Figure DY (apart from the signal a1 6 4.5 ppm. due
to.the natural abundance of deuterium in water ('HEHO)
presentinall spectrain Figure 1), The 2H N MR sgectrum ol

= [2.3.3-"H1)-6 160). derrved from [1.1.-"H>]cadavénne (203

~Shawed two signals 415 2.9 and 8.5 ppm. of relative Intensiy
ZFI;dgc te deuterium at C-3" and C-2 (Figure 1C),

The Spectmn given by the quinoline derivatives obtained from
the two enantiomeric [ 1-"Headaverines are shown in | frures
TAund 1B, The quinchne derived from (8)-]1-"H caduverine
(ZA) showed a single “H NMR signal al 6 2.9 ppm ot Figure
LAV indicanng that onfy C-3 was fabeled with deuterium. The
quinoline from (R3-[1-"H]cadaverine (2B). on the other hand,
showed twosignalsat 4 2.9 and 8 8 ppm.in the ratio 1:1 (Figure
18), due w the presence of deuterium at C-2 as well as ar
C-1. v

It follows that diamine oxidase {E.C, 1.4.3.6) [rofl hop

- kidney mediates the stereospectfic removal of the pro-8 hy-

drogen from C-1 of cadaverine, and that the product of oxi-
dative dearmination, 3-aminopentanal (3}, in equilibricm with
Al-piperideine () retains the pro-R hvdrogen at the spr
carbon.

This swereospecificity corresponds to that of the oxidative
deamination of bensyviamine to benzaldehyde, catalyzed by
the dizmine oxidase (E.C. 1.4.3.6) of pea seedlings, which also
involves loss of the pro-S hvdrogen.® The analogous oxidation
of tyramine. catalyzed by moncamine oxidase (E.C. 1.4.3.4)
from rut liver, on the other hand. takes plice with loss of the
pro-R-hydrogen atem from the carbon adjacent 10 the amino
group.? :
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The stereochemistry of the enzymic decarboxylation of L-arginine and of L-ornithine’

-

. Tastrs C. RICHARDS AND 1an DD, SpesNsire

.'J,-,n.nrn:.-n.: ot Cherevery, Mo Stz Doorcersns . Hoaendnoeednd (Cumenda £85 St

Recemnved May 25, Jusl

M

Tanzs O RIcHARDS &

-

AT 5Pt astk, Lan. 1. Chem bl 2810 1198D)

. . . AF .
The decatbawn lation ¢t 1-ormithing 1o vield putresone, catalyzed by the 1-ormithime decatbon base tEC 3 LTI ol £ oofroand

the decarbown lation of)
with 1etention of configuranon,

-argininge t?;._\'lcld agmuting, cutalyzed by the 1 anunine Jecarbany lase (U S LI ol £ cofiotake place

Jantis C. Ricnards et [an D, Sprsser. Can. ). Chem, 66, 2810 [REME
t o decarbov lation de b L-ormthine quiest catalysee par Lidecarbot lase de lat-ormthine (EC 4 1L 1T de B coir et guicondunt
a le putresgine et Ludecurbosylation de [a L -arginine. catalvsee pat Ly decarbony e de L 1-angmine tEC4.1.1.19) de £ et g

condutt i bapmatine. se font avec retention de conhguraton,

#
. Introduction .

Enzvmes that catalyze the decarboxylation of
| -x-qmine acids are found in microgrgamisms, in
mammalian tissues, and in plants. These enzymes
<how high substrate specificity tor individual amimo
acids. The reaction that is catalyzed involves the
conversion of a chiral centre within the v-x-amino
acid. R—CH(NH.CO, H. into a prochira) centre
within the corresponding amine R—CH,—NH,. It
wis demonstrated (1) almost 30 yeuars ago thut the
reaction mediated by three of these enzymes (EC
4.1.1.25 L-tyvrosine decarboxylase, from Strepto-
coctns fuccalis; EC 41,118 i+lysine decarboxyl-
ase, from Bacillus cqdacerisy EC 41115 L-gluta-
mate decarboxylase. from Clostridium welchii and
from Escherichia coli) takes a stereochemically
defined course. but it wis not established at that
lime whether reaction takes place with net reten-
tion or with net inversion of contiguration. Later,
the actual stereochemical course of these reactions
was determined.

The conversions of L-tyrosine into tyramine (2,
of L-lysine into cadaverine (3), and of L-glutamate
into y-aminobutyric acid (4), each catalyzed by the
appropriate enzyme, all take place with net reten-
tion of configuration, as shown by means of iso-
topic lubeiling with deuterium or tritium. Thus.
decarboxylation of 1-(i.e.. $-)-tyrosine in *H;Q
vields R-(1-HWyramine (2), and of L-glutamate in
TH,0 vields R-4-aminot4-*Hibutyric acid (4). Sim-
ilarly. decarboxylation of 1-[2-'Hllysine in water
generates S-[1-'Hlcadaverine, whereas L-lvsine in
tritinted watter yields K-[1-'Hicadaverine (3). The
chirality of the products was determined by kinetic

N

1A prelimnary account of part of this work wus prescnted il
the 62nd Canadian Chemical Conference of the Chemical
i utute of Canada, Yancouver, B.C., June 1979

2 Author to whom cortespondence may be addressed.

UOOR-S0H 2R 2228 10-1 1501.00/0

C/ I Traduit par de journal]
(M), enzymic (3), or chemical (4) correlation with
compounds of known stereochemistry.

Net retention in the decarboxyviation of t-tsro-
sine (31, ot 1-lvsine (60 7). and of C-glutamite (8-
10). catabyzed by bacterial enzymes. wis later
contirmed by independent methods and was found
also in reactions catalvzed by enzymes from maun-
malian sources (5, 8) and by plant systems (5. 63,
Net retention has been demonstrated also in the
decarboxvlation of histidine. catalyzed by bacterial
enzymes (EC 4.1.1.22 histidine decarboxylase.
from Lactobacilles and from Clostridius welchii)
(11. 12}, und of rvptophan, catalyzed by & mam-
malian enzyme (EC 4.1.1.28 aromatic L-amino acid
decarhoxvlase, from hog kidney) (13).

Very recently a b-amine acid decarboxylase (EC
21120 meso-x.e-dinminopimelate  decarboxyl-
ase. from Bacillus sphdericin) has been shown to
catilvze an analogous decarboxylation with inver-
sion of configuration (14).

We now add two more L-x-amino acid decarboxy-
Tases of bucterial origin to the list of the enzymes
that catalyze the decarboxylation of their sub-
strates with net retention of configuration. The two
cnzymes are  L-ornithine Jecarboxylase (EC
1.1.1.17) which catalvzes the decarboxylation of
t-ornithine into putrescine. and L-arginine decar-

boaviase (EC 4.1.1.19), which mediates the cnn--\lﬁ_f

version of L-arginine into agmatine (Scheme 4.

|

Methods and results

\p1-2-*H)Ornithine (4) and-1-2-*H)arginine (9

wege prepared by the reaction sequences shown in
Schomes | and 2.

Decarboxylation of the L-component of DL-OrNi- i
thine in deuterium oxide. and of the L-component !
of DL-(2-*Hornithine in water, "catalyzed by L-
ornithine  decarboxyluse  (L-ornithiftle  carboxy-
lyase., EC 4.1.1.17) (ex Escherichia coli, Sigma-

L 19R2 National Rescarch Council of Canada/Conseil natioml de recherches du Cianada
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SCHEME | Synthesis of [ = -(2- Hiumithine

Chemical Co.) gave the cnantiomers of ([-:H)-
putrescine. L-Ornithine (14) in deuterium oxjde
gave (—=)(1-*H)putrescine dihydrochloride (15),
L-(2-*Hjornithine in water gave (+)- [-*Hlputres.-
cing dihydrochloride. The ORD curves of the wo
sumples are shown in Fig. 1.

The enantiomers of (1-*H)agmatine were ob-
tained similarly from ¢-arginine. catalyzed by -
arginine  decurboxylase (L-arginininep carboxy-
lyase. EC 4.1.1.19) (ex E. cofi, Sigmd Chemical
Co.). L-Arginine (16) in deuterium oxide gave
(—)-t1-*H)agmatine suifate (10), L-(2-*H)arginine in
waler gave (+)-(1-*H)agmatine sulfate. The ORD
curves oft}'lc enantiomeric (1-H)agmatine samples
are shown in Fig, 2.

Alkalipe hydralysis with sodium hydroxide in
ethanol led to quantitative conversion of agmatine
into putrescine. (=)-(1-*HYAgmatine sulfate (10
vielded (~)-(1-*H)putrescine dihydrochloride (15),
(+)}-t1-*H)agmatine sulfate - yielded (+)-(1-*H)-
putrescine dihydrochloride. Within experimental
crror. the ORD curves of the (1-*H)putrescine
samples, so obtained, were coincident with those
of thg samples obtained by decarboxylation (Fig.
.

.

—

The samples of (1-*H)agmatine were converted
in 2 steps (Scheme 3) into 4-phthalimidabutyric
acid which was converted into the corresponding
methvl ester.

The sampte of (=)(]-*H)agmatine sulfate (10)
gave (=)-+phthalimidot4-‘Hibutyric acid (12
which, in turn, gave {—}methyl 4-phthalimido-
(4-*Hibutyrate (13). Conversely. (+ ) 1-*HYagma-
tine sulfate gave {+)-4-phthalimidot4-*H)butyric
acl. The ORD curves of the enantiomeric -
phthalimidof4-*Hibutyric acids are shown in Frg. 3.

HN v H
CTNH—CH— (=l — O,
H.N NHCOCH,
5
‘o™

*

CHCO.D, (CHLCO00

. ™

HN b 0
O NH—CH,—CHy—CH o — e
H.N N o
- ”
CH.
]
N

H.O

HN B

O NH—CH—CH,—CH,— (0,
|

HN NHCOCH,
7.
RSN
)
Hoeg kidaey
acylase [
HN P €0,
:C-nNu—Clf,-—(‘u,.—-cn_‘——c‘\")
HNT NHCOCH,
8
HiN_ i
cr- T C—NH—CH;—CH;—CH,— -4 (0,
Ve N+
H.N TR
L-(2-*HArginine monohydrachlonde
9

ScHEME 2. Synthests of L-(2-*H)arginine.
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An authentic specimen of (=)-methyl R-4
phthalimido(4-*H)butyrate was obtained from M.
H. O Leary, University of Wisconsin. This sample
had been prepared by methylation of (—)-4-phthal-
imido(4-*H)butyric acid which had been obtained
by decarboxylation in *H,0 of vL-glutamic acid,
catalyzed by L-glutamate decarboxylase (L-gluta-
mate carboxylyase\EC 4.1.1.15, ex E. coli), and
had been show have R-chirality by direct
correlation with an authentic specimen, prepared
from chiral (2-*H)glycine by a series of reactions
which did not affect the stereochemistry at the
chiral centre {4). :

The sample of (—)-methyl 4-phthalimido(4-*H)-
butyrate (13} derived from (—)-( 1-:H)agmatine sul-
fate (10) and the sample of (=)}-methyl R-4-phthal-
imido(4-:H)butyrate supplied by M. H. O'Leary
showed similar. but not coincident, plane negative
ORD curves {Fig. 4), and identical mass spectra
(Fig. 5).

Discussion

e
The stereochemistry of the replacement of the
carboxyl group of an «-amino acid by a solvent

| -

Fic. 2. ORD curves of (+)-and ()= 1-FHYagmatine sulfulg,

proton, in the course of the reaction catalyzed by
an L-g-amino acid decarboxylase (1. 153, can be
determined if the prochiral centre thatis generated
in the course of the decarboxylation is rendered
chiral by isotopic substitution. If the decarboxyla-
tion of the amino acid is carried out in the presence
of isotopically Jabelled water (*HOH or *H,0), one
of the enantiomers of the amine will be generated.
‘The other enantiomer arises when a 2-labelled
sample ([2-*H]- or (2-*H)-) of the L-g-amino acid
undergoes decarboxylation in aqueous solution (3,
5-7, 13, 16, 17). -

When tritium is employed as the tracer {3, 5-8,
10, 11, 13, 16) a very small fraction only of the
molecules that comprise the labelled starting mate- -
rial F2Z-*H]amine acid or *HOH) will carry *H. It
follows that only very few of the molecules com-
prising the product will be labelled, i.e.. will be
chiral and. in principle. optically active. The opti-
cal activity of the resulting product will thus be
immeasurably small. Stercochemical analysis of
the product is possible by means of enzymes of
known slereospecificity.

When deuterium is employed as the marker (4, 9.
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Fra. 3. ORD curves of ( +)- and ( =)-4-phthalimidot4-:H)buty-
ne acid.

12, 14, 17) starting material can. in principle, be
fully deuterated (*H,O), or fully deuterated at the
appropriate position {((2-*Hamino acid), The prod-
uct will then consist entirely of molecules that are
correspondingly deuterated, and is therefore not
only chiral but its optical activity will, in all
likelihood, be measurable {subject to the sensitivity
of the detection instruments). The chirality of the
product can then be determined by the classical
method of measuring optical activity followed by
assipnment of configuration by comparison of this
activity with that of standards of Known configura-
tion (4, 12, 14). Alternatively, nmr methods can be
applied (9, 17) in the configurational assignment.
rWe have determined the stereochemistry of the
enzymic decarboxylations of omithine and arginine
by detfterium labeiling, followed by adaptation of
the classical approach 1o configurational assign-
ment, measurement of optical activity, and com-
parison with standards of known stereochemistry.
Samples of the two enantiomeric (1-*H)putres-
cines were isolated as dihydrochlorides. They were
obtained, respectively, by the action of L-ornithine
decarboxylase (from E. coli) on L-ornithine (14) in
the presgnce of *H,O (ca. 98 ut.c *H}, and on the
L-compohent of pL-(2-*H)orithine. The oL-(2-

|
H=» D - . (
>\ NH. !
HNT SCH —CHL — Cil—NH— ¢ 50, \
NH,
K-t =k HEApmaline sulliste '
10 :
! \
g
./\ NCO,C,H, /‘\_
I
© s O
H, D .
0 >\ NH;
.

NN CH:—CH —CH.—NH—(C 50,7}
fl’_}\_a\& “NH \
Y . N

=0 \

11 s

! KAnO,

*

H D

S

N CCHy—CH,—COH »Jq
I ) o

\),/-C

Rt =4 Phthahmedotd-"Hbutyric agid

S e
Q\N CH;—CH;—-CO_-CH,

' Q’&O { =)-Methy| R-4-phthalimido(4-:H)butyrate

13

ScHEME 3. Conversion of (1-*H)agmating 1ato mcthy| 4-phtkali-
midot4-*Hibutyrate.

“H)ornithine (4) was prepared by adaptation of a
conventional synthetic route (18) (Scheme I).\\'hc
ORD curves of the enagtiomeric (1-2H)putrescines
are shown in Fig. 1, The sample derived from
t-{2-*H)ornithine was (+)-t1-*H)putrescine dihy-
drochionide, that derived from 1=brnithine (14) in
*H,O (Scheme 4) was (-)-(1-*Hlputrescine dihy-
drochloride (15). N
Similarly, samples of the two enantiomeric (1-
*H)agmatines, isolated as sulfates, were obtained
by action of L-arginine decarboxylase (from £. coli)
on L-arginine in the presence of *H,0. and on
L-(2-*Hlarginine, respectively. The L-(2-*H)argi-
nine (9} was prepared from a-N-acetyl-L-arginine
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F16. 4. ORD curves of t = kmethyl d-phthalinudodd-2H)-
Futyrate (13, Curve A: Sample supplied by M, H. O'lLeary.
Curve B: Sample obtained from = -0 - 1Dugmatine sulfate (10)
tScheme 3.

{8) by exchange (via the oxazolone (63) and ster-
cospecific hydrolysis employing acylase 1 (19)
{Scheme 2). The sample of agmatine sulfate de-
rived from L-(2-*H)arginine was {+)-(1-*H)apma-
tine sulfate, that derived from L-arginine (16) in
*H,0 (Scheme 4) was «—)-(1-*H)agmatine suifate
(10).

It was a simple matter to establish the relative
configuration of the samples of (1-*H)putrescine
and (1-“H)apmatine. Hydrolvsis of (=)-(1-*H)-
agmatine sulfate (10) with ethanolic sodium hy-
droxide (10% w/v)," which maintained the chiral
integrity at C-1 but cleaved the guanidino gioup,
gave (—)-(1-*Hlputrescine dihydrochloride {15)
(Scheme 4). Similarly. (+)-(1-2H)agmatine sulfate
gave (+)-(1-*H)putrescine dihydrochloride.

It follows that the levorotary samples of (1-2H)-
putrescine dihydrochloride and of (1-*H)agmatine
sulfate have the same configuration at C-1. Since
these two samples were derived from t-ornithine,
and from L-arginine, respectively by decurboxyla-
tionin ‘H,0, it follows further that the steric course
of the decarboxylation of L-ornithine, catalyzed by
L-ornithine decarboxylase. is identical with that of
the decarboxylation of L-arginine, catalyzed by
L-arginine decarboxylase.

*Hydrolysis with barium hydroxide solution {20, 21} or with
agueous sodium hydroxide (22), conditions which have been
employed to convert L-arginine into vL-omithine (20, 21) and
pL-ornithine {22), respectively, did not lead to quantitative
conversion of chiral deuteno-agmatine i<d) chiral deuterio-

putrescine, kN

AN ] CHEM. VOL. &), 1982

s00 . Congruénlly,thcdcxtroro(urysamplesof(I-:H)-

putrescine dihydrochloride and of § 1-*H)agmatine
sulfate correspond in configuration at C-1. Each
way dertved from the corresponding 1-42-*H)amino
actd.” Thus, the decarboxylations catalyzed by
L-ornithine decarboxylase and by L-arginine de-
curboxylase take the same stereochemical course.
Either both reactions proceed with net retention of
configuration or they both proceed with net inver-
sion. _
This question was settled by a chemical conver-
sion of (=}-(1-*H)agmatine into a product of known
chiraiity by a reaction sequence which did not
affect the chiral centre at C-1 (Scheme 3).
(1-*"H)Agmatine rather than (1-*H)putrescine
was chosen for chemical correlation with a known
standard in order to avoid possible cofhplications

due to the 5, symmeltry of putrescigeh .
{1-*H)Agmatine was converted i The 1-07-

phthaloyl derivative t11). The primary amfho group
was thus afforded protection from oxidative attack.
The guanidino group was then removed by oxida-
tﬁ with potassium permunganate, vielding 4-
phihalimidot4-Hlbutyric acid (12 whose sterco-
chemical integrity pad been maintained. By this
reaction sequence (—)-(1-*Hiagmatine sulphute
(10) yielded (—)-4-phthalimidot4-*H)butvric ucid
(12). and (+)-(1-*H)agmatine sulfate gave {+)-4-
phthalimido(4-*Hbutyric acid. * _ -

A sample of ( =)-4-phthalimidot4-* H)buivric acid
(12) was converted into the corresponding methyl
ester, { —}-methy! 4-ghthalimidot4-"H)butyrate (13)
tisotopic earichment (ms) 98.2 + 0.3 at.¢r H.
This dertvative was compared directly with an
authentic specimen of (—)-methyl 4-phthalimido-~
R-{(4-*H)butyrate (isotopic enrichment 92.5 + 0.4
at.% “H,, 4.7 £ 0.4% *H,). which had beents
prepared in the laboratory of M. H. O'Leary,~
University of Wisconsin (4). The absolute con-
figuration of this sample ultimately rests on chemi-
cal correlation with that of R-(2-*H)glycine (17){4)

The two samples of (~)-methyl +-phthalimido-
(4-*H)butyrate (13), that from-(—)-(1-*H)agmatine
sulfate (10} and that supplied by O'Leary. both
showed plane negative ORD curves (Fig. 4). They
gave identical mass spectra {Fig. ).

Since (—)-methyl .4-phthalimido(4-2H)butyrate
has. the R-configuration, the (-)-(1-*H)agmatine
sulfate from which it was obtained. by a reaction
sequence which did not affect the chiral centre,
also has the R-configuration (see Scheme 3. no
change in ligand priorities around the chiral cen-
tre).

Since this R-(=)-(1-‘H}agmatine sulfate had
been obtained from L-arginine by decarboxylation
in *H,0, catalyzed by L-arginine decarboxylase

s

o
N,

P
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SchsME 4. Stercochemical interrefationghip of L-omithine, t-argamne, and thewr conversion and degradation products

(EC4.1.1.19. fxom E. coli)(Scheme ), the reaction
cataivzed by this enzyme proceeds with net reten-
tion of configuration.

Since R-(=)-(1-*H)agmatine sulfate vielded (-)-

(1-*H)putrescine dihydrochloride in a reaction”

which does not affect the chiral centre. this com-
pound is R-(—)-(1-*H)putrescine dihydrochloride.

Since the R-(—)-(1-*H)putrescine dihydrochlor-
ide had been obtained from L-ornithine by decar-
boxylation in *H,0. catalyzed by r-ornithine de-
carboxylase {tEC 4.1.1.17, from E. coli), the reac-
tion catalyzed by this enzyme proceeds with net
retention of configuration.

These configurational relationships are summar-
ized in Scheme 4.

Experimental
A f2- ’Hs!t rinto acids
1. DL+ 2-2 ) Ornithine ¢ 18)

Diethvl 2-acetamido-2+ 3-phthalimidopropylimalonate ( 3}
123
Diethy! acetamidomalonate (2} {Aldrich Chemical Co.) (2.16

g) was dissolved in hot dry ethanel® in a two-necked round

*Absolute ethanol purified by- the Lund-Bjerrum method (24}
was used throughout.

bottom tlask. Sitted with a reflux condenser. calcwm sulfule
Jdryving twbe. and a pressure equahzing Jdropping fuancl, A
solution of ssdium ethoxide (250 mg of sodium in 14 mL ethanoh
wis added and the resulting solutton was heated at retiux whiie
N-3-bromopropylphthalimide (1) (Aldnch Chemical Co.)(1.69
w1 in hot ethanol (14 mL) was added dropwise over 10 mun. The
reaction muxture was refluxed 20 h, and was then cooled o 0°C.
Water {35 mL) was added to give the substitution product ; Yield
2.85g, 7196 mp 116-116.5°C (from 957 ethanol) tlit. 13§ mp
15-116°C; 125 111-112°C); "H nmr (GHCCLLY, 8: 1,20 (6H L
72HD, 1S3 QH, m), 2.0003H. ), 240 QH. m), .67 {2M, 1, S
7.2 Hz), 4.23{4H. q. J 7.2 Hz), 6. BO(1H, 5}, 7.77 (4H. m).

LA 2= H) Ornitltine maonohvdrochloride ¢ 4}

Diethyl  2-acetamido-2-(3-phthalimidopropylimalonute (3}
(784 mg} was suspended in a solution of deutenum vxide
containing Jdeuterium chloride (38%, wiw in “H,0, 10 mL)
(Merck, Sharp, and Dohme, 99.7 4t 'H) in a small Aask fitted
with a reflux condenser and calcium sulfate drying tube. The
mixture was heated at reflux tor 18 h, cooled 10 0°C, and diluted
with water (i0 mL). Phthalic acid, which precipitated. was
ftered off and washed with water {2 x | mL). The combined
filtrate and washings were concentrated to dryness in cacuo.
and the residue was repeatedly dissolved in water and evapor-
ated to dryness to remove exchangeable deuterium. The
restdue, crude ornithine dihydrochlonde, was dissolved in hot
95% ethanol (8 mL), the solution was cooled to room tempera-
ture, filtered, and pyridine (¢a, 600 mg) was added. pL-12-H)-

. Ornithine monchydrochlonide (398 mg) which precipitated was

recrystallized from aqueous ethanol, mp 235-237°C (Jec.) (lit.
(nondeutenated) (22) mp 232°C (dec.); (25) 222-224°C (dec.):

+
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I Cndes o The *Hoame spectmen 100 was simitlar
e that ol authente ualabelled sateral and indicated that this
SEMpe sas v YRS dJeatenum Libedled g C-20 0 T w0 m
Wt S asyZH L oos He HS) Y sovea a2 HLH-Y The
FE e wpectium cHEOL 107 042 200 (ranaents) show ed une
st a5 T opmcelitve o HUHO 004 T ppon
I netaer experiment. hvdraly sis of 3000 mg gae™ sample
ot o2 Tharmithine monobydroog hlorde 14 10530 mel wihich
was e 270 CH Lbelled inthe 2oposiran as determined by ' H
e :

i

2o D v

TN e dr e v ate £50

FoArcmime monchyvdoochlonde 13 2400 wis avensblited with
welicanhvdnde magueous sadiem bicatbonmate by o published
Stovedure (260 sacdding yeacet ) -anamne dibvdrace (4 10y,
12t mp I TS IR O trom waterd it 12T 00 mp X560 'H
e H s TR e, H-3 40 208 R H N COCH ), 303
Lt dnsHA S 2000 dotd, f ~"SHr J.o~ 4 Nz,

LD GRD (1], 10 = 03 B4 PO R B L LIC T £ Sy
B R P S LI TS RO T T O 12 ]
Ihn = o F e e s 0% g, - 119 =05 Trli.
Tl gl n T s ), oh =02y, AT

FCL 290t a2 faj,, -7 00 2 0N HUIN

N e o S e cimme drinadroate (T ) rer 8
T N Aoennlbargiune dibvdrate 790 was dinsalved in
cuterium onede 05 mll and the solvent was evaporated o
ao LR process was repeated three unes to etleot replace-
wnt of the exchaneeable protons oy dewtenum. The residue
as then reervstalized from deutenium onde 13 mblb amd
cuterm oude of erystallization was removed by drying over
Tosphorus pentovide at 78 Clor 24 b, The product so obianed
e larginine, 10 which all eechangeadle protans had been
placed by CHL mp 28322890 (G dnondeuteriied) 128 mp
S, was dissaived 1n deutenoacete acid €25 mi which had
sen prepangd i the tollowime was b rel, 29y
Aomture G freshiv disnlled acetic anhvdnde (Fisher) thp
Va3 OO0 bl and deutenum onte (Merck, Sharp and
ohme. #9700 X7 THY (R gh was stuted ot room lempernature
et ustream of ¥y nntogen until the solntion was homogene-
vt Yh Disnllation ender anhvdroos conditions pave
atenoacetic acud, CHCOVH, bp 1122114°C. The 'H nmr
reetrem ot g sample of the product sodicated that it was 2 Y875
sutertem Libelled and contuned a trace alaceticanhydnde toa,
N :
Avete anhvdrde thp I3I7-1WC, 1.7 mi) wis added 1o the
dution of x-Noaeetvlugimne in deutenoacete acud, and the
Bvture was heited ot reflux under dry nntogen. After 2h
uterium oxude (0.4 mby was added and heating at retles wis
mtinued for 30 min. The solution was cooled 1o 1oom
mperature, acehe aaid removed in cacwo, and the residue, a
Now a1l was dissolved in witer 15 mLy. The solution Wiy
aporated, the residue redissolved i water. and the solution
ainevaporated. The ml was then redissolved i water 0% ml.),
: pH of the solution wins adiusted to pH 8 with concentrated
mnotinm hydrovide, acctone (1 mb) was added, and the
vure covled to 0 C. The erystals which tohged were filtered
Lowashed with cold water, and dried n?h’: vver phos-
urus pentoxide. The sample of 2- N acetvl-p -4 2 ‘Hhargimne
dihvdrate €3.4¢) so obtaned (optically inactée. mp 268-
FC (from waten)), was B5-90°: deutenum LabeTled ot C-2 ('H
k. Deuterium wis il yo-pr ety group,

AR reiine ¢ 90 monohvdrochloride aid a-aeenvi- o4 2
Mpiecinine (8) dibvdreate (o, sefy. 19, 20

lhe piti of & solution of a-Neacetyl-u-2-* Hiarginine dihy-

e 43,20 v witer (140 mL) was adjusted 10 pH 6.8 with

frochlone acid 1P & wivy. Hopg kidney acylse | {Sigma, 630

AND SPENSER 2417

Udmes ®a mun o waler 120 mb was added The resultmne
solutton was incubated at 30U m g constant femperature water
Pathtor 23h The pHoof the ensymic reactron minture was then
adpisted to pH 3N with clacna! aoehic acid, Norile was added.
and the exnture bbtered throwch Cehite, The dlear hilirale was
vonventiated o g c T mb o and abter Cosding in g rettzeratar
tor seseral Jdoavs r Noawen e 2 Hiannmime o8) dibadrate.
which vrvsoadlised, was nltered ?f’.mnl washed with water
Yield 14w, 00 mp 2682209 (T irom water:; OR[DY, [2].s.
R N P L I I RS ERTIE N R R P
e L I S P U N T S Y IS [ R TR P I
TSI ) m 132 H 0 [y R 0 (). 172
TOZ alae =R 20270 2000 1N HCL 25°C) (i, 1)
tnondeutertitedt {1, 74740 27 1V HOID

The combined filtriate and washings contaming 1+42-"Hiurg-
mine (9 010 mbo were dduted with water 425 mb), sodinm
hvdroside solution (57 wivy was added to pH 1L and the
sulution was covled inance buth, Benzaldehvde 11,3 ml) was
added and the mievtuie stirred 31 0°C for 2h. The bensylidine
dernattve which separited was fliered aff and was washed with
vthanolaad cther, Yeeld, 1S3 90 8 mp 195199 Cidec) (it
1 mp 206220770 tded ).

The solution of the bensvhdine dersative 1] S3gin agueus
hydrachlone acid €280 12 mby way heated (95708 200 min wath
strrnge. Atter coobne to 1o temperature, the mIntire was
extricted with ether ¢2 S mi and the cther Livers were
disciatded. The agueonus phase, contming the dihvdrochlongde
O - 2 Harpnine, was evaporited o s aeuo, The residue was
dissalvedin hot w877 ethanol 18 mi, the solution cooled 1o rovm
temperature. and hltered. (2= HiArginine monohydrochlonde
was preaipitated from the filtrate by addition ot pvnidine (1.2
mby, and wins recrsstallized from aqueons ethunol, Yield 1.1 a.
W17 from the bengy hdine denvative: mp 222-223°C dit. tnon-
deuterited (3D mp 220°Cy "Hamr GHLO8, 60 1.7404H . m, H-3,
DAITIIH A B He  H-Sh 3 720en LS HL H-2, e, e, RS
OF THE ORI (21, #9495 = LY (2], +87.7 £ |y, I2ly,-
~T86 2 LS |2l <SRe = 1L [X)ige =433 + 047, I )ane
SISm0t ], =250 2 5 [a]g, +14 2 03 [T]he-
=12 m Y (2] 11T 2 200, 20607 nwitter, 2570, An
authentie sample of unlabelled t-arginme monohy drochlorude
showed a plane positive URD spectrum: [2]ign +94.0 = |y,
30z =872 2 L7 falyy #7854 % 1S, [, +58.0 + 1,00,
r)ipe =383 2 0 Jxfc 2308 2060, (2], =254 = (.57,
[Tean =140 03 [2]iar #1242 03 (2 ]ge + 11705 0.2 (0
20777 an wister, 28OV (28 (2 )eqe + 11 HP (. S.0F 7 in water,
250K A0 [ lany 122270 +12.3% (oL 507 im water, 25°CN,

A sumple of 1-2-!Harginine monohydrochloride (67 mg)
which was 2 927 “Helabelled (by *H nmrr was obtaned from
F-N-acetyl-1-arginine under a similar set of reaction conditions
tree ubove) except that the H for 'H exchange reaction was
aptimized by tollowing the course of the reaction in perdeuters
wagetic iwid - acetic unhydride solution by 'H amr.

B. Decarbaxviation of (22 Hyamne acids o0 122 Hjamines
L. Chrmithiine
Decarborvianon of ornithine, catalyved by teornithine
decarbovvlase (8£.C 301170 from K. cob
U =)t B Prrrescine dilivdrovidoride 118} by deviarbovl-
S ation of the L-component of wilabetled D1 -ormithine
dewterium ovede solution
Anhydrous soditm carbonate fARalar (111 mg) was added 10
i stirred solution of perdeuterivacetic weid {Merck., Sharp, and
Bohme. 9.7 a7 “H) in deutenum oxide (Stohler [sotopes,
9.8 arTE SHY (0.2M, 1S mL) under an atmosphere of dry

LU will hvdrolyse | umol of Neacetyl-1 -methionine/h at pH
T 25°C, Hydrolysts of 2-Neacetyl-t-arginine 15 cu. 60 times
slower (30),
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mirogen. Atter surming for Fho o .ormthing monobn drochlorude
(Aldrichy (9% med, which b been stnpped of exchangeable
protons v repeated solution an SHAY and evapozation e
drsness 03 nmest, and oonmthine decsrbon ase a8 nema, 1 (6
Uimer 3% mes were dissolved i the bulfered sofution tea, p-H
S [ he etzvimie reachion miature. i fask Nited with g calcium
wllate drving tube, was agttated at 3o Ctor d0h, s enzvirie
Peacton minture wis thes acsdied with 4 8 hegiochlone agad.
heated o stean bath tor 30 min. aad (oled te room
~temperatiite, The predipitsted enzyme was remao ~d by centrid-
ugtgon. tollowed by gilttanon of the supernatygt ~olutog
thlm\grL.&'dnc. The filttate was boophilysed, tf q
dissalved in 10 F sodism bydroade (3 mla, and the alkaline
wolution saterated with sedinm chlonde. The product was
extracted inte -butaned ¢4 = S b, the butanol ¢xtract was
acndified by addinon of a4 soluton’ of hydrogen chlorde i
butanal, and the solution was then concentrated o dacua (5
mbb ¢ == 1= HPutrescine dihvdrochlonde (46 mg) was regrys-
tallized from 9877 cthanol; "H nme CHLO1L 60 177 14HL
H-2.0, Vo6dei, M, B2 Chma M o B85 78080, 73
(A = SHLL o0 T2 C ms ot authenne unlabelled matersad,
KON = B S TS TN - NH L T TN 99T 2k
', determined by CTms, [Thesample showed i plane negative
ORD curve. Ansther sample ot (=< - Hiputresaine dihydio-

chlonde obtamed as above Trom 1-ormithine munchy drochlor. -

we trather than from e -F was Y87 = | 277 mone-“H labelled at
-1, determmed by Chimseand pave ORI T2 4y = (L S
[2lhe - 503 2 GO8° [a], g =80T8 = 0¥ 3]0 -2 U [SANN
I baae =050 = 004 3y - 133 2 O [, ~h24 T ROST,
[2]eee —0.20 £ Q067 (0 22677 U LN HCL 267, uncortedted
for incomplete deuterations.

G 44 - S Puirevene ddndrocilonde by decarbowlation

of the - ammponent of DU 2 Hormithine

A solution of pu-2- Hiornsthine monvhvdrochlonde (~ W8
CHDY 100 mg) and L-ormihine decarbaxviase (30 mg)an acetate
buffer (0.2.37, pH-S.0,0 15 mio was incubated i 3°C for 20h-
After work-up, (+341-*Hiputrescme dihvdrochlonde was ob-
tained and recrvstallized From 95898 ethanel (yield 458 mp1. The
'H i spectrum CH.O8 was identcal with that of (= -11-7H)-
putrescine and the sample showed a plane positive ORD curve:
Chms, 90O + H, 0, 7405, 70M — NH,, Lo, 7205197,
0.3 *H, determined by {1 ms.

Anuther sample of (+-( - Hiputresaine dihydrochlonde ob-
tained by enzymie degarbovylation of pi-(2-“Hliornithine (ca.
Y37 ) was 93.1 = (98 mono-‘H labelled at C-1 (determned
by ClL mst: ORD, [a]y; +1.21 % .09, [l +0.98 & 0.06°,
1] 081+ 0.06° [2}.c +0.64 £ 0.04°, [} .51 & 040,
[%hare +0.30 2 0.03°, [x]wn +0.23 £ 0.037, (2l +0205 0.04°
(¢ 28657 in 01N HCL 26°C. uncortecied (or incomplete
deuterntiond. )

Unreacted p-12-Hornithine was reisolated from the incubi-
pon mudore. Fhe alkaling solunon remaning after extraction of
the ¢ 1-HDputrescing mio butanol was neutralized wath concen-
trated hvdrochlone actd, and was then applied o acolumn (25 <
i e of Dowex 50-XB (H* formi. The column was washed with
water (25 ml.y, hydrochtone aad (2.8, 25 mb), and water (125
ml b0 2-fHornithine was eluted with ammonia 1 35 mby
and was solited as the monohydrochtoride, ay descnibed
carlier. -~

The *H and *H nmr spectra of the sample of o-t2-*Hlomithine

S

monohydrochlonde {ca. 927 {H) were wentical with those of |

the p1-12-Hlornithine from which it was denved. ORD. {21244
-157.8 £ 7.7, l:tl;..,.—ll-t.ﬁ + 5.7 [2]e —98.0 £ 49 12 ],
—R7.3 £ 4.9, [a)o: ~80.7 F 4P, (xhy, -2 X 3.5% 12]va

| U will release I.0 pmoi carbon dioxide from L-ornithine per
min at pH 5.0a1 37°C,

-
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SR28 o 260 Luhe. —3 E 20 [ M0z LS,
B ST RRE B S P2 U (X S S V1 S ) PR Sl | R 13 PO
SN RO R RN i water, 280

A authentic sample of wnlabelied 1 -cinithine 11th muonehy-
Jiochiotule pave the tolfowong ORI (2], - Tohd = LTI
28 i m T BT TP . DA 3 PO

K‘JII\.. + 7K1 T drloe =007 = 12 1ula.
O {2l =323 207 Halie, =200 = 05 (2]
A b [g]e-e LS =003 Jrl, - 1HLEE08 00 0877

ater, 22O che A0 |2 CRRNSY

h=2Y

1™ LSS anwater, 230D

2 o Arernne

Decarbovdation of argine coladved iy aremee

decarbowdase th.Co5 0100 froen Bocoh
Ve —1ef d T genatime sudfare 1101 Dy decarboradutien o
L-apinine 460 o denterinet ovde sodation

LeArgmine monohvdroghlonde thastman) CREmed was bwoce
Jdissolved m deuterum axide and eviporated o dry ness o etfect
replacement of exchangeable profons with deuterium. The
aminoe acid was then dissolved i perdeutenoacetate~-H O
butter tea. p-H 52 20m b o vicld a0 02 4 selution [t butler
had been prepared from perdestenoacetic awnd v 2uancHen
and anhydious sodium ithonate (3,36 mpsmill csee ui
Deciurbons lation  of  ornethine). 1 -Argming Jewarpoant
PSiemac 07 Ufmg)” 143 mg) was added and the resulting sotution
mentuted ot 30C in % fashoegquipped with o calviom saifate
Jdryving tube. After W0k h the incubation muxture swas acidined
tcin. pH 20 wuh concentrated hydrochione acid, teated with
Norite, heated o steam bath tor 3 aun, and Rltered throoen
Celite. The tilirate was evaporited, the tesidue dned e raewo
over sodium hvdroude and then dissolved o 37 sodium
hydroxide solutron (1-2 mb). The alkahne solution wigs satuis:
ated with sodium chloride and extracted with I-butanol 44 <
ml). Lvaporation of the hutanol gave an ol which was
tedissolved 1 aqueous suifunc wad L0 el T ml Ater
addition of methanol and cooling at I C overmight the ervstalline
sulfaire of =3 -AHgmanne separated and was recrystalhized
from water—methanol, Yichh3 mg; mp 238-23°C it (nondey-
terated 33 mp 236-239C1 Honoar ¢2H,0, relative to 'HAHO
At 63 ppmbo: FeotdH m H-23), 298 ca, TH b f ~ v
Hez, H-11, 318020, m, H-d ORD, [2]h,y -1.37 = 0087, [E1M
T £ 00T (2w 100 E 0,067, [z =07 £ 008 {110
05T OO [ —0.S0 F 00X 2]~ 1Y 2007 2]

—0.l6 = 0.0 (e, 6,527 mowater, 2570, uncuortected for

et

incomplete deuteranon); fH nmr (H,0, 180 m M, UK ransients)

<howed one sigaal at 3.0 ppm apart from that due to natural
abundance ‘H in water (4.7 ppmy.

G+ 8- Agmanne sulfare by decarbovvlaton of

1o 2- 2 Darvinine

A solution of 1-2-2Hargmine monohydrochlonde (., 927
SHY (007 ) and ¢ -argimne decarboxylse 0.7 U/mg ™ 175 m
in acetate bulfer (0.2 4, pH 5.2, 35 mb) wias incubated at 36°C
for 40h. The reaction musture wias wothed up, das desenbed
wrider (0, to give L0 Hagmatine sulfute 10 mg). The mp
and nmr spectris ' H and {Hy were similar 1o those obtained for
| = -t - Hiagmuatine sulfate, The sample showed a pline pasa-
ve ORD curve: [aler #1822 000 (2] ior H12E 2002 [x]4,
107 £ 0.07. 120 +0.88 £ 0067, (2140 £0.70 £ 004 [x]ine
F0.53 & 003, |2k 0425003, [2l, +0.27 £ 00¥ txfee-
0.3 4 0.04° (¢, 4.18% aa water, 25°C. uncorrected lor
incomplete deuteration).

C. Conversion of aemeatine info putrescine

1. Hvdrolvsis of agmatine o putrescine
A solution of agmatine sulfate 155 mg) in ethunol-water

1 U will release 1.0 pmol carbon dioxide from t-arginine per
min at pH 5.2 a1 37°C.

\ (5
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RICHARDS AND SPENSER

TR, vy, Yl sontwnimg sodiim hvdroxide (HF 7 w/viwas
heated atrefTun under o mitroeen atmosphere. Whenthe reaction
was complete tei 2001 as res eated by paper chromatography
PWhastean 3 MM Lbotano] - aoetn wond - pyrine - warer
4 L2 veuadized with ninhadin o1 v wiv,on I-butanoel —
ACTI e TS o Dematine, K. 00t puticscine, &, 0 27,
the 1eaction misiire wias couled o mom femperituie and
acdificd to pH S with 1F 7 b drochlorse aond, After evaporaton
af the solvent the residue was dissolved in sodunm hydronade
solunon LI wiv, 3 i), the solutton saturated wirth sodiam
chluride and extricted wih [butanal et « 3 ml.). T'he butanot
extrict was aunditicd weth HCI-butynod and concentrated m
facue 1~ 4 mb) Putrescine dibvdrochlonde wh ch separated
wins collected and recrystallized from aquevns cthanol. Yield,
Vimg, 877, The 'H nmr spectnnm was adentical wiph that of
authente mateel.

W Comverstan of t = L Hourematione suitiste s 10) e

F=wt L e e ditvadron itfonde o 15:

Hydrolvaes or =k "Hiagmanne sulfate (45 mgl, s Je-
senbed tor unlabelled matersal, ware t =t Hiputrescine (-
hydiochlorste 141 mu) which was wice recrvstallized from
squeous ethimal: Chons, WM = B, 30 =g 8y, =3¢ Mo~ NH,,
T, 72020949 4+ 0407 13 determmined by CI s ORI, 2],
~ 107 =009 1], -0 = L) S T i A TR N [ ] ne
TUNT S LS e 0082 = 008 (2], -1.43 =008 2],
ST 20067 (0, LR Uy HCL 26°C, uncorrected tor
mecomplete deuterations, .

O Coneersion of ¢ + 4 i thaenatine saitate inio

tercl S ipsedres e tne Jilindeoe ivorn e

Hyvdrolvan of (=) LA aemantine sulfate (40 Mgk gave ¢ +)-
t1-*Hiputrescine dihydrochlorude (22 mgl which was twice
reervstallized tfram water: C1ms, Y0 (M - HL57000 7408y, T3 (M

C= NHL LK 720108 91T + 0w . Jetermined by C1 mis:

DRD, 2]y, +4.83 + 0,007, [*lia =075 £ 009 {2),,.. +0.56 +
U (e +034 % 005, 2], =10.40 2006, (70 +0.24 <
06" (e Lal'? in 018 HOL 26°C, uncorrected for incomplete
deuteration),

Pisper chromatography (see above) uf the samples of t ~ b and
RIS Hiputrescine dihydrochionde abtained from Experi-
ments i) and 1), above, showed single mnhydrin positive and
Sahaguchy (39) negutive ApOts at K, 4.27 8he 'H nmr spectra
GHAN of both samples were alentical with those of (1-¢H)-
putresaine dihydrochloride obtained from ornithine.

. Conversion of agmatine into mrhthalimidobutveie geid
L A-Phthalimudobunvlyuaniding stlfute tef. 1)

To a stirred solunon containing agmatineyulfate (228 mg, |
mmaob and sodium bicarbonate { [68 mg. 2mmoltin watert3 mL)
wis added  N-carbethoxyphthalimide tAldrich) (232 mg, |
mmuollin small porttons aver 15 min at room temperature. After
suring for Th, the reaction mixiure was couled to °C and the
product, which precipitated, wis recrvstalitzed from methanol,
Yeeld 225 mg: mp 213-214°C1 ' nmeeCTHLCOWTHY, 83 1,70 0$H,
mbek H-230, 1L3002H, tibn, H-0, 384 (214, 1 thry, H-4), 7.85
WHL e A, Anal. caled. tor 1€ NGO L80,0H,0: ©
769 H SRS, NOIT12, 507 1467 found: C47.65 HS98 N
17.04, SO, 14497

2o d-Plubadimidobuiveic avid (ef. 12

A solution of potassium permanganate (L4 80 in 1N sulfuric
acid was added in smpll portions (cu, 0.0 L) 1w a stirred
sspension of d-phthalimidobutylguanidine (37 mg) in 1.V
sulfuric acid (1 ml) @t room lemperature. Additions of the
oxidunt were made until the colour of permanganate in the
reaction mixture wis no longer discharged (ea. 0.5 mL over | b,
Stirring was continued for | h and the reaction mixture was then
decolounized with sodium bisulfite, After conling at 0°C, the

Q

\ \
\\v

K1Y

product. which precipitated, wis eviracted e chivroformed -
2 mb) The combined extracts werte dried over anhvdions
sihium sdfate and tiltered. Evapotation pave Sphthaliino-
Putyrie acnd 13 mey as a0 white subd which win recivstallized
three tames from water: mp JES— e Ol 35 mp S-S Oy,
Huomr G HOC ) o0 201421, yuin dn X Hr o H3 232021,
SR -2 3 26421, 1 6K Hy. Hodr, 775 (411 m, ArH),
HLZ0EH s dhrn, COLHE ms, iree. 233 O350, 215N =~ L0,
PO IRT OIS I3 70 170042y, peibe o), 9. Ta 24 The
mp oand spectriel properties were 1he same s those of an
authentic sample prepared trom Fratnobuty o acd and V.
varbethoxy phihalimide 141,

M Cantervion of (1= Hirenatine o s-phtiadiodon - S F.
hutvric aid

e V-Carbethoay phthalimide (82 mgp was added 1o a stirred
solution of { = I Hugmatine ~ulfate 110y (30 mg) in ns
sawdium bicarbonate (1.8 mlLy. The resulting masture wis shrred
abroom temperature for 20 min and then cooled 1o (FC, Abter
standeg wt 0°C for 3 min. the product was collected by
hltration, wished with cold water ¢ mbLb cold ethanol 11 mty,
and chlotoform (1 mLy, and dried o facao over sodium
hvdraxade. -l-Phrhulmmlm4--‘Hjhut\Igu;muilnc (1T eht mu), ~o
vbtamed. wis reeny staifized from methanol - aceticanid 1200 ]y;
mp 210-212°C, The 'H nimr spectrum (CYH COLTH) of the
deuteriated sumple was similar 1o thag ol untabelled materd
Isee above) except thal the st at VRS ppm (H-4) corres-
ponded to el LUS hydrogen atums only .

Permanganate ovidaton of 3 sample of the CHiguanidine
denvatve (49 mgi in aqueous salfurie actd N an desenibed
tor unlubelled materal, gave t—l--t-ph:h;llmudul-l.;iiJhuurn:_
actd (120 €23 mgt which wis recrystallized three nmes flom
waters mp L2-13°C TH o mime (CTHOL, 6 208 1I2H. q. J 6.8
Hzy 239 02H, 1L 7 6.8 Hub, 275 (e, TH LS 68 Hey, 7 80041,
my, 1020, s b TH amrACHCT, 30 m v, 2172 transients)
showed i single signalat 3,54 ppmapart from that due o natural
abundance “H in CHCI, (7.27 PRMI ms, ore: 23400, 300 206

M = HOU DL 215 (M ~ HAHO. 9), 18RRI ERT (6D, 175 (41D, 174

GO L7300 1611001, 160 (5), I 016), Th (2970 + 0.2
“H, L determined by ms: ORD. (2], 539 + 0147, |2 ]ape =379
T 022 (2], =3.07 £ 0,189, [Xhese =160 £ 013", [x}es =127
ORI, fa)ge =108 £ 0,220 4, G297 in methanol, 257,
uncorrected for incomplete deuteration) (1. 4 |2]ine ~ 1.6}

Asample of (- Jed-phthalimidod-2Hibutvnie acid (12145 mg?
wasdissolved in ether (1 mly, u solotion ol diazomethane inether
(I mLy (36) was added, and the mixture way allowed to stand
overntght. The product, (= )-methyl J-phthalimido -2 Hibury-
rute (13} was recrystaltized from methanol, mp K7-88°C (lir.
{nondeutenated) €35) mp 89-911°C): ms, rmfer 248 (M, 975, 217
(M — OCH,, 1BY, 216 (8), 189 ¢10), IRRCLOL IS (1o, 1744200,
161 (95). 130 (15), 104 (17), 77 (1%, THI2 982 £ 0.3 1Y,
determined by ms: ORD, [x],,M=3.97 + () t4P, [@)yue —3.84 £
04[]y =306 2 0.0P, 2}, ~2.21 % 0305, a)r-0 =202 +
W (e, (L3477 in methanal, 25°C, uncorrected for mcomplere
deuteration),

An unlabelled sample of methyl +-phithulimidobury rute was
prepared analogousty; mp B7-88°C (from methanoll; ms. mfe:
MTAML L MM - OCH W 9, 25017 18K (9, 187 (11,
17401000, 173023, 1600799, 1304110, 04 (143, 77010, 76 (60,

An authentic sample of (=)-methyl 4-phthulimidod-2H)-
butyrate ¢13) was supplied by Dr. M. H. O1eary, University of
Wisconsin. This sample had been prepared (4 by methylation of
(=)-4-phthalimido(4-* Hibutyric acid which had been obniined
by Jdecarboxylation in “H;0 of p-glutamic acid, citlulyzed by
t-glutamic decarhoxyluse; mp B8—89°C (fram methanol); ms,
mife: 248 (ML 1370, 21T (M - OC v 20L 216010 189 (0 188
(R) 175 (1001, 174 (150, 161 (KOY. 130 ¢ I5) 14 (15), 77 (10, 76
(121925 0.4 °H, 4.7 + 047 *Hy, determined by ms: ORD,

-
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[ hpe =425 20T da]0 -3 38 ) MU el 2T 0T,
IS I L R I E Y P S 43 =0 300G L 003 D methanol,
280, ungaTegied tor imcumplete deuteiution)

) A ~ample ot S.phthalimidord- Fhbuns lguansdine (80 me)
ebtuned By othe method désonbed above trom =10l H)-
apermatine sulfate 172 ) shoded mp 213-213 Cdrom methanol
_aeette arnd 120 1 and ot Hodmre spectium s w hich the sipenal at
RS ppm culresponded ta c;;‘. 118 hvdroeen atems. Oadation
af patl o this sample oF mg), as deseribed above, gave
1 ’]-J-r‘hlhllhlnlllll(-‘-"H”‘Ul“:flk' aond (28 mea, mp 112-114°0 13
Lmes rom waterr, Phe (HCHCCT) and °H FCHCT, 30 m,
584 Dansienis) nmr spestra of this matenal were sumilar 1o
thuse obtaned for thed —’5’-(-3--'}4 wphthalimide: ms,omfe: 23 0M,
VI 2N - FLOUK), SIS OM - HEHO, T, 1HH|9¥L1«'\7(71. [
LA, 1T ITR LY, D6 1o, debi ey, 17 Th 28 RS
w0 Vi determmed by mss ORD Trd =457 202770 3 ]
P SR TR0 00 8 PRI o I Bl & UV O I A o PR
w1205 0 LV fr e m086 = 0220 L0y Dinmethanol, 25 C)
uncurreg ted for meomplete deuteratn.,

f-. f:r\rr.'um'unrf e phonds

Vieasuremesti of opticul autiedy

Optical rotaiion wis measuted byomeans o a Perhim-Elmer
241 MU palanimeter equepped wath o mercury emission lamp,
usinga Ldim polariemerer tube. At feast 10 readings were tahen at
cach mercury cmission bne. Mean values and Y57 contidence
IIIT!I[‘-{’:‘ITL‘ reporicd. .

T 1 e speetra at ' MH 2 were recorded ona Varun EM
S0 apectrometer at ambient temperature. Chermcal shifts are
reported as ppm Joswnticid from D55 or TMS s nternal
standands, respectively, for samples in SH,0 or SHEC),
salation,

Hie JH e spectra were tecorded ona Bruker WH 90 pulsed
Fourier trnsforn spectrometes operating 13,82 MHz
ambient tempetatore, with browd band proton nolse decouphng.
Spectra were abtained of samples in agueous or chlurotorm
solution m 10 mm tod) sample wbes, using “H,0 as externul
lock. The signal due to ntural abundance “H in ‘HOH or
3100, served as internal standand, Cheancal shifts are Jown-
ticld from perdentenotetramethylsilane,

Vs specrra were determined ona Micromuss 7070 dosble
focusang sy spectrameter, uperating with electron impac!
CEDLY o ehenuical jomzation (CHL by direct wpection ol the
samples. Methane at 5= J0 *mm Fore wins the 1eapent gas for
C1. The isotopic content in deuterium ennched samples was
culeulated us deseribed by Biemann (371 ‘.
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