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ABSTRACT
In parallel feeding experiments, R,S-N-norprotosin-
omenine and tyrosine were incorporated into erythraline

in Brythrina crista galli but R,S-N-norreticuline and

R-N-nororientaline were not, Franck's proposed biogenesis1

of the aromatic Erythrina alkaloids via N-norreticuline
was shown to have no significance, The requirement for
correct hydroxylation of l-benzyltetrahydroisoquinoline
precursors is discussed,

N-Norprotosinomenine, R,S~erysodienone, erysodine
and erysopine were incorporated into o-/p-erythroidine

in E, berteroana, Degradation of the isolated radioactive

erythroidine showed that erysodine was specifically incor-
porated, R,S~N-Norreticuline and R-N-nororientaline were

not precursors of the erythroidines in E, berteroana,

Various systems of introducing the precursors to
Erythrina species are discussed,

An unidentified compound was absent in the seed and
one month old seedling extracts but was present at a
maximum in relatively high concentrations in the two

weeks three days extract of E, crista galli,
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A, Erythrina and related Alkaloids,

1, Isolation and Biosynthesis of the Aromatic Erythrina

Alkaloids,

During recent years there has been renewed interest
in the extraction of Erythrina varieties which has revealed
some new naturally occurring alkaloids and some that were
already known, either from synthesis or from other genera
(Table 1), Reviews of the Erythrina alkaloids isolated
before 1966l and 19682 have been published.

35Uy 5

Barton~’ proposed & biogenesis (Scheme 1) for the
production of the aromatic Erythrina alkaloids and by
elegant labelling experiments, he has shown that the key
intermediates S~ (+)-N-norprotosinomenine (XIV), (i)—5,6,8,9—
tetrahydro-2,12-dimethoxy-7H-dibenz [d,f] azonine-3,11l-diol
(XXv), and (i)—erysodienone (XVII) were incorporated into
erythraline (XXXIV), Good incorporations of erythratinone
(XXXI), erysotinone (XXVII), erysotine (XXVIII), erysodine
(XXXV) and erysopine (XXXVI) into erythraline (XXXIV) as
well as erysodine (XXXV) into erysopine (XXXVI)6 were
obtained, indicating5 that after the basic Erythrina
skeleton has been formed, alkylation and dealkylation of

the phenolic grouns need not necessarily follow any set

order,




TABLE 1,
T

Enythrina Alkaloids Isolated and Identified Since 1969,

References
Ry
II Erythroculine R,=CHz, R;=COOCHz, R3=0CHjz, R,=H 8
III Erysotinine R,=H, Rp=0H, Rg=0CHz, R ,=0OH 9
Rs
R,0
R,0
v
CH,0""
V Erythristemine IV,R,=CHz,R2=CHsz,R3=B~0CHg 10,11,12
VI Erythrinine IV,R,=Rp=CHz,R3=f-0H 13,14
VII Erysotrine IV,R,=CHz,R;=CHz,R5=H 9,11,12,15,16,17
VIII ll-Methoxyerythraline IV,R,=Ry;=CHg;,R5;=p~0CHj; 17
IX EBrythrascine IV.R,=CHz.R3=CHgz,R3=0COCHS4 11

R,0
NR g
R;0 v
H
R,0
R o X Rl Rg R3 RQ R5 Cl'—_I'_I
4

XI S-Reticuline CHy H H CHs CHs « 18
XII N-Nororientaline CH3 HCHs H H =~ 13
XIII R-N-Nororientaline CHs HCH; H H 12
XIV S-N-Norprotosinomenine H CHg; HCHs; H «a 16
XV Protosinomenine H CHz; H CH; CH; - 16

XVI R-Orientaline CHs H CHz H CH; B8 11,12
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TABLE 1(cont,)

CHs
N

CH40 OCHg4

1L

XVIII Erybidine

CH30

CHz0
XX .
XIX Isoboldinel,2 XXI Erythratidinone R:OCH312 E
XXII B—Desmethoxyerythrat;dinone :
TABLE 2 R=H

petatr e R

Distribution of these alkaloids throughout Erythrina and

related species,

Variety Alkaloids Identified References

Coceculus laurifolius IT,XI 8,18 ; j?
E. lithosperma VII,XIV,XV,XVII,XXI,XXII 12,16 :
E, lysistemon V,VIII 10,17

E. aborescens vV, VII, IX,XVI 11

E, poeppigiana XIII 12

E. variegata I11,VII 9

E. indica VII 9

E, xbidwilli lindl  VI,XII,XVIII 13,14

E, suberosa VII 15

E, fusca VII 12

E. aByssinica V,XVI,XIX 12
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-Scheme 1
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XXXIII

XXXIV Erythraline R, ,Ro=CHg
XXXV Erysodine R,=H, R3;=CHj

XXXVI Erysopine R,=Ry=H

It was pointed out” that S-(+)-N-norprotosinomenine
(XIV) would be expected to give SR-erysodienone (XXXVII)
unless a symmetric intermediate was involved since the
naturally occurring aromatic Erythrina alkaloids have the
5-8 configuration3’7 (e.g. erythraline XXXIV).

The isolation (Tables 1 and 2) of S-(+)-N-norproto-
sinomenine (XIV), erysodienone (XVII) and erybidine (XVIII), é
the 0- and N- dimethyl derivative of (%¥)-5,6,8,9-tetra-
hydro-2,12-dimethoxy-7H~-dibenz [d,f] azonine-3,11-diol (XXV),
have given further support to this scheme. ZErythratidinone
(XXI), the methyl ether of (XXVII, Scheme 1) and 3-desmeth- =
oxyerythratidinone (XXII) again demonstrate the ease and
variety of methylation and demethylation after the Erythrina
alkaloid skeleton has been produced.

The four alkaloids (V), (VI), (VIII), (IX), show the
recently observed feature of oxygenation at position 11,
whilst erythroculine (II) has the biogenetically unexplained

presence of a C1 unit at position 14.
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2. In vitro phenol oxidations related to Erythrina

alkaloid biosynthesis.

Since the concept of phenol oxidation as related to

19,20 and amply supported experi-

‘biogenesis was postulated
mentally, it has been a rewarding practice to attemﬁt in
vitro the proposed in vivo phenol oxidative step. Many
one electron oxidising agents21 are available for such

work and from these studies some insight into the natural

process may be inferred.
HO

HO

L
Early biogenetic theory proposed bis [?—(B—hydroxy—
4—methoxyphenyl)ethyi]amine (XXXIX) as a precursor of the
aromatic Erythrina alkaloids, (references cited in 3) via
an o-quinone type intermediate (L). Phenol radical coupling

19

theory suggested p-p coupling of the bisphenethylamine

(XXXIX) to give tetrahydrodibenz [d,f] azonine (XXV)
(Scheme 2, R1=R2=H). In vitro support for this scheme was

22 and Scott25 independently synthesised

supplied when Mondon
(¥£)-erysodienone (XVII) in 35% yield from bisphenethylamine
(XXXIX) using alkaline potassium ferricyanide in a two phase

24 has shown that

(water/methylene chloride) system. Barton
the dibenzazonine (XXV) is formed in vitro by initial C-C
coupling and that the mechanism for the formation of

erysodienone in vitro can also be represented by Scheme 2

e s

s A A4 i
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‘BScheme 2
NH
H R,
B —
R, R, " OH
XXKXVIII OCHg
XXXIX R,=H XLI
XL R,=0CHg XXV R,=Rp=H

XLII R,=O0CHs,Rp=H

XLIII R,=H, R,=0CHj;

R: || |
CHg0 R,
0
XLIV XLVII
XXVI R1=R2=H XVII ) le-qE:H'
XLV R,=0CHg,Ro=H XLVIII R{=0CE,,Rs=H

XLVI R,=H,R;=0CHg XLIX - R,=H,Rz=0CHg
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(R4=R2=H).
Labelled bisphenethylamine (XXXIX) was fed5 to E.

crista galli plants and gave low incorporations into

erythraline (XXXIV). This led to a search for alternative
precursors.

The dibenzazonine (XXV) which can be prepared by
chromous ion reduction of erysodienone (XVI1) was oxidised
in 80% yield back to erysodienone by alkaline ferricyanide5
via the diphenoquinone (XXVI)24.

Kametani®” has oxidised N—[?—(B—hydroxy—4—methoxyphenyl)
ethyl]—2—(2,4—dimethoxy—B—hydroxyphenyl)ethylamine (XL) and
obtained ‘1-methoxyerysodienone (XLVIII) in 5.8% yield using
ﬁotassium ferricyanide, (Scheme 2, Rq=OCH5).

Franck26 suggested that N-norreticuline (LII) might
be a biogenetic precursor for the aromatic Erythrina
alkaloids when he was able to synthesise ‘14-methoxyerysod-
ienone (XLIX) from N-norreticuline derivative (LIII) with
an average yield of 60% per step (Scheme 3). The Di-
norreticuline derivative (LIII1) was oxidised to the (LVIII)
in 34% yield with vanadium (V) oxytrichloride. Treatment
of (LVIII) with boron trifluoride produced a dienone—phénol
rearrangement to give the dihydrodibenzazonire (LXII) in 63%
yield. Reduction, removal of the mesyl protecting group
and oxidation with potassium ferricyanide gave ‘14-meth-
oxyerysodienone (XLIX) via the tetrahydrodibenzazonine

(XLIII).
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B
HO R, =~
' HO
NRg
CH30
CH5 0 LVIT
0
R, R: Rg
LIT TVIITI OH -0OCHz $S0.CHj
LIIT 30,CHg OCHg LIX H CH CHg
LIV COQEt H LX OH H CHs
InY S0-CHg H LXT OH H COOEt
LVI CHg H
§9heme 3
HO

LITT =———— LVIII «———CHz0

R, Rg R
LAIV CHs H COOZt
LXV CHy H S0,CHs
LXVI CH, H  CHs

LXVIT 1T Clsz CO0OE%
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Franck27 had earlier obtained a 40% yield for the
oxidation of N-mesylnorreticuline (LV) to N-mesylisoboldine
(IXV). Reticuline (LVI) can be ox— idised to isoboldine
(IXVI) using potassium ferricyanide (0.5% yield)28; to
salutaridine (1IX) using manganese dioxide (0.015% yield)29;
to isosalutaridine (IX) (4% yield) plus isoboldine (ILXVI)
(6% yield) using manganese dioxide and a high dilution
technique27.

In vivo work using Dicentra eximia’® has shown that the

aporphine alkaloids corydine (LXIX), glaucine (IXX) and
dicentrine (LXXI) are surprisingly derived neither via Ni-
norreticuline (LII) nor reticuline (LVI) but via N-norproto-
sinomenine (LXXV). Scheme 4 has been establishedao as the
pathway. The product of para-para phenol oxidative coupling
( LXXVIII, R,=H, Scheme 4) is the same as that postulated
in the biosynthesis of the Erythrina alkaloids. (XXI1I,
Scheme 1).

An in vitro reaction analagous to the suggested in vivo
para-para phenol oxidative coupling of N-norprotosinomenine
has been performed by Kametani51 (Scheme 5).
N-Ethoxycarbonyl-N-norprotosinomenine (ILXXXII) was oxidised
using potassium ferricyanide buffered with ammonia/ammonium
acetate at pH 9.2 to proerythrinadienone (LXXXVII) in 2%
yield. In concentrated sulphuric acid at room temperature
for one hour, the proerythrinadienone rearranged to 5,6,7a,
8~tetrahydro—5,10—dihydroxy—11-methoxy-2-oxo—dibenz[@,f}indole—
7(2H)-carboxylic acid ethyl ester (XCI, Scheme 5), which
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Re

LXVIII LAXII
LYIX R,=CHg,Rp=R,=H,R;=0CHj R, Rz Rs Ry
LXX R,=Ry=CHs,Rs=H,R,=0CH; IXXIITH H H H
LXXI R,,Ry=CHg,Rg=H,R ,=OCHj; LXXIV H H CH; H
LXXIX R,=R,=H,Rp=CHz,R5=O0H LXXV H. CHy CHy H

LXXX R1:R3:H,R2=CH3 ,R&‘z H

Ri R2 Ra
LXXVII Hor CHz; OH H

LXAVIII H or CHjs H OH

Scheme U

LXXIII ——— LALIV ——— LALV — LAXLVII or LXXVIII
LXXVII ——— LXXIX (LXVIII;R,=H,Rz=Clgz,Rz3=0H,R ,=H)
LXLIX —— corydine (LXIX)

LYXXVIII ———LXXX (LXVIII;R,=H,Rp=CHz,R3=H,R.=H |

LAXX ~———1 glaucine (LXX) and dicentrine (LXLI)
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was characterised by its spectral data. Two other possible
- rearrangement products, the aporphine (LXVI1l, LXIII

R,=H, R2=CH5, R5=COOEt) and the morphadienone (ILXI, LVII

R, =0H, R,=l, R5=COOEt), were discounted spectroscopically

and by unambiguous synthesis respectively.

Scheme 5
" HO
CH50 CH50
R{ R4 — R —_—
@
CH30
OH
LXXXT *C
R, R; R, R, Ry R
LXXXIT H COOEt H LXXXVII H COOEt XCI COOEt
LYXXIII H COOEt Br
LYXXIV OCHg COOEt Br LXXXVIII OCHj COOEt
LXXXV H COCF; Br LXXXIX H COCF4 XCITI COCFj

The industrious Japanese workers have more recently
~improved the yield of this reaction by using a photolytic

52 photolysed 2Lbromo-y-ethoxycarbonyl—g—

nmethod. Kametani
norprotosinonenine (LXXXIII) to the same proerythrinadienone
(1X2XVII) as above in 12% yield. 2'-Bromo-8-methoxy-li-
ethoxycarbonyl-li-norprotosinomenine (LXXXIV) photolysed

in 8% yield to (LXXXVIII) and 2'-bromo-l-trifluorcacetyl-
N-norprotosinomenine (ILXXXV) gave (LXXXIX) in 4% yield.

The N-trifluoroacetylproerythrinadienone (LXXXIX) was also

treated with sulphuric ucid to give N-trifluoroacetyl-

ditenzindole ring system (XCII).
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5. Isolation and proposed biosynthesis of the homoerythrina

and Cephalotaxus alkaloids.

Cephalotaxine (XCIV) was first isolated in 196% from

Cephalotaxus drupaceae varieties harringtonia and fortuneiaz.
A partial structure was deduced from n.m.r.54 and an x—ray55
gave the total structure and absolute configuration. The
ester derivatives of cephalotaxine (Table 3), named
harringtonine (XCV), isoharringtonine (XCVI), homoharring-

tonine (XCVII) and deoxyharringtonine (XCVIII) have been

found as minor alkaloidal components in C. harringtonia.
The structures of the transesterification products from the
natural esters have been further investigated56’38 but the
exact position of attachment has not been published.

The homoerythrina alkaloids (Table 3) were isolated

from Schelhammera pedunculata and were named because they

have the basic Erythrina alkaloid skeleton with an additional
methylene group in ring C. Schelhammerine (C), schelhammer-
icine (CI) and schelhammeridine (CXI) were the first fully
characterised alkaloid559’40 and later seven other

4

alkaloids’  with the same basic skeleton (CII, CIII, CIV,

CXII, CXIII, CXIV and CXVI) were reported in S. pedunculata

(Lilliaceae) and S. multiflora (Tables % and 4).

Homoerythrina alkaloids have also been isolated from

Phelline comosa ™ and Phelline billiardieri 2, (Tables 3

and 4). The alkaloids with the skeleton (CXXII) from P.

billiardieri have been called homoerythioidines since the

proposed $ -lactonoid ring D is analagous to that found in
a- and B - erythroidine (CXXXV and CXXXVI). The structure
of ring D and the stereochemistry of (CXXII) have still to

be eludicated.



Table 3

Homoerythrina and Cephalotaxus alkaloids isolated before

Aagust 1972

a, Cephalotaxus alkaloids

XCIII
R Transesterification product References
XCIV H : 33,34,35,36,37.
XCV C, oH, 05 CH300CCH;C (COOCHz) (CH5)2C(CH3), 36,37
OHQH
XCVI  C,,H,,05 CHz00CCHC (COOCHS) (CHp)sCH(CHg ) 36,37
OH OH
XCVII C,,H,,0s CHz00CC (COOCH;5 ) (CHz)3C (CHs ) 36,37

H
XCVIII C,oH, .04 CH§XMCCH28(COOCH3)(CHg)ch(CHa)z 37,38

b, Homoerythrina alkaloids

XCIX

Rg Refereng§s
C CHg B-0CHz «-OH 39,49
CT CHg f~OCHs H 37,39,41
CII CHg a~0Cli3 H 37,41,42
'CIII CH; H  «-OCHj4 H 37,41
CIV CH H o-0CHg o=-O0H L1
Cv CHlg a=0CHz a=~CH Le
CVI 18-methoxy CHz CHz  o-0CHg H L2
CVII H, CHg R-0OCHjg H 37
CVIII CHs Cli, R=0CHgy H 37



Table 3 (continued)

R Z Y Refs,
CXI f-OCH; Hz Hz 39,40
CXII «-0CHzy Hy Hz 41
CXIII F-OCHgy O  Hjp L1
CXIV p-OCHz; H: O 41

R, Ry Rs R, Refs,
CXVI CHy [-OCHs o-H L1
CXVIT CH, OCH, H 42

CXVIII CHz CHz OCHg H Le

CXIX CXXII
CXX Rl,R2=CH2u2 XXIITa R:CHSLB
CXXT R, =Rp=CHg"* CXXIIIb R=H""
Table U
Species Structures Refs,

C. harringtonia XCIV,XCv,¥CVI,XCVII,XCVIII,CI, 33,37

¢II,CIII,CVII,CVIII,CIX,

C. fortunei XCIV 33

5, pedunculata and C,CI,CII,CIII,CIV,CXI,CXII,CXIII, 39,

g, multiflora CXIV,CXVI, 40, 41,
P, comosa CII,CV,CVI,CXVII,CAVIII,CXX,CXXI, L€

P, billiardieri CXXIIIa,CKXXIIb, L3




CHL0 " CH50
CXXXV CXXXVI

From a bilosynthetic and chemo-taxanomical point of
view, it is interesting to find that homoerythrina alkaloids

have been found in Cephalotaxus harriqgtonia.57 (Table 4).

The structures deduced for the homoerythrinz slkaloids
(Table 3) produce a number of interesting points and some
analogies to the Erythrina alkaloids. The sterecchemistry
at C5 is the same 1in both series but in the Erythrina
-~methoxy or hydroxy is observed

5
whereas in the homoerythrinas, both epimers have been

group only cis-( a)-C

identified. Generally the oxygeration pattern is the same
for botlh series but 18-methoxy, (CVI), &-oxo (CXIV) and
6,7-epoxy (CXIX) derivatives of the homoerythrina skeleton

are exceptions. Another outstanding analogy is the presumed

cleavage of the aromatic ring D of the homoerythrina alkaloids

to give the homoerythroidine structure (CXXI1) which has
not been fully characterised.

Biogenetic speculation hss produced two pathways that
utilise common early intermedisztes and which may account
for the formation of the homoerythrina and cephalotaxine

0 proposed a blogenesis (Scheme 6)

skeletons. Fitzgerald4
of the homoerythrina series using Barton's proven scheme
for the Erythrina alkaloids as a basis. Powe1137, after
observing that homoerythrina alkaloids are found in

Cephalotaxus species, sugpested that alternative ring
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(031
CXXVII CXXVIII CXXIX

———— 5 Homoerythrina alkaloids (c.f, Scheme 1)

3cheme 7

HO~Z~ HO -
CAXVITT ———s ‘ N —
I,IO ‘\}\-’/ H:O
/ A
(scheme 6)
N
. o)
OH 0

0
cXy CXXKT
HO

Y } \] ———

1o 7N ‘
OCH
1O
CXAXIT CXAXTTT CXXKTIV

» Cephalotaxus alkaloids
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closure of (CXXVIII) followed by appropriate electron
shifts, a benzilic acld type rearrangement and decarboxy-

lation would produce the Cephalotaxus alkaloids (Scheme 7).

Both schemes did not consider thst if they are to be
enalagous to the benzyl- and phenethyl- tetrahydroiso-
quinoline examples, the correct methylation pattern is
required5o’44’45’46 in order to direct the phenol oxidation
in the desired manner.

A phenethyltetrahydroisoquinoline, (-)-autumnaline

(CXXXVII) has been isolated from Colchicum cornigeum.47

CHZ0

HO

OCHs
CXXXVII



T

B. Cleavage of 1,2—Dihydroxz_Aromatic Compounds.

1. Introduction

The need to understand how aromatic compounds are
biodegraded has prompted a great deal of research into
the metabolism of these compounds in milcro-organlsms.

Many such compounds have been thrust upon Nature by Man

in the form of detergents, weedkillers or industrial

waste. Most detergents are alkyl benzenesulphonates and

some chlorobenzene derivatives have been used as effective
weedkillers. Natural oil deposits contain benzene and the
polyaromatics which have been isolated and also synthesised.
Such compounds can be toxic to higher living organisms, but some
micro-organisms are able to biodegrade them to simple aliphatic
compounds which can bé accepted into primary metabolic path-
ways.

In the biodegradation of an aromatic ring, a single
hydroxyl group is essential and frequently there is a re-
quirement for a 1,2-dihydroxy system to be present48’49’50.
It is the oxidative cleavage of the aromatic ring between
(intradiol) and adjacent (extradiol) to the 1,2-dihydroxy
groups and subsequent degradation which are covered by this
review.

2. Aromatic Ring Cleavage in Plants.

In plants there are only four known cases where
cleavage of an aromatic ring has been proposed in the
formation of a secondary metsbolite. They are a) the

alkaloids of the Stizolobium species51’52 (stizolobinic

acid (CXXXVIII) and stizolobic acid (CXXXIX); b) the betalains~>,

the red-violet and yellow alkalolds of the Order Centrosperma
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(e.g. betanin (CXLI), isobetanin (CXLIV) and indicaxanthin

(CXLVI) )
COOH COOH
| o CH2—¥-NH2 HOOC - CH2—+—NH2
CXXAVIII ‘ }
] : N
HOOC 7™ CXXXIX

Z/‘
i
o

0
O / TN
| @)= D |-
N
1 oo™ | oo
CXLITI L\]

. H.. HOOC ., |
HO0C- | COOH ' | HJ:T;t:LUOOH

N COOH

BN HOOC g, B
CXLI R=R-D-glucosyl CXLIV R=R-D-glucosyl CXLVI
CXLII R=H CXLV R=H

c) the homoerythroidines45 (CXXII Table 3) isolated from

Yhelline billiardieri and d) the erythroidines”*12° ( o-

and B ~erythroidine (CXXXV and CXXXVI) which have been

isolated from Erythrina americana, L. berterocana, E.

costaricensis, k. tholbonianaq, and L. Qoeppigianaqz.

S- Stizolobinic (CXXXVIII) and S- stizolobic (CXXXIX)

acids have been isolated from Stizolobium deerianum, S.

[ -
prurlens, S. utilis, Mucana irukanda” and S. hasggoo)q’Ba.

After these acids were isolated from etiolated seecdlings

52

of L. hassjoo, Senoh characterised them as g- pyrone-6-

carboxylic acid derivatives of S-alanine. Furthermore he

postulated48’5o’52

that, in vivo, these amino acids were
derived from 3-(3%,4-dihydroxyphenyl) aluanine (CXIVI1l, Lk=3-S-
alanyl) by the two possible modes of extradiol oxidative ring

cleavage (Scheme 8).
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Scheme 8 (R=S-alanyl)

H._ OH
OHG_ _R
HOO g 0 |/R
| —— SCXXXVIIT
A A Ao X HOOC
S CXLVIII CXLIX
\\\\\3HO R HOOC~z R
CXLVII HOO — 5 » CAXXIX
OHC HO < N H
CL CLI

As evidence for this proposed mechanism, Senoch isolated
and crystallised the enzyme, 3%,4-dihydroxyphenylacetic acid

2,3-dioxygenase, from 4-hydroxyphenylacetic acid adapted
20,56,57

cells of Pseudomonas ovalis. This engzyme catalyses

the formation of 5-carboxymethyl-2-hydroxy-6-oxo-hexa-2 -
dienocic acid (CXLVIII, R=CH, COOH) by oxidstive ring
fission of 3%,4-dihydroxyphenylacetic acid (CXLVII, R=CH,,
COOH) between the 2',3' positions (extradiol proximal cleavage).
3-(3,4~Dihydroxyphenyl) alanine was also cleaved specifically
between the 2', 3' positions5o’56’57 by this enzyme indicating
that the suggested pathway (Scheme 8) for the formation of

the Stizolobium acids is feasible. As far as is known,

radiolabelled precursors have not been fed to the whole
plant.

The red-violet and yellow alkaloids, the betalains,
which occur abundantly and widely in plants (e.g. beetroot,
cacti and pokeberry) and belong to ten families of the Order
Centrosperm355, have been stuydied since the 1860's. A

crystalline sample of betanin (CXLI) was not obtained until
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1957 when the complete structures were relatively quickly
elucidated. The 'betalains' is an expression used to describe
the class of coloured alkaloids to which the red-violet
betacyanins (e.g. CXL and CXLIII) and the yellow betaxanthins
(e.g. CXLVI) belong. The betaxanthins are structurally
related to the betacyanins, possessing the same tetrahydro-
pyridine unit, such that betanin (CXILI) can be converted in
the presence of excess S-proline (CLII) to indicaxanthiﬂ
(CXLVI). Betanidin (CXLII1) is formed when indicaxanthin is
reacted with excess 2-S-carboxy-5,6-dihydroxy-2,%-dihydro-

indole (S-cyclo D.C.I'.4.) (CLIII).

N N COOH
H
CLTI

/

In the proposed biogenesis of the betalains (Scheme 9)?3’60
S-3-(3,4~dihydroxyphenyl) alanine (CLIV) can be cleaved in
the intradiol or extradiol positions to give the common
intermediate, betalamic acid (CLVI).Condensation of betalamic
acid (CLVI) with g-cyclo 1L.0.P.A. (CLIII) would give the
betacyaning and reaction with amines or other amino acids

O have

would yield the betaxanthins. Dreiding and Mabry6
shown that §,§—5—(5,4—dihydroxyphenyl)-[3—140]—alénine and
E,g-B—(5,4—dihydroxyphenyl-[é—q4d]—alanine were specifically
incorporated in high yield (about 5% but greater than 10%

in some exyeriments) into the tetrahydropyridine unit of

betanin (CXLI) in cactus fruits. (Opuntia decumbens and Q.

bergeriang). Surprisingly neither precursor had comparable
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incorporation (less than 4¢) into the dihydroindole part
of betanin whilst mevalonic acid (CLIX), aspartic acid

(C1X, k=CCOH) and phenylalanine (CLX, K= phenyl) had zero
incorporation. These data do not distinguish between the

two possible positions of cleavage (Scheme 9).

OH
gHg—R
< HoN~-CH~COOH
HO COCH
CLIX CLX

The homoerythroidine alkaloids™®? (CXXII, Table 3) have
not been fully characterised. The exact constitution of the
lactone ring D and the stereochemistry at positions 3 and
5 have to be determined. Hence sveculation of an analagous
pathway to that proposed for the erythroidines (CXXXV and
CXXXVI) would not be valid.

4s soon as a structure of B -erythroidine (CXXXVI) was

suggested, a rational bilosynthetic route to its formation

61

was outlined. The aromatic Irythrina alkaloids were

thought at that time to be derived from bisphenethylamine

61,62

(XXXIX) but the proposed pathways (Scheme 10) from

erysopine (XXXVI) to B-erythroidine (CXXXVI) must still

be considered as possibilities. 'Woodward fission'62’65’

was postululed as the method of aromatic ring cleavage in

64

each case. Leete fed §,§—[2—140}—tyrosine (CLX, L=4-

hydroxyphenyl) to & month old E. berteroana plants and

obtained 0.025% incorporation into a mixture ofa — andPf -
erythroidines. By degradation of tetrahydro-f -erythroidine
(CLXIV), the label was shown to be specifically incorporated

at positions 8 and 10 into the erythroidines as expected.
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E,§f{2—q4@]— phenylalanine (CLX, R=phenyl) was not incorporated
into the erythroidines which suggested that Erythrina species
in common with most plants, cannot convert phenylalanine into
tyrosine. The interpretation of this result had to be
modified after it was shown by Bartona’5 that S-N-norproto-
" sinomenine (XIV) and not the bisphenethylamine (XXXIX) was

the phenolic precursor of the aromatic Erythrina zlkaloids.

Table
CLXV Ry Ro Rg
caffeic acid (CLXVI) -CH=CHCOQOOH H H
chlorogenic acid (CLXVII) 4,
0 ~— "
~cH=CH®-0 5 i H
H COOH
HO
ferulic acid (CLXVIII) ~CH=CHCOOH : H CHjs
isoferulic acid (CLXIX) -CH=CHCOOH CHjs H
23— (3,4-dihydroxyphenyl)- CHp-CH(NHz)COOH H H
alanine (CLXX)
2-(3,4-dihydroxyphenyl)—- CHCHpNH, H H

ethylamine (CT.X 1I)
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In order to try to understand oxidative ring cleavage
in higher plants at the enzyme level, Finkle65 used
caffeic acid (CLXVI), chlorogenic acid (CLXVII), 3-(3,4-
dihydroxyphenyl) alanine (CLXX), 2-(3%,4-dihydroxyphenyl)
ethylamine (CLXXI), 4'-hydroxy-3%'-methoxycinnamic acid
(ferulic acid, CLXVIII) and 3'-hydroxy-4'-methoxycinnamic
acid (isoferulic, CLXIX) (Table 4) as model substrates
for the enzymes protocatechuic acid 3%,4-dioxygenase
and metapyrocatechase. Both enzymes are diaxygenase548
and catalyse the ring cleavage of 1,2-dihydroxy aromatic
compounds by one molecule or two atoms of atmospheric
oxygen. Protocatechuic acid 3,4-dioxygenase catalyses
the intradiol cleavage of protocatechuic acid (CIXXII)

. to produce 3-carboxy-cis,cis- Muconic acid (CLXXIII)66’67

but it cleaves other substrates more slowly68. Metapyro-

69,70

catechase is an extradiol cleaving enzyme and ruptures
catechol (CXLVII, R=H) to 2-hydroxy-6-oxo-hexs -2,4-cis,cis-

dienoic acid (cis,cis-2-hydroxymuconic semialdehyde, CLXXIV).

1O COCH oo Ny CO0H OHC X\
HO HOOG HOOG, _~

OH

CLXXIT CLXXIII LY TV

In Finkles experiments the products of enzymatic
catalysls were not identified but the reactions were monit-
ored by U.V. and by uptake of molecular oxygen. It was
shown that both enzymes reacted with caffeic acid (CIXVI),
chlorogenic acid (CLXVII) and 2-(3,4-dihydroxyphenyl)

ethylamine (CLXXI). In the case of caffeic acid one mole

—3ly—-

L e -y s N e T . Lom e e A e A L
AT CHyEon wWans CoOnslmeC vl fomem vl 2edd B d-
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of oxygen was consumed when protocatechuic acid 3,4-
dioxygenase was present. With both enzymes, ferulic acid
(CIXVIII) and isoferulic acid (CLXIX) were unaffected and
suggests that the 1,2-dihydroxy system is necessary for
action by these enzymes.

Substrates such as CLXV when they react with meta-
pyrocatechase can be cleaved in two possible extradiol
positions, proximal (A) and distal (B) and Finkle's work
does not differentiate between them. All the above work
suggests thut dioxygenases could be the enzymes responsible

for aromatic ring fission in higher plants.

5. Aromatic ring fission in mammals and bacteria

This review has so far been concerned with postulated
aromatic ring fission in higher plants but much more data
are avallable on the degradation of aromutic compounds by
micro-organisms. Mammalian systems have not been as well
studied as nmicro-organisms.

During the biodegradation of tryptophan (CLXXV) in the
liver, 3-hydroxyanthranilic acid (CIXXVI) has been shown 0371
to be cleaved in the presence of a dioxygenase to 2-amino-3-
carboxy-6-oxo-hexa-2 ,4-dienoic acid (CLZXVII).

Gentisic acid?®*7? (CIXXTX) and homogentisic acid’? (CLEXX)
were cleaved to derivatives of 4,6-dlioxo-hexa-2-enoic acid

(CLXXXIT and CLXXXIII) in the liver.

CH,CH (NH, ) COOH 00K
O
. 0
N W, N COOE COOH
CLXXV ‘ 4
OHC -
CLXXVI 1100C 2 (CLXXXI
CLAXVIT CLXXXII
CLXXVIIT R=COOCH
OLALIX R=COCH CLXXXTITIT

CLX4X R=CH,COOH R=ClI;COCH
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For a long time 1t was known that micro-organisms
were capable of growth on arometic compounds as their
only source of carbon.74 Such micro-organisms which are
present in soil and sewage disposal sites belong to six
families, Coccaceae, lMycobacteriaceae, Bacteriaceae,
Pseudononadaceae, Spirilaceae and Bacillaceae from which
the I'seudomonas species have been extensively studied.
Before 195074, as a result of isolaztion experiments, it
appeared thet phenol (CIXXXIV) was metabolised via catechol
(CLXZXV) and muconic acid (CLXXXVI) to 3-ketoadipic acid

(Cl XXXVII) (Scheme 11) in Iseudomonad species. Catechol

(CLXXXV) could also sustain growth but when isolated
muconic acid was refed to a cell free extract of FPseudo-
monag species by Hayaishi75, 3-ketoadipic acid (CLXXXVII)
was not produced. When Linstead76 characterised the three

geometric isomers of muconic acid (cis,cis; cis,trans;

trans,trans), Hayaishi realised thet isomerisation of

muconic acid had occurred during work up. In 1955 the cleavage
of catechol (CLXXXV) to cis,cis- muconic acid (CLXXXVI) by

the enzyme, catechol 1,2-dioxygenase (pyrocatechase)77

which was isolated from Pseudomonas species was reported.

scheme 11

HOY=" HONZ Ho0C” X HOOC YO
ol — | — _—

g oA HOOC,_ - HOOC
CLXXXIV CLXXXV CLXXXVI CLYXXXVII

In a classic experiment, Hzyaishi proved that atmospheric

78

oxygen was the necessary oxldant. Fyrocatechase was
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allowed to act upon catechol in the presence of 180 en—

18

riched atmospheric oxygen and a 92% incorporation of 0

into the carbonyl groups of cis,cis-muconic acid was
obtained. There was no incorporation of label from H218O

in a separate experiment. (Scheme 12).

Scheme 12
COOH
OH 18 O OH
CO OH
COQCH
CLXXXV CLXXXVITII CLXXXIX

Protocatechuic acid (CLXXII) was an intermediate

postulated in the bilodegradation of other aromatic compounds

and it supported growth of Pseudomonas species.74 Stanier66

isolated protocatechuic acid 3,4-dioxygenase from P.

fluorescens and it catalysed the conversion of proto-

catechuic acid to 3-carboxymuconic acid (CLXXIII). This
dioxygenase 1is present in a large number of bacteria and
yeast species. (Table 5).

When the intradiol method of cleavage had been
d79,80,81

established, a new mode of fission was suggeste

since protocatechuic acid (CLXXII) in a Pseudomonas species

and catechol (CLXXXV) in a 'gram negative organism' did not
yield muconic acid or a derivative. The products of ring

fission were later shown to be 4-carboxy-2-hydroxymuconic

82,125

semialdehyde (CLXXXIX) and 2-hydroxy-muconic semi-

aldehyde (CLXXIV)®? respectively. Catechol 2,3-dioxy-
69

genase (metapyrocatechase) was isolated~’ and became the
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first dioxygenase to be nystallised7o. Protocatechuic
acid 4,5—di6xygenase has been isolated®” and purified
but not crystallised. lolecular oxygen 1s also the
oxidant with the extradiol cleavage enzymes46.

Table 5 shows the known cases of enzymatic ring
cleavage. The products of these reactions can be deduced
by applying the general. case defined by Scheme 13,

Catechol (CLXXXV) and protocatechuic acid (CIXXII)
are the most common substrates for cleavage since they
are the products of degradation of such larger molecﬁles

124 88,96

as lipids, alkylbenzene sulphonates (CCXVI) and

polyaromatiCSqog’qqo.

The chlorodihydroxybenzenes (CXCIV, CXCV, CXCVI) are
intermediates in the biodegradation of 2-(4-chlorophenoxy)
acetic acids (CCXVII) which are weedkillers.

7,8-Dihydroxykynurenic acid (CXCVIII) is an
intermcdiate in the degradation of tryphotophan (CLXHV)
by micro-organisms. (Scheme 14)105 and 8—[2—(2,5—dihydroxy—
6-methylpheny1)ethyl]—5,7-dioxo—4—methylhexahydroindane (CCIV)
is derived from the steroid, androsta-4-ene-3,17-dione

(CCXXITL) (Scheme 15) 117,112,115,

4, Pathways after ring fission

It is pertinent to consider further metabolism of the
cleavage products since in all the above examples, the

Stizolobium acids and betalains excepted, there is loss of

at least one carbon atom. Complete degradation to acetic,
pyruvic or succinic (frow %-ketoadipic acid) acids is very
common.

The pathway for the formation of 3-ketoadipate (CLEXXVII)
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Scheme 13
Intradiol cleavage

By

inH Oz Ro~p~ S COOH
—_—
OH enzyme RO COOH
3

R‘L
CXC CXCT
Extradiol cleavage
Rl
OH o, Ry O coom
—)
oH Ry” N\ NOH
R. enzyme R,
CXC CXCII
Table 5
Substrate Micro-organism References
’ 5
Pseudomonsas species,7“’78
P. fluorescensgu,g, arv111385 75,78,
OH Brevibacterium fuscum86, Nocardia 84,85,
- - - 0
H opaca%7, P. aeruginosa(strain B)B: 86,87,
aQ .
CLXXXV P. desmolyticumB’, Moraxells 83,89,
C
Twoffi Vibrio (0/1)7°, 90,
Yeast species91 Gl1.
66 P
P. fluorescens ~, Neurospora 66,87,

crassa92, Nocardia erythrOpoliSB'
HOO ‘/i.}_P? Vibrio(O/l)gB’gh, Azotobacter
QQC. H chroococum, A, vinelandii, A,
CLXXII beijerinckii95, Bacillus species

89

P. desmolyticum,

Yeast gspecies

. ,‘
> 97,95



Table 5 (cont, )

Substrate Micro—organism , References

OH e
Cl Pseudomonadaceae”? 99

OH

CXCIV

Pseudomonas Speciesloo 100

CXCV

Pseudomonas SDGCiGSlOl 101

Pseudomonas specieslo 102

'Gram negative organism'a} 80,81,

p. species®0r103 95,103,

C.
Azotobacter species’5’lou. 104,

P. specjes:}o5 105,

i ol
N 106 6
Iﬂ)/*QQ/“ N2 ~coog — Aerococcus 106,
{

on *

CACVIII
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- Table 5 (cont.)

Substrate Micro-organism rReference

Achromobacter sp;107’108 107,108
CXCIX
HOOCCH _OH
P, ovalis56’57 56,57
~OH
cC
Q
= AN P.-specieslo”,
! - g
Lo i N OH Moraxella Iwoffi Vibrio(O/l)fO 90,
! \{JH P, aeruginosa O 109,110
CCI
OH
E_ aergginosallo 110
f, aeruginosallo 110
Nocardia restrictuslll’};‘
. sp. (B110)11°, 49,111,
P. sp., NMycobacterium 112,113
smegmatish9.
CCIV
HOOC - /'
\/y l' OH 50
b \ P, srecies £0
. o

CLXXII



" Table 5(cont,)

Substrate

CCIX

R= 3-butyl(CCX),
F-pentyl (CCXI),

L=heptyl (CCAIT)

Micro-organism Reference
P. speciesllb, E. 38,89,
aeruginqga‘ﬁ.g, 104, 114
Qg
desmolyticum‘f Azotobacter
lo""i-
sp,
11

P. sp.”, B, 89,104,
desmolyticum89, Azotobacter 114,
Sp.lob.
P, putidall’ 115

Agrobacterium speciesll6 116

P. putida, acidovoransll7 117
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(cont, )

Substrate

OH

OH

CCXIII
R= 3,4-dihydroxyphenyl
(CCXIV)
R= 3,4-dimethoxyphenyl
(CCXV)

cC

X N80,H

R=alkyl

CCAVI

Micro-organism References
P. Species118 118
p. sp, /7280119, 79,80,
Rhodopseudomonas 119,1z0,
palustrist<0r122 p, 121,122,
testgsteronilgl,
P. ovaligl®d 12%
OCH, COOH
R & ]
i
i
N
|
Cl

CCXVII (R=H,CHs; or Cl)
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from catechol (CIXXXV) and protocatechuic acid (CLXXII)

after intradiol ring fission in Pseudomonads and Moraxella

Iwoffi was elegantly deduced by Stanier and Ornston94

(Scheme 16). This pathway could extend to all bacteria.

After extradiol rupture of catechol had occurredsq,

Hayaishi2” postulated that carbon dioxide, acetic acid
and pyruvic acid were the final products of 2-hydroxy-

muconic semialdehyde (CLXXIV) degradation (Scheme 17).

Scheme 17
OH N0 HO
— OOH-—% COCH'———? + CO,
H, COOH
OH
CLXXXV CLXXIV CCXAVIII COXXIX
0 0 CH5COOH (COXXXI)
— > +

Ha  COOH CH,COCOOH (CCXXXIT)
COXXX

2
Dagley and Gibsonqoa’qlm’q 6

proposed that the
second carbon-carbon bond rupture gave formic acid from
2-hydroxymuconic semialdehyde (Scheme 18, R1=R2=R3=H).

Scheme 18

2 Co0
:l\\//lf H 4 Rr,coom
HO
0
Ra
CCXKXXITI COXXXIV COXXXV CCXXXVI
I
— 5 R,CHyCR, + CH 4 COCOOH

COXAXVIT CCXXXII
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From 3-methylcatechol in Pseudomonads, acetic acid, 4-

hydroxy-2-oxopentanoic acid and acetaldehyde were identified
(Scheme 18, R1=CH3, R2=RB=H). When 4-methylcatechol was
used, formic acid, 4-hydroxy-2-oxohexanoic acid and
propionaldehyde were isolated (Scheme 18, R1=R3=H, R2=CH3).

This pathway was also extended to protocatechuic acid

14 >108

(CLXXII) , 3=-(2,3~hydroxyphenyl) propionic acid (CXCIX
(both proximal cleavage) and 2-(3,4-hydroxyphenyl) acetic
acid (CC),]23 (distal cleavage).

Recent workqg? has suggested that there is a dual

pathway operating in Pseudomonads grown on naphthalene.

2~-Hydroxymuconic semialdehyde (CLXXIV) can act as substrate
to two enzymes, one NAD dependent and the other NAD in-
dependent. These enzymes would produce (Scheme 19, R, =Ry=
R5=H) 2-hydroxymuconic acid (CCXXVIII, Scheme 17) and 2-
hydroxypenta-2,4 dienoic acid plus formic acid (c.f. Scheme

18) respectively. In Azotobacter speciequ4’128 the same

dual pathway seemed to be operating (Scheme 19) but the
NAD independent route was of only minor significance.
Thus catechol gave carbon dioxide, acetaldehyde and pyruvic
acid (Scheme 19, R1=R2=R5=H).
Scheme 19

COOH

/
’ CCKXXVITI
Rg //‘\OH f\~faco2

Ry
. COOH
CCXXXIV COXXXY
R,COCH Ra AN 0H
(Scheme 18)

CCXXXIX
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5. Fungal aromatic cleavage and metabolism

Fungi which act upon lignin derived aromatic compounds

97,98

have not been much studied. Henderson suggested that

catechol, protocatechuic acid and cis,cis-muconic acid

(CLXXXVI) gave 3%-ketoadipic acid (CLXXXVII) in the 'black
92

yeast Aureobasidium (Pullularia) pullulans and Gross”’< has

demonstrated intradiol cleavage of protocatechuic acid in

the fungus Neurospora crassa. Caimg/i showed that intradiol

fission of protocatechuic acid and catechol to give cis,cis-
3-carboxymuconic acid (CIXXIII) and cis,cis-muconic acid
(CLXXXVI) respectively is identical to that observed in
bacteria. (Scheme 16). The pathway, catechol to 3-ketoadipic
acid, is identical in fungi and bacteria’ . Cis,cis~3-
Carboxymuconic acid from the cleavage of protocatechuic
acid in fungi has been rigorously shown to give L-carboxy-
5-carboxymethyl-2-oxo-2,5~-dihydrofuran (CCXL) not 5-carboxy-
5-carboxymethyl-2-oxo-2,5-dihydrofuran (CCXV, Scheme 16) as
in bacteria. The precise pathway of lactone (CCXL) metabolism
to 3-ketoakipic acid in fungi is not known but 3-carboxy-4-
hydroxy-hexa-%-ene~1,6-dioic acid (CCXLI) may be an inter-

91

mediate” .

coon
HOOC
HO ~
o) 0 COCH
CooH
OOH

CCXL CCXLI



6. Enzyme Induction

An inspection of Table 5 indicates that only mono-
cyclic aromatic compounds undergo intradiol cleavagqu.

This phenomena may be related to the method by which the
UL

enzymes of the pathway are induced. Stanier and later

129

Hiegeman suggested that intradiol fission of catechol

is induced by cis,cis-muconic acid in Pseudomonas species

and that extradiol cleavage is induced by phenol, cresol
or an analogue. ©Since pyrocatechase is induced by the

product of its reaction, it would be expected to be more
specific than metapyrocatechase which is induced by its

129. Purification of the enzymes77’70 indicated

substrates
that metapyrocatechase has a lower substrate specificity
than pyrocatechase.

7. Inzyme Mechanism of dioxygenases which act upon 1,2-

dihydroxy aromatic systems.

Since the discovery of dioxygenases, great advances
have been made in the elucidation of their reaction
mechanism; especially since some of them have been
obtained in crystalline form. U.V., electron spin resonance,
circular dichroism, optical rotatory dispersion and nuclear
magnetic resonance techniques have all been applied with
some success to this work. Complete elucidation of the
mechanism, however, has so far eluded the Japanese workers
led by Hayaishi.

Early speculation proposing o-benzoquinone (CCXIII)
and peroxide intermediates was rejected after trapping and
kinetic experiments. Aniline and catalase (an enzyme used

for the assay of hydrogen peroxidé) did not trap either o-
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benzogquinone or hydrogen peroxide respectiVely66’72. Also,

the rate of cleavage of protocatechuic acid (CLXXII) with
protocatechuic acid 3,4-dioxygenase was unaffected by

enzyme concentration66.

Rl
|
Re 0 = N-phenyl
R, 0 X~ N-phenyl
4
CCXLIIT CCXLIV

CCXLIII (R,=Ry=Rg=R ,=H)

130

There is a reference that o-benzoquinone anil

(CCXLIV) was isclated from a trapping experiment performed

137 howed that

on a yeast species growing on phenol. Cain
o-benzoquinone (CCXLIII) was in fact produced non-enzym-
atically from catechol in yeast and that o-benzoguinone was
a very efficient inhibitor of pyrocatechase and protocatechuic
acid 3,4-dioxygenase. It was therefore concludedqaq that
o-benzoquinone was not an intermediate.

Three dioxygenases which catalyse ring fission of 1,2~
dihydroxy aromatic compounds, have been crystallised - proto-

68,8 0
»85 meta pyrocatechase7 ’

catechuic acid 3,4-dioxygenase
and %,4-dihydroxyphenylacetic acid 2,5—dioxygenase155.
Usually greater than thirty fold purification is required
before the enzyme satisfies ultracentrifugation and
electrophoresis criteria for homogeneity and hence purity.
Pyrocatechase77’85, protocatechuic acid 4,5—dioxygenase85,
and 3-(2,3-dihydroxyphenyl )propionic acid 2,5—dioxygenase134

have been highly purified but not crystallised.
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Some data concerning these enzymes &re given in Table 6
and a comparison of the properties of the two types of
dioxygenases is included in Table 7. I-L'alyaishi,]52 showed that
iron is the sole co-factor with both types of dioxygenase
and that it 1is intimately involved in the catalytic action
by interacting with the substrate. In extradiol cleaving
enzymes, iron is in oxidation state two and in the pyrocatechase
type enzymes iron is in the ferric state. o-Phenanthroline,
a chelating agent specific for ferrous ion, inhibits meta~
pyrocatechase whereas catechol-3,5-disulphonic acid, a potent
chelating agent for ferric ion, has no effect.

An €.s.T. signal at g=4.28 has been attributed to ferric

132,138

ion in pyrocatechase. This signal disappeared in the

presence of catechol then reappeared when oxygen was intro-

duced and cis,cis-muconic acid exhausted. A similar effect

139

was shown with protocatechuic acid 3,4-dioxygenase .

With both enzymes, the U.V. spectra showed corresponding
changes and a spectral species was observed on fhe addition
of substrate which was assigned to a substrate: iron:enzyme
complex. Furthermore for protocatechuic acid 3%,4-dioxygenase,

an additional spectral species was observed in the presence

of substrate,'oxygen and enzyme436. After analysis of

stopped flow kinetics between less active substrates (e.g.

2,3~-dihydroxyphenylacetic acid) and this enzyme156’140, it

was proposed that the new spectral specles was a terniary

complex of oxygen, substrate and enzyme459’14o.

When catechol was oxygenated using pyrocatechase and

18,_18 16,_16

cnly 0O 0 and O~ -0 species of oxygen, the two carboxyl

groups of cis,cis-muconic acid had obtained thelr oxygen atom



Table 6
Number of
Properties of some dioxygenases atoms of
iron per
Molecular molecule
Enzyme weight of enzyme
Pyrocatechase 95000135, 7800086 2135
Protocatechuic acid 3,/ -dioxygenase 700000136 8136
C
Metapyrocatechase 14000079 1159
Protocatecnuic acid !, F-dioxygenase lL;OOOO141 l83
3-(2,3-Dihydroxyphenyl)propionic lLOOOOle
acid 1,%~dioxygenase
3,L-Dihydroxyphenylacetic acid 100000132 L-5133

2, 3~dioxygenase

Table 7
. . . . . D 132
Comparison of extradiol and intadiol cleaving dioxygenases
Property Extradiol Intradiol
coelour colourless red
oxidising agents inactivate no effect
reducing agents no effect inactivate
Oo—-phenanthroline . inhibilt no effect

pre-incubation with catechol 3,5-
disulphonic acid under anaerobic no effect inactivate
conditions

e,s,r, signal at g=4,2 absent present

e.s.r, signal at g=.,2 in the anpears disappears
presence of® substrate



from the same molecule. This and otherxdata supports the

138,141

mechanism proposed by Hayaishi for intradiol cleaving

dioxygenases (Scheme 20).

Scheme 20

S . 245 345
Fe3t~—4Fe2+—S —— Fe/// —— Fe/}i—*w——)SOQ + Fe3+
\02 \O'

S = substrate

Although the oxidation state of iron in extradiol

cleaving dioxygenases is different from the pyrocatechase

122

type, the proposed reaction mechanism is similar to that

above since o terniary complex of substrate, iron and
oxygen during the course of catalysis, is postulated in both

cases.

1352

Hayaishi with metapyrocatechase and Senoh with 3,4-

125

dihydroxyphenylacetic acid 2,3-dioxygenase using e.s.r.

and U.V. proposed that a ferric ion:substrate:oxygen complex
is formed. 1In this case the e.s.r. signal at g=4.2 (due

to iron (I11)) appeared only in the presence of substrate,
enzyme and oxygen. Initial rate studies with 3-(2,3-

dihyéroxyphenyl) propionic acid 1,2-dioxygenase also

134

suggested a terniary complex The mechanism of all extra-

[

diol cleaving dioxygenases mey be identical to that

tentively postulated by Hayaishiqqd (Scheme 21).
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2+ ) COCH
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8. Cleavage of aromatic rings by analagous chemical means.

Catechol can be cleaved to cis,cis-muconic acid by
peracetic acid76 and o-benzoquinone (CCXLIII) is oxidised

143

to the same product with hydrogen peroxide . Grimstead/'44
proposed that enzymatic intradiol fission proceeded via
enzyme bound o-benzoquinone and hydrogen peroxide when
3,5-di-t-butylcatechol (CCXLIX) was oxidised to o-quinone
(CCL) in the presence of metal ions (e.g. Fe2+,002+,Zn2+)

and oxygen.

CCXLIX CCL



....53..

Patchett/]45 suggested that a peroxy intermediate could
be involved when structure (CCLII, Scheme 22) wus isolated
from the hydrogen peroxide oxidation of o-benzoguinone
(CCXLIII). The peroxy compound (CCLII) was derived from
the Diels- Alder dimerisation product of o-benzoquinone

(CCLI) by oxidative ring cleavage and attack by the peroxide

anion.
Scheme 22

72 0

L

N )

H HOOC O 00H
CCXLIII CCLI CCLII
Baldwin145 produced ring fission by re-arrangement of

1,4-peroxide (CCLIV) and suggested that singlet oxygen could
be involved. The existence of cyclic peroxide (CCLVII) as
an intermediate, however, was not precluded. 1,4-Feroxide
(CCLIV) was synthesised by photolytic oxygenation of (CCLIII)
and the rearrangement was performed with ethereal hydrogen

chloride. (Scheme 23).

Scheme 23 o
0
OCH, . r//
Q\ CCLV  0OCH,4
oty — +
™~
/COOCHa
OClig :U CHO
\\%
CCLIV

CCLVI OCHg



CCLVII
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Some very recent work on the photooxidation of
3,5-di-t-butyl catechol (CCXLIX) has provided more evidence
against an o-quinone intermediate in the enzymatic catalysis.
The product (Scheme 24) in pyridine was (3,5-di-t-butyl-2-
oxo-1,5-dihydro-5-furanylacetic acid (CCLXVI) or the lactone
acid (CCIXVI) and its ester (CCLXVI, R=CH5) in methanol.

The lactone (CCLXVI) is directly analagous to the lactones
(CCXXV and CCXXVII, Scheme 16) proposed in the bacterial

intradiol degradation in Pseudomonas species of protocatechuic

acid and catechol respectively. During photooxidation (Scheme
24), a hydrogen atom is removed by the radiation, sensitisor
or singlet oxygen and the rearranged radical (CCLX) combines
with triplet oxygen to give the intermediate (CCLXI). The
peroxyradical intermediate (CCIXI) can rearrange either before
or after combining with a hydrogen atom to give the cyclic
peroxide (CCLXIV) which cleaves and recyclises to give the
unsaturated lactone (CCLXVI). When 3%,5-di-t-butyl-o-
benzoquinone (CCLXVII) was photolysed, the reaction was much
slower, more complex and the product ratio different from

that above.



scheme 24

CCLVIII CCLIX CCLX CCLXI

H, COOR

CCLXVI

CCLXIII

CCLXVII
Although o-quinone (CCLXVII) may be a source of
product it was concluded that this was only a minor

route.

9. Leductive Cleavage Mechanism.

A1l the mechanicms mentioned in this review have

involved oxidative cleavoge of an aromatic ring. There has,



oo

however, been one ingtance in the literature where initial
reduction of the aromatic ring was postulated as the
first stepqag. Evans proposed that benzoic acid was de-

graded to hepta-1,7-dioic acid when fed to Ehodopseudomonas

palustris and photolysed anaerobically. (Scheme 25).

Scheme 25
COOH COOH COOH cooH
[ N r/ghw H N OH
—) P ———
= N ( —
CCLXVIII CCLXIX CCLXX CCLX XI
COCH

ICOOH
)
o

CCLXXII CCLXXIII
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DISCUSSICON

1. Comparative feeding of tetrahydroisoqguinoline precur-

sors to Erythrina species.

Franck | suggested that N-norreticuline (III) could be
a biogenetic precursor of the aromatic Erythrina alkaloid
skeleton after he was able to synthesise 14-methoxyery-
sodienone (XIV) from N-mesyl-5'-methoxy-N-norreticuline (II)
(Scheme 1.R4=OCH5, R2=SOECH5). Oxidation of N-mesyl-5'-
methoxy-N-norreticuline using wvanadium (III) oxytrichloride
gave the morphadienone derivative (V) in 34% yield by P-p

2 Treatment with boron

coupling of the phenolate radicals.
trifluoride produced a dienone-phenol rearrangement and
aromatisation to give 8,9-dihydro-1,2,12-trimethoxy-7-
mesyldibenz [d,f] azonine-3,11-diol (VIII) in 63% yield.
Reduction with hydrogen over platinum (81% yield) and re-
moval of the protecting group with lithium in ammonia (72%)
gave 5,6,8,9—tetrahydro—1,2,12ntrimethoxy~7H—dibenz(ﬁ,f]
azonine-3%,11-diol (XI). The biphenyl (XI) was oxidised to
14-methoxyerysodienone (XIV) using alkaline potassium
ferricyanide in 61% yield. The proposed pathway in vivo

would presumably follow Scheme 1. Rq=R2=H.



OCH4 OCHj3
Ry OH Rl\fjg OH
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CH50
o
X XITI
XI R,=0CHs XIV R,=0CHg
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Table 1
3
Stereochemistry and H/1lhy Incorp-

. 3 14
position of the label rpatio 2°vion H/14 C label
in N-norprotosinomenine of into OCH,O0 OCHgs
(XVIT) precur— Eryth-

SOI'S  paline

/°/a
(i) {5,2's6""3H3J - O,O)_;BB - —_ —
(+) [5,2',6'=H,] - 0. 247 _ - _
3 — 0.21% - _ }
S-(XXVII) [5-"H] - 0,12% - - -

XKXVII 3 I
R~ [enantiomen)| 5~-"H ] - 0,002 - - -
(+)L3-1Hc, 5-7H] 2.04 o 0874 1,98 - -

(£) 4" =methy1-Yig] - a, 25" - 52,5 49.6
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Barton and co-workers had earlier5 proposed that
N-norprotosinomenine (XVII) was the tetrahydrobenzyliso-
quinoline precursor of the aromatic Erythrina alkaloids
and (i)—[5,2',6'—Bﬂéj—yfnorprotosinomenine was incorporated

into erythraline (XXVI) in E. crista galli plants. The

resolution of N-norprotosinomenine was accomplished and
parallel feedings of R and S enantiomers showed that only
the S isomer (XXVII) was incorporated4. This would be
expected for the operation of an enzymétic system. The
results of all feedings of single and double labelled N-
norprotosinomenine are given in Table 1. and the pathway
to the key intermediate, erysodienone (XV) is set out in
Scheme 2 (R4=R2=H).

Kametani” has reproduced in vitro the first oxidative
step of Scheme 2. N-Ethoxycarbonyl-N-norprotosinomenine
(XVIII) was oxidised in the presence of potassium ferri-
cyanide in a pH 9 buffer of ammonia/ammonium acetate in 2%
yield to the proerysodienone (XXIII) which in the presence
of concentrated sulphuric acid rearranges to 5,6,7a,8-
tetrahydro-B,4O—dihydroxy—1ﬂ-methoxy—2—0x0~dibenzE@,f}indole-
7 (2H)-carboxylic acid ethyl ester (XXIX) (Scheme 3). The
yield has recently been improved by using a photolytic

6 2'-Bromo-N-ethoxycarbonyl-N-norprotosinomenine (X1X)

method.
gives the proerysodienone (XXIII) in 12% yield whilst 2'-~bromo-
N-trifluoroacetyl-N-norprotosinomenine (XX) gives XXIV in

4% yield. N-Trifluoroacetyl-proerysodienone (XXIV) was
characterised as its rearranged product (XXX) (Scheme 3%)

with concentrated sulphuric acid.
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Scheme 2

N
\
/
N
OH
OCH,
XXV
R, Rz
AVII H H XXII . R=H
XVIII COCEt H XXITI R=CO0LEt

XIX COCEt Br

XX COCFs Br XXIV  R=COCFg

Scheme 3

XXIII

XXIV

XXVIII

AXIX R=COCH®t

XXX R=COCF,
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The E—norprotosinomenine feeding results outlined in
Table 1 do not preclude a possible pathway of S-N-norproto-
sinomenine (XXVII) giving S-L-norreticuline (III,amcq—g)
by demethylation and remethylation steps. PFhenol oxidative
coupling (Scheme 1) of S-N-norreticuline (II, a-C,-H)
would give the morphadienone (XXXI). A dienone-phenol
rearrangement and aromatisation on the chiral surface of
an enzyme would produce 8,9-dihydro-2,12-dimethoxy-7H~-dibenz
[d,f]azonine—5,11—diol which without racemisation would
reduce to 5,6,8,9-tetrahydro—2,12-dimethoxy-7H-dibenz[@,fl
azonine-3,11-diol (XXXII). The stereochemistry of the
dibenz azonine (XXXII) would be the same as that derived
from §-E—norprotosinomenine4. Oxidation would produce
5R-erysodienone (XXXIII) which has the opposite configuration
to that of the natural alkaloids (c.f. erythraline XXVI).
Consequently, if S-N-norreticuline is a genuine precursor
of 5S-erysodienone, some inversion or symmetIising process

must occur.

ocH3

KXXI XXXIT XXXIIT
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N-Norreticuline was synthesised by well-known pro-
cedures (Scheme 4). 1-Nitro-2-(4-benzyloxy-3-methoxyphenyl)-
ethylene (XXXIV) was reduced by lithium aluminium hydride
in refluxing tetrahydrofuran to 2-(4-benzyloxy-3-methoxy-
phenyl) ethylamine7 (XXXV) in 70% yield. 3-Benzyloxy-i-—
methoxy benzoic acid (XXXVI)8 was converted to the
acid chloride using thionyl chloride in benzene and after
removal of the benzene, the acid chloride with diazomethane
in ether at 5° gave >-benzyloxy-4-methoxy-w-diazoacetophenone
(XXXVIII) in 90% yield. 2-(4-Benzyloxy-3-methoxyphenyl)
ethylamine (XXXV) and 3-benzyloxy-4-methoxy-w-diazoaceto-

phenone (XXXVIII) were photolysed8

in dry benzene for 3

hour with a 125w high pressure mercury lamp, and N-(}Z—(4—
benzyloxy—B—methoxyphenyl)ethyij—2-(3—benzyloxy-4—methoxy—
phenyl) acetamide (XXXIX) was obtained in 61% yield. Using
a Bischler-ligpieralski synthesis9, the amide (XXXIX) was
cyclised in dry refluxing toluene with phosphorusoxychloride
to 7-benzyloxy-1-(3-benzyloxy-4-methoxybenzyl)-3,4~-dihydro-
6-methoxyisoquinoline hydrochloride (XL) in 62% yield.
Reduction of the imine with sodium borohydride and removal
of the benzyl protecting groups with hot concentrated hydro-
chloric acid yielded N-norreticuline (III) as its hydro-
chloride salt. A portion of N-norreticuline was subjected
to base catalysed exchange with tritiated waterB. The

crude product was separated on t.l.c. to give R,S-7-hydroxy-
1-(3—hydroxy-4—methoxy4é,6—5Hé}benzyl)—6—methoxy—1,2,5,4—
tetrahydro{?—Bﬁ}isoquinoline (XLII)((égzl—BHj—g—norreticuline).
A duplicate experiment using deuterium oxide indicated the

loss of 3% aromatic protons o and p to the hydroxy groups.



Scheme 4
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§,§-[5~5H]—E—norprotosinomenine (XIIII) had been
prepared by previous workers from{é;E;BHQ]—isovanillin

(XLIV)4. This compound was purified before feeding.

3H
HO ~&~ .
N | NH i
CH30 HO. -~
HO ) €Hz07
CHzO X
XLIII XLIV XLV
XLVI R=H
XLVII R=°H N

v

A colleague, Miss A. Lobo, had isolated R-(+)-N-

10

nororientaline (XLVI) from Erythrina poeppigiana and this

was subjected to base catalysed exchange with tritiated
water. A similar exchange with deuterium oxide indicated
the loss of two aromatic protons. Since positions 8 and 5'
are o to hydroxy groups, f}-Ezgz;—BH]-ﬂfnororientaline is
therefore &—7—hydroxy—ﬂ—(4-hydroxy-5-methoxy—[5—5H1-benzyl)~
6-methoxy-1,2,5,4-tetrahydro-[$-5H]-isoquinoline (XLVII).

A pathway which gives the tetrahydrobenz[ﬁqf}azonine (x11,
Scheme 1) from R-N-nororientaline would involve two dienone-
phenol rearrangements. (Scheme 5). F-p Phenol oxidative
coupling of R-N-nororientaline on an enzyme surface would

produce one of two possible isomers (XLVIII or XLIX).



-76~

— XIT

(Scheme
1)

either or

OCHg X both isomers

E,gf[?—140]—TerSine (L), §,§-{égzl—ag]-g—norreticuline
(XLII), §,§—(5—3H ~-N-norprotosinomenine (XLIII) and R-
| [?gxl—BH]—Efnororientaline (XLVII) were fed at the same
time as aqueous solutions of their hydrochloride salts to

Erythrina crista galli plants (Table 2). Each precursor

was fed to two healthy first year plants (5 months 0ld)
using the wick feed method. The whole plant was sacrificed,
macerated and extracted for crude alkaloid with 0.06M-
hydrochloric acid. Inactive erythraline (XXVI) was added.
Separation on t.l.c. gave erythraline which was c¢rystallised
and counted as its hydrobromide salt. Reseparation on t.l.c.

gave no loss of activity.
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Table 2

Parallel feedings to K, crista gallil in 1972 season

The plants were fed on 26/5/72 and harvested on 6/6/72(11 days)

Incorpor-
Activity fed ation into
Precursor ' /10%dps erythraj/o.
1 line ,4
R,S-[2-""C]l-tyrosine (L) 19.2 0,18+0,02
g,g—[5—3H]—ﬂ—norprotosinomenine(XLIII) 5.1 0.051+0,005
R,g—[aryl—BH]—E—norreticuline(XLII) 21.0 0,001
&—[arzl-BH]—ﬂ—nororientaline(XLVII) 2.5 <107t
Table 3

Parallel feedings to E, berterocana in 1S7Z season

Plants were fed on 26/5/72 and harvested on 6/6/72, (11 days)
Incorpor-
Activity fed ation into

Precursor /10 %dps erythra-
idine /7

g,g-[z—lucj—tyrosine(L) 19,2 0,002

R §-L5—3H]—E—norprotosinomenine(XLIII) 5.40 <lO—a

The feedings of R,S-[aryl- H]—N-norretlcullne and R-
[aryl—BH]—N—nororientaline were not worked up,

Table 4 (., berteroana)

Plants fed on 26/5/72 and harvested on 28/6/72 (Lweeks 5days)

Incorpor-
Precursor Activity fed ation into
Eha /10%dps erythro-
idine PA
g;g-tz-l“c]—tyrosine(L) 1.2 0,032+0,002
R,S—LB—BH]—N—norprotosinomenine(XLIII) 5.0 0,060+0,005
R,5-laryl- H] -N-norreticuline (XLII) 25.5 0.008+0, 0005
R-laryl- 4 )-N-nororientaline (ALVII) 25.0 L1077
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L LI LII

The four precursors were also fed in parallel to L.

berteroana plants (5 months old). Two groups of plants

were used, one was harvested after 11 days (Table %) and
the other after 4 weeks 5 days (Table 4). Each precursor

was fed to a single E. berteroana plant using the wick feed

method. The whole plant was harvested, macerated and extracted
for crude alkaloid which was diluted with inactive a-
erythroidine (LI). Separation on t.l.c. gave a mixture of

o —erythroidine (ILI) and B -erythroidine (LII)11 which was
inseparable on alumina (50% ethyl acetate-benzene). They

were also not clearly distinguishable on silica (5% methanol-

)12 even after multiple elution. It has been

chloroform
demonstrated > that ¢-and B - erythroidine hydrochlorides
co~-crystallise and so the mixture was recrystallised to
constant activity. Reseparation of the a-/B -erythroidine
mixture from the §,§f[5-5§}nﬁ—norprotosinomenine feeding on
t.l.c. gave no change in the specific activity.

The incorporations from the feeding of EJ§~(§£zl—aé)—g—
norreticuline have been corrected for the loss of one tritium

atom per molecule (from the &' position).

The incorporations of tyrosine agree well with those
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obtained by previous workers (0.121%5 into erythraline and

0.025%12 into the erythroidines) using the same Erythrina
species. Comparison of Tables 1 and 2 reveals that the
incorporation of R,S-N-norprotosinomenine into erythraline

in E. crista galli is acceptable. R,S-N-norprotosinomenine

has not previously been shown to be a precursor of the
erythroidines (LI and LII).

R,S-N-Norprotosinomenine (XVII) was found to be 50
times a better precursor of erythraline (XXVI) than R,S-N—
norreticuline (III) in E. crista galli. The possibility that

S-N-norprotosinomenine (XXVII) is demethylated and subsequently
remethylated to give S-N-norreticuline (I,R4=R,=H) which
then follows the pathway (Scheme 1) proposed by Franck must

be rejected in E. crista galli. The same argument also

applies to E. berteroana (Table 4) where R,S-N-norprotosino~
menine (XVII) was incorporated 7.5 times more efficiently
than R,S-N-norreticuline (III) into the erythroidines (LI
and LII).

The incorporation of R,S-N-norreticuline into the ery-

throidines in E. bertercana (0.008%) is larger than the

incorporations into erythraline in E. crista galli of R-N~-

norprotosinomenine (XXVII erantiomer) (0.002% and 0.003%%) and

bis~[?-(5—hydroxy—4~methoxyphenyl)j ethylamine (LIII) (0.0043%%
and 0.0012%3) which were considered insignificant.

OCHj

OH
HO \éW//\\ ] L ‘
| NH
CHaoj*ﬁxf \»/)

LITI

/ N\
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As g,g—[égzl—zﬁ]-E—norreticuline was present in the
plant for 4 weeks 5 days it is not surprising that an
incorporation which may be significant was obtained.
Demethylation and remethylation of S-N-norreticuline (I,
R1=R2=H,o<-Cq-H) to give S-N-norprotosinomenine (XXVII)

in E. bertercana has not been eliminated. There is also

the very real possibility that over the long period of
feeding, R,S-N-norreticuline has been degraded and the
label 'scrambled’'.

The possibility that a separate enzyme system exists

in E. berteroana which directly oxidises N-norreticuline

(Scheme 1) but less efficiently than the route via N-
norprotosinomenine (Scheme 2, R1=R2=H) cannot be eliminated
by this feeding result. In view of other work on the
oxidative coupling of tetrahydrobenzyl -(and phenethyl-)
isoquinolines in plant systems, a dual pathway to the same
secondary metabolite is unlikely to be operating.

It has been well established that the correct methylation
pattern of an oxygenated precursor is required in order that
phenol oxidative coupling is directed in the required manner.

The point is illustrated by work on Dicentra eximiaqq.

Direct oxidative coupling of 1-benzyltetrahydroquinpline
precursors to the aporphine alkaloids corydine (LIX)
dicentrine (ILXITI) and glaucine (IXIV) does not take place
but instead, indirect coupling followed by a dienone-phenol
rearrahgement occurs. (Scheme 6). Acceptable incorporations

" for tyrosine, 3-(3,4-dihydroxyphenyl) alanine,

were obtained
N-norlaudanosoline (LV), 4'-methyl-N-norlaudanosoline (LVI)

and N-norprotosinomenine (XVII) into each aporphine alkaloid.
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Scheme 6.
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Boldine (ILXI ) and not isoboldine (LXV ) was incorporated

into glaucine (LXIV) and dicentrine (IXIII) such that Scheme

6 was proposed

HO V//Y\\,
5 i
CHao/kT; P NCH

LXI LXV

A large number of ‘1-benzylisoquinoline precursors with
the 'wrong' O-and N-methylation patterns were fed and not
incorporated (Table 5).

Taple 5%
Benzylisoguinoline precursors not incorporated into aporphines

in Dicentra eximia
R, Ry Rz Rs. Rs (LIV,Scheme 6)

H H H H CHj; laudanosoline
CHs H H H H
H CH; H H H

H H CHy H H

CHs H H CHs H N-norreticuline (III)
Clig H CH; H H N-nororientaline

CHs; H H CHz; CHj reticuline

CHs; H CHg H CHs orientaline

2,11-Dimethoxy~10-hydroxy-6,7,7a,8-tetrahydroindano

[1,2—3]isoquinoline—B(BH)-one (XXII) has been proposed as

14

a precursor of the aporphine alkaloids in Dicentra eximia

(family Papaveraceae) and the Erythrina alkaloids in E.
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crista gglli5 (Leguninoseae). It has been pointed ou.t14

that different families of plant use the same precursor in
different ways (c.f. Schemes 2 and 6).

Similar examples of 1-benzyl-(and phenethyl-)isoquin-
olines which are correctly oxygenated but have an incorrect
methylation pattern and are not incorporated, are to be

found in Papaver orientaleqs, P. dubium’®

19

s Lo somniferumq7’48’2,

20

Croton linearis Jacq. and Kreysigia multiflora and

31

Sinomenium acutum” .

&~[égzlfBH]-yrnororientaline (XLVII) had effectively

zero incorporation into erythraline in E. crista galli and

the erythroidines in E. bertercana (Tables 2 and 4). A

direct coupling pathway (Scheme 5) is not, therefore,
operating in either Erythrina species. Naturally occurring
R-N-nororientaline must either be formed by 'sideways'
metabolism of R-N-norprotosinomenine OT the methylation
may have occurred some earlier stage in its own separate

biosynthesis.

2. Feedings to the erythroidines in E. berterocana.

The structure and stereochemistry of - and B-

erythroidines (LI and LII) were elegantly deduced by

21

Boekelheide™ . g,§—[?—14C]~Tyrosine had been shown to be

incorporated (0.025%) specifically into positions 8 and ‘10

of the erythroidines in E. berteroana12

12,22

and the pathway

(Scheme 7) which was proposed involved ‘Woodward'
fission23 of the dihydroxy aromatic system of erysopine
(IXVII). The intermediacy of erysopine (IXVII) or any

other aromatic Erythrina alkaloid was not rigorously proved
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by feeding B,§—[?—q4d]—tyrosine. A pathway not involving
erysodienone (XV) would be unlikely but any of the proposed
intermediate compounds24 between erysodienone and erysopine
(Scheme 8) could be the specific precursor of the eryth-
roidines.
Erysodienone was synthesised by a modified route3
(Scheme 9). 2-( 3-Benzyloxy-4-methoxyphenyl)ethylamine
(LXXVII) was photolysed3 with 3-benzyloxy-4-methoxy-w-diazo-
acetophenone (XXXVIII) in benzene to give Ef[?—(B-benzyloxy—
4-methoxyphenyl) ethyl}z-( 3_benzyloxy-4-methoxyphenyl)
acetamide (IXXVIII) in 56% yield. The amide was reduced
with diborane=? to bis- [2-(5-benzyloxy—4—methox;yphenyl)
ethyl}amine (LXXIX) in 96% yield. Removal of the benzyl
groups by hydrogenolysis over 10% palladium-carbon yielded
bis-[?-(3—hydroxy-4-methoxyphenyl)ethyi)amine (95%) (LIII).
The bisphenethyleamine (LIII) was cyclised to R,S-erysodienone
(XV)25’26 in 30% yield using alkaline potassium ferricyanide
in a two phase system (chloroform - water). Erysodienone
was labelled by reducing it to R,S-5,6,8,9-tetrahydro-2,12-
dimethoxy-7H-dibenz [d,f]azonine-3,11-diol (XII) with acidic
chromous ion3 and carrying out the usual base catalysed
exchange with tritiated water. The label had previously5
been shown by n.m.r. of the deuterated species to be incorporated
in the 4 and 10 position of the tetrahydroazonine. Oxidation
of the unpurified radioactive azonine in alkaline potassium
ferricyanide gave B,gf[ﬁ,17—3H2]-erysodienone (IXXX) which
was separated by t.l.c. and crystallised from ethanol.

Erysodine (ILXXV) and erysopine (ILXVII) were also

labelled using base catalysed exch:.ge with tritiated water.
/
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Previous deuterium4 exchange had shown that the compounds
were [&7~5H]— erysodine (ILXXVI) and (ﬂ4,17-3Hé]— erysopine
(LXVIII).

The precursors were fed to 5 month old E. berteroana

plants as aqueous solutions of their hydrochloride salts
using the cotton wick method. For each precursor, two
plants were used, one was harvested after 11 days and the
other after 4 weeks 5 days. Each plant was worked up in
the usual manner” and inactive a- erythroidine (ILI) was
added to the crude extract. Isolation of the mixture of
a- and B - erythroidines (LI and LII) was carried out as
above. The results are given in Tables 6 and 7. R,S -
[?—140]— Tyrosine (L) and g,ﬁ—[B—EHj- N-norprotosinomenine
(XVII) were also fed but acceptable incorporations (0.03%2
and 0.060% respectively) were only obtained with the
longer feedings experiment (Tables 3 and 4).g,§7[3,17-5ﬂé]_
Erysodienone (LXKX),[17-3H]~ erysodine (LXXVI) and[ﬁ4,17—
5H2]F erysopine (LXVIII) had satisfactory incorporations
into the erythroidines in both sets of experiments using

E. berteroana.

In order to confirm that the incorporation of the aiomatic
Erythrina alkaloids was specific, a suitable degradation of
the erythroidines was elucidated (Scheme 10). Use was made
of two previously known reactions, the isomerisation ofa -
erythroidine (LI) to B- erythroidine (LII)27 with 10%
sodium hydroxide solution and the reduction of f -erythroidine
(LII) to B —erythroidinol®® (IXXXV) by lithium aluminium
hydride. The isomerisation was checked by comparison of

the n.m.r. spectra of synthetic P-erythroidine and authentic
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Pable 6
Feedings to E, berterocana plants for 11 days,

Fed 26/5/72, harvested 6/6/7¢c,

Incorporation
Precursor Activity fed into
/10%dps erythr01d1neiﬁ
R,8-11,17-H, J-erysodienone (LXXX) 21.0 0.28+0,02 A{
+-[17-7H ]-erysodine (LXXVI ) 13.9 0.12+0,01
| 14,171, J-erysopine (LAVIII) 19.0 0.15+0.01
Table 7
Feedings to E, bpertercana for L wesks 5 days.
Fed 26/%/72, narvested 28/6/72, Inco?pgration
o o
§,§—[1,l7~3H2]—ePysodienone(LXXX) 28,0 0,0;8i0,006
+—i17—3H]—erysodine(LXXVI) 14,0 0.50+0.04
|1L,17-"H, |—erysopine (LXVIII) 18.1 0.2140,03

Scheme 10

[17—3H]—a—erythroidine o

+

ll?—BH]—E—ePythroidine %

CH50
LAXXT
\ LII R=H LXXXV R=H

~

N mw LXAXIT R=H LXOGVT R=H

/
-
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material. They were completely superimposible showing no

trace of the ABX multiplet (J12,17A,6Hz, J12,17B’9Hz,
Jﬂ?A,ﬂ?B,quz) assigned to the 17 methylene group of -
28

erythroidine (LI). The literature“” reduction of B - eryth-
roidine using lithium aluminium hydride in ether at room
temperature overnight gave a product showing two spots on
t.l.c. The more polar spot was subsequently identified

as P -erythroidinol (IXXXV) (M* 277). The less polar spot
(MY 275, base peak 244) disappeared to give B -erythroidinol
after refluxing and is presumed to be the intermediate hemi-
acetal (IXXXVIII). B -Erythroidine with lithium aluminium

hydride in refluxing tetrahydrofuran gave B -erythroidinol

(LXXXV) in 74% yield after 3 hours.

HO

o

CHgO™" "~ CHZ0-"

LXXXVIIT

The possibility that some of the isomeric a -erythroidinol
(IXXXIX) would be formed during the reduction, was eliminated
when o -erythroidine (II) was reduced to a -erythroidinol
(LXXXIX) in dry ether with lithium aluminium hydride?.
Separation on t.l.c. gave o —erythroidinol in 50% yield. A
signal in the n.m.r. at 4.62 (t,J14’157Hz) corresponding
to the olefinic 14 proton was not present in the n.m.r.

spectrum of f -—-erythroidinol.
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Oxidation of p-erythroidinol with manganese dioxide

30

and silver carbonate on celite gave more than four pro-

ducts according to t;l.c. but 15-desoxy-17-oxo- ‘A42’15—
erythroidine (IXXXVII) was obtained in 25% yield using a
dilute solution of chromium trioxide in sulphuric acid.
The lactone (LXXXVII) was crystallised as its hydrochloride
monohydrate salt (m.p. 190—4950 decomp.) and the water of
crystallisation was not removed by drying at 60° in vacuo
for 2.5 days.

Active erythroidine hydrochloride (45.1 dps mg'q) from

the feeding of[ﬁ7-§H]—erysodine (IXXVI) to E. berteroana for

4 weeks 5 days (Table 7, R=7H) was diluted with inactive a -
erythroidine (LI) and the sequence of reactions outlined
above (Scheme 10, R=5H) was performed. The resulting 15-

desoxy-17/-ox0- A12’15

-erythroidine was crystallised as its
hydrochloride monohydrate salt and found to have only 1%

of the activity remaining i.e. 991 6% of the activity had
been removed. This is what would be expected for specific
incorporation of(ﬁ7—5H]—erysodine into the erythroidines.
The 17—5§ in [1,17—5Hé]—erysodienone will be transferred

to the erythroidines untouched if the above experiment and
the incorporation of [A,ﬂ?—BHz, methzl-qqc]—erysodienone
(xV)* into erythraline (XXVI) in E. crista galli with no

change in 5H/,MC ratio are taken into account. The fate

of 1-5§ of [j,ﬂ?—BHj-erysodienone and 44-?& of [34,17-5Hé]_
erysopine cannot be accounted for, but most reasonable
mechanisms suggest that they would not be lost or scrambled.
~Similarly the label in g,§~[?-BH]-Efnorprotosinomenine
(XLIII) becomes, as confirmed by previous4 double labelling
experiments, the 17—5§ in the aromatic Erythrina alkaloidal

skeleton.
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The good incorporations of erysodine and erysopine

ol

into the erythroidines in E. berteroana suggest but do not

prove that erysopine is the precursor to the erythroidines.
The direct pathway (Scheme 8) from erysodienone (XV) to

4’24, to involve reduction to

. erysodine (LXXV) is proposed
erysotinone (LXXII), which may or may not proceed via
erysodienols XC. Further reduction gives either or both
of the epimers of erysotine (LXXIII) and elimination of
the elements of water gives erysodine. Erysotinone (IXXII)

4

and erysotine (LXXIII) had incorporations” of 0.31 and 0.18%

respectively into erythraline in E. crista galli although

the point of formation of the methylenedioxy group is not
known. In order to supply a 1,2-dihydroxy system on which
oxidative ring cleavage can occur, demethylation of erysodine
(LXXV) to erysopine (LXVII) must take place. These results,
however, do not preclude a pathway to the erythroidines via
15-desmethylerysotine (XCI), 15-desmethylerysotinone (XCII)
or 15-desmethylerysodienone (XCIII).
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The incorporation of B,gf[?-BH]—Efnorprotosinomenine
(XILIII) confirms that the formation of the aromatic
Erythrina alkaloids in E. bertercana follows the pathway

which has been unambiguously established in E. crista galli

(Schemes 2 and 8)5’4.

These experiments do not give any indication of the
mechanism of the aromatic ring cleévage. In bacterial
and fungal organisms, aromatic ring fission has been well
studied but analogies in the plant kingdom are few.
Dreiding and Mabry ><*2> have shown that R,S-3-(3,4-dihydroxy-
phenyl)- [1-14C J-alanine (XCIV)([j-““d]-DOPA) ana [ 2-"c]-popa
are unambiguously incorporated into the tetrahydropyridine

unit of betanin (C) in cactus fruits (Opuntia decumbens and

O. bergeriana) (Scheme 11). These experiments did not allow

them to predict the exact position of ring cleavage or its
mechanism. The two possibilities, extradiol distal cleavage
to give muconic semialdehyde XCV or intradiol fission to
yield muconic acid XCVI were both considered.

Senoh proposed that §—stizolobinic©III) and S-stizolobic

(CI) acids which were isolated from Stizolobium species54’35

were biogenetically derived from S- DOPA (Scheme 12, R=S-3-
alanyl). He also showed that 3,4-dihydroxyphenylacetic acid
2,3-dioxygenase, an enzyme which cleaves 3,4-dihydroxyphenyl-
acetic acid (XCIVa,R=CH, COCH) between the 2 and 3 positions
of the aromatic ring (B) to give the muconic semialdehyde
(CII, R=CH, COOH), could also cleave DOPA in this position’®.
In view of the work of Senoh36 and later Fink1e37, it

has been suggested36’38 that the enzymes called dioxygenases

which have been well studied in and isolated from micro-
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organisms are responsible for catalysing the cleavage of
aromatic rings in plants. These enzymes act upon substrates
which have a 1,2- or 1,4~ dihydroxy aromatic ring system and
molecular oxygen 1s necessary for the cleavage to occur38.
By analogy to the Erythrina alkaloid oxygenation pattern,
-the 1,2-hydroxy system will only be considered. ZFinkle
showed that caffeic acid (CV), chlorogenic acid (CVIII)
and 2-(3,4-dihydroxyphenyl)ethylamine (CIX) reacted with
protocatechuic acid 3,4-dioxygenase (intradiol) and
metapyrocatechase (extradiol) enzyme preparations in the

presence of oxygen. Ferulic (CVI) and isoferulic (CVII)

acids were unaffected.

CO0H
2 O
CCOOH
=
CH;CH,;NH,
OR,
R
1
OH H
CIv OH OH
Ccv R,=Rp=H CVIIT CIX

CVI  R,=H,R,=CHj

CVII R,=Clly,Ry=H

The simplest example of the 1,2-dihydroxy aromatic
system is catechol (CX) which gives cis, cis-muconic acid
(CXII) with the enzyme pyrocatechase and is cleaved to
muconic semialdehyde (CXI) by the enzyme metapyrocatechase
(Scheme 15)58.
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Pyrocatechase has been obtained in a highly purified

39
40

state from Pseudomonas arvilla and metapyrocatechase has

been isolated and crystallised = from P. arvilla. A whole
range of compounds have been proposed as substrates for
aromatic ring cleavage in bacteria and fungi (Review, Table

5). It has been observed41

that intradiol cleavage only
occurs with monocyclic aromatic substrates but this is not
evidence that intradiol cleavage should be neglected for the
aromatic Erythrina alkaloids.

As a result of the work summarised above it is proposed

that a dioxygenase type enzyme is responsible for catalysing

the aromatic ring cleavage in E. berterocana. The position

of cleavage relative to the 1,2-dihydroxy aromatic unit

of Erythrina alkaloids cannot be predicted from the available
evidence. Pathways which have previously been proposedqz’22
(Scheme 7) involved what is now called intradiol cleavage
and are still considered possibilities. A number of other
possibilities from the diacid (LXIX) to the erythroidines
can be considered. Among these are a) carboxylactone
formation, b) hydration before decarboxylation. The diacid

(CXIII) may lactonise and the resulting carboxylactone
(CXIV) decarboxylate to give A 12,17 —erythroidine (CXV).
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Double bond somerisation givesp - thenq - erythroidine

(Scheme 14).

Scheme 14 COOH
HOOC™ Y O o
— L —
HOOC _~ N
CXIIT CXIV CAV

y p-erythroidine(LII) -.

Alternatively, hydration of the diacid (CXIII) gives
an @ - hydroxy acid (CXVI) and decarboxylation will yield

a - then B- erythroidine (Scheme 15).

CH
Scheme 15

HOOC N HOOC heotas
HOOC HOOC | — a~ —f-erythroidine

CXIIT CXVI LI LTIT

In addition extradiol cleavage must now be considered.
If erysopine is the intermediate precursor then the product
would be the muconic semialdehyde derivative CXVII (Scheme 16).
Oxidative decarboxylation gives an aldo acid CXVIII and a series
of relatively trivial steps yield OL/(3 ~ erythroidine.

Scheme 16 _
OHC

HOOQC

L CXIX

]
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HO l p-crythroidine

| / CAX I

HO = o a— and/or
B~ — a—erythroidine

e 3 Y et e
erysopine (LXVII) f—-erythroidin
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Isolation of the plant enzyme system would be a method
of solving the problem of the mechanism and direction of
ring cleavage in Erythrina species. The classical work of
synthesising the two possible products of ring cleavage
may also give some insight into the position of cleavage.

All the above possible pathways by which erysopine
(IXVII) and erysodine (ILXXV) are converted to the
erythroidines do not involve any change on the stereochemistry
at C~5. The incorporation of (+)-erysodine (LXXV) into

the erythroidines in E. berterocana is further convincing

evidence that the stereochemistry at C-3 and C-5 is the
same in both the aromatic and lactone Erythrina alkaloids.
The relative stereochemistry at C-3 and 5 of the lactone
alkaloids was given by X-ray crystallographic analysis42
of dihydro- p-erythroidine (CXXII) as eis. Degradation to

a known 3-methoxyadipic acid45 gave the absolute configuration
at C-3 and hence C-5. The relative configuration, howevér,

of the aromaetic alkaloids has been deduced by X-ray
analysis. Erythraline hydrobromide (XXVI) was shown** to

have cis 05-3 and CB—Q' The absolute configuration of the
aromatic alkaloids has been inferred45 by molecular rotation
difference of the desmethoxy (CXXIII) and hexahydrodesmethoxy
(CXXIV) derivatives of the aromatic and lactone alkaloids.
Also there was a close correlation of the o.r.d. of
derivatives of the two classes but over the range of wave-
lengths chosen there was no Cotton effect45. An unambiguous

43

chemical correlation of the two structures was unsuccessful ~.
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CXXII CXXIII CXXIV

3. Alksloid Metabolism in E. berteroansa.

Throughout the 1971 season, various suspected precursors

were fed to E. berteroana plants of differing degrees of

maturity (Experimehtal Table). The wick feed method which
proved successful in the 1972 season was also used to
introduce the precursor into the plants. For first year
plants (4-6 months old), incorporation into the erythroidines
was not obtained when g,g—[?-qqc]-tyrosine (for 5 weeks 4
deays) and g,§~[ﬁ,17-3Hé}~erysodienone (LXXX) (for 7 days)

were fed in mid-July. In mid-August, (%)-5,6,8,9-tetrahydro-z,12
—{methzle14cj- dimethoxy—-7H- [4,10-5H2] ~dibenz d ,fj azonine-3,11-
diol (XII) and g,g-lﬁ,17—5Hé)-erysodienone were fed for over

4 weeks and again no incorporation was observed. It is
concluded, therefore, that first year plants can only be

fed at the end of May and left into June. For mature

plants (2nd year or above),incorporations into the erythroi-
dines were obtained with g,g—{?~14cj-tyrosine (0.013%) in

a third year plant (feeding for 7 weeks 1 day), [37-5ﬁ]-
erysodine (0.067%) in a third year plant (6 days) and
[ﬁ4,17~5Hé1-erysopine (0.12%) in a fourth year plant (11 days).
These feedings were startedin late May, late May and mid-

June respectively. In parallel with the erysopine feeding,

however, ‘37-3ﬁ]—erysodine was refed to a fourth year plant
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for 11 days and in ti'f:case there was fio incorporation.
One other feeding of Lj4,ﬂ7—5Hé]-erysopine to a second
year plant in mid-August for 4 weeks 1 day was also
'negative'. It would, therefore, appear that incorporations
. can only be obtained using mature plants if they are fed
at the end of May or early June but the plants are not
as reliable as in the first year. |

These results seem to indicate that the erythroidines
are only being metabolised in the relatively short period
starting towards the end of May and finishing in mid-June.
Since the precursors were being introduced to whole plants
via a cotton wick, it is possible that the transport mechan-
‘ism which carries the precursor to the site of metabolism
during early June, is for some unexplained reason not
operating later in the season.

From the incorporations into the erythroidines in E.

berteroana that were observed with first year plants (Tables

3,4,6 and 7), one of the four steps between N-norprotosinomenine
(XVIII) and erysodienone (XV) (Scheme 2) must be slow or

there is difficulty in transporting tyrosine and N-norproto-
sinomenine to their respective sites of secondary metabolism.

- Acceptable incorporations were obtained for erysodienone,
erysodine and erysopine into the erythroidines after feeding
for 11 days but tyrosine and N-norprotosinomenine were not
incorporated in parallel experiments. A slow or inoperative
step would appear to be more likely since if such a complicated
structure as erysodienone is capable of reaching its

metabolic site then enough N-norprotosinomenine ought to

reach 1ts site as well.
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4, Other feeding methods with Erythrina species.

If it were possible to obtain incorporations into the

erythroidines in germinating E. berteroana seedlings, then

the restriction on feeding times would be eliminated.
Successful incorporations into secondary metabolites in
germinating or yowig seedlings have bBeen obtained 47,48
in other plant spec¢ies. A number of experiments were per-
formed by adding the precursor (B,g—[?-qqcl—tyrosine, or
[&,17—5Hél-erysodienone) to the medium in which seedlings
were growing. In one experiment the roots were split to
facilitate entry of the precursor into the seedling but in

~all cases, no activity was found in the isolated erythroi-

dines. A similar experiment using E. crista galli seedlings

‘was performed but, likewise, there was no activity in the
isolated erythraline (XXVI).

The above results can be interpreted in four ways -
a) there is no metabolism of Erythrina alkaloids during the
first month of their growth, b) the precursor is not
absorbed into the seedling, c¢) the precursor if it is
absorbed, is not being transported to the site of metabolism
d) the precursor is diluted in the medium such that not
sufficient is incorporated.

An experiment was designed to eliminate the possibilities

b) and d). One seedling of both the L. crista galli ard the

E. berteroana species was grown in a small polytop containing

c.a. 1ml of E,gf[é—14c}—tyrosine solution. The root of each
seedling had been severed under water and kept throughout

under the surface of water then precursor solution. Both
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seedlings were 1eft\for © days befo%g the whole seedling
was sacrificed. w&gk up in the usﬁ;i way gave erysodine
(LXXV) and erythroidines (LI and LII) respectively, and
both were found to be inactive. An aliquot of the remain-
ing precursor solution was counted and it was found that

95% of the activity was absorbed into the E. berteroana

seedling and 88% into the E. crista galll seedling. Con-

sidering the small size of the seedling (c.a. 8cm.), it must
be concluded that the aromatic Erythrina alkaloids are not
being metabolised in this period of their growth. The E.

berteroana seedling was wilting after € days so by comparison

with the length of feeding that is required in more mature
plants, 6 days may not have been a long enough period of
time for incorporation to take place. Previous work with
E. crista galli indicated that 6 days is sufficient time

3

for tyrosine to be incorpprated into erythraline”.

Cell free enzyme preparations have been widely used
in the study of secondary metabolism especially in the
fields of fungal, bacterial and mammalian metabolites but
the technique has only had limited application with plants49’50’51.

Two experiments were performed, one using E. berteroana

seeds and the other with E. berteroana seedlings similar

to those experiments that were performed with King Alfred

daffodilst®

and pea seedlingsSO. The seeds or seedlings
(12 days old) were crushed at -70° and the residue was
shaken with a phosphate buffer and precursor solution at
room temperature overnight. In neither case was there any
incorporation into the extracted erythroidines. The tech-

nique as it was performed is not satisfactory for determining
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the biosynthesis of the lactone Erythrina alksloids.

5. Yariation of alkaloid content with time in E. crista

gg;;;fseedlingéi'

Because there was no incorporation of g,§—[2-14q]-

tyrosine into erythraline (XXVI) in E. crista galli seedlings,

an investigation which could confirm the lack of alkaloid
metabolism was initiated. For a given time interval, two

E. crista galli seeds were germinated and grown and all

were harvested at the same time. The work up of the two
seedlings was performed in the usual manner to give a crude
basic fraction which corresponded to the following ages of
seedling - O (seeds), 1 week % days, 2 weeks 3 days, 4 weeks
and 2 months. Approximately equal amounts of each extract
were spotted on large t.l.c, plates and run in four solvent
systems of increasing polarity against relevant authentic
samples.

The percentage of total crude alkaloid was high in the
seeds (2.1%) and fell sharply to c.a. 0.2% in the two month
0ld seedlings. Erythraline (XXVI), erysodine (LXXV) and/or
the isomeric erysovine (LXXIV, R1=R5=H, R2=CH5) were observed
by co- t.l.c. Although there was a change in the percentage
of crude alkaloid, the absolute amount of each of the above
aromatic Erythrina alkaloids did not vary within the accuracy
of the experiment. Erysotrine (ILXXIV R4=H, R2=R5=CH5) which

had not previously been lisolated from E. crista galll, was

identified and found to decrease in amount with the age of
the seedling. An unknown polar alkaloid (Rf 0.4, alumina-
5% methanol - chloroform) was not present in the seed or

2 month seedling extracts but was present in the other three.
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Furthermore, this alkaloild was at a maximum after 2 weeks
%3 days growth.

Erythraline was isolated by preparative t.l.c. and
crystallised as its hydrobromide salt. Erysotrine (ILXXIV

R,=H, R2=R5=CH5) has previously been synthesised by methylation

He

of erysodine”~ and has more recently been isolated from E.

10,54 56

suberosa53, E. lithosperma s Eo aborescens55, E. variegata”~,

E. indicas6, and E. fuscaqo. It was isolated by preparative

t.l.c. and had an identical mass spectrum to the literature55.
The mass ion was precisely measured at 313%:1684 which corres-
ponds to C19H25N05. It also ran identically on t.l.c. with
the product of reaction between diszomethane and erysodine
(IXXV).

Erysodine/erysovine were only identified by co-t.l.c.
with suthentic materials and by the mass spectrum. Both
isomers are identical in each of these tests.

The experiment was repeated using a single seedling for
each time interval and it was agaln observed that an unknown
alkaloid was present at a maximum after 2 weeks 2 days but
not found in the extracts of the seeds or of a 1 month 13 day
vseedling.

The total amount of erythraline per plant does not
appear to vary over the pefiod of growth that has been
investigated. ZErythraline may be in a state of dynamic equilibrium
with as much being formed as is being metabolised further but
in view of the feeding results this would appear not to be
the case. Erythraline, which is present in the seeds is,
therefore, untouched for a certain period of the plants

growth from seed until some point before the plant is 5 months
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0ld when erythraline must be metabolised since R,S -
P—14C]—tyrosine is then incorporateda. The biosynthesis
of erysodine was als¢ attempted with & feeding of R,S-

[2-146]-tyrosine to an E. crista galli seedling and no

incorporation was obtained. This is compatible with the
above results when the total amount erysodine/erysovine was
discovered to be unchanged during this early period of
plant growth.

Some biosynthetic activity must occur in the plants
since the unknown alkaloid varied in concentration from a
seed to a one month old seedling. Such behaviour is known
in other plant families e.g. Gramineae. In Hordeum species
(barley), an early biogenetic study was mades'7 into hordenine
(CXXVI) after it was discovered that hordenine was not
present in barley seeds, was a maximum in 11-17 day old
seedlings and had disappeared after 30 days growth.
Tyramine58 (CXXVII) and Ij'.—methyltyramine59 (CXXVIII) have
also been shown to parallel this behaviour and it has been
observed that the enzyme59, tyramine methylpherase which
regulates the levels of the above alkaloids, also appeared
and disappeared in the same fashion. Other studies have
shown that the alkaloid pattern in a number of plant families
varies with age57’58’59’60’61, degree of maturity62’65, time
of day64’65 and environment66. Notably, the opium alkaloids

from Papaver somniferum have been shown to have a varying

alkaloid pattern over a 24 hour period65 and the appearance

and disappearance of codeine (CXXIX) and thebaine (CXXX)

has been observed in the seedlings48.
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6. Isolation and Partial Structure of the unknown alkaloid.

Two attempts were made to isolate and characterise
the unknown alkaloid (Rf 0.4, alumina, 5% methanol-chloro-
form) from 2 week 3 day old E. crista galli seedlings.

Extraction in the normal manner gave the crude alkaloidal
fraction which was separated on t.l.c. to give the unknown
alkaloid. Unfortunately, although this compound was always
observed to be a single spot on t.l.c. even after being

run three times, it could not be crystallised. The hydro-
chloride and picrate salts came out of solution as gums

and the hydrochloride salt if left to dry became a glassy
solid. This single spot may well be a mixture.

All the data are consistent with there being at least
one, and possibly two, 1,6-diene aromatic Erythrina alkaloids
present. The hydrochloride (glassy solid) had )\max 236
(Ei%mSOO) and 287 nm (164) and although not elaborate the

U.V. spectrum was similar to that of erythristemenine

(CIXXT) ( )\max 283  (3100), 235(20,000)n.m.)%7. The i.r.
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spectrum of the hydrochloride indicated only the presence of

a hydroxyl (s) group ( » 3400 cm—q) which was not phenolic

max
since there was neither a shift in >\max on the addition of

base not was there any colour with ferric chloride solution.

OCHg OCHg

CHZ0"
Clig0 11 0 11 )
OR < OR
OH A0 ° % ?
3 .___. OOHS — OCHS
3
~
CXXXIII / CXXXIV ’

The mass spectra of the Erythrina alkaloids have been
68

well studied and using thesedata 1t 1s proposed that the
isolated product is a mixture of at least two pajor compounds.
Partial structures (CXXXIII and CXXXIV) can be tentatively
written which account for all the significant peaks in the
mass spectrum. R has not been identified but is probably

not H since the isolated product was unaffected by prolonged
treatment with active manganese dioxide. The usual oxygen-
ation pattern of Erythrinas alkalolds would place the hydroxyl
at an allylic 3 or 11 position. A plausible fragmentation
pattern for both structures and comparison with observed spectra
has been set out in Table 8. The mass spectrum was very
similar to that of erythristemine (CXXXI)67 and 11-methoxy-
erythraline69 (CXXXII). For both structures CXXXIII and

CXXXIV the same fragmentation pattern is used to produce
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Comparison of the observe: fragmentation patiern and that

proposed for structures CXXXIII and CX:XIV,

Observed
peaks/m/e

3¢9
313 C,oM25N05

and
C,gH, N0,
311 C,gHy NOj

ClBHZONOS

C,ell15N03

ClBHZONOE
and
Cl 7H1 6I'I03

C,gll, g0
and
C, oM, 41105

Cy 11, 6NO0 2

261; C, i1, 405

Table ¢

CXXXITI
529

313 ClgI'Iz 3N03

311 ClgHg LNOS

293 C,gll50M03

282 CiallzoNOg

280 C,gH, g0,

Proposed peaks/ m/e

~R, +

-0R,+H

~OR, ~H

“'OR ’ ""CHs; 9
+H

~0R,-0CHs
+H

~HOR,
~0CHg

CLXIV

297 C,gH, oNOg

280 C,,H, J103

266 C, ,H, g0

261, C,,H, 410z

Possibilities for the base peak from a compound with

a 1, (6) double bond,

R, =Rg=H

R,,Rp=H,Rz,R,=CHgs

Rl ,R2=CHz

Rl =R 2 :CH3

Structure

CK{ XVIT

~r
cc©

2l3

-OR, +1

-OR,—CHg
+H

~HOR,

"CI‘Ia

~CR, +H,
~0CHjg

~HOR,
"OCI‘Is
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the observed peaks. Further evidence for R#H can be gained
from the observation of the m/e 329 and 315(018H19NO4) peaks
which would become mass ions but their relative intensities
to the base peak (14% and 17%) are very small for these
systems. For comparison, erysonine (CXXXV) was prepared7o
by dilute acid hydrolysis of erysodine (LXXV) and it only
had peaks in the mass spectrum at m/e 285(100%, M') and 268.
The erysodienols (XC, all possibilities) were prepared by
sodium borohydride reduction of erysodienone (XV) and they
had peaks in the mass spectrum at m/e 315(60%, M*) ang 298

(100%). Evidence that a dienol system was not present could

..’]>

be inferred from the lack of an enol ether peak (1650 cm

in the i.r. spectrum of the isolated product.

CXXXV CXYXVI CXXXVIT

Confirmation of the lack of a 1(6) double bond (e.g.
as in erythratine (CXXXVI, R, ,Ry=CHy,, R3=OH) can also be
obtained from the mass spectrum of the isolated product,

68 arises by

mhe base peak from 1(6) double bond compounds
cleavage indicated by 'a' (CXXXVI). 1In table 9, the masses
are given for the ions (CXXXVII) with all possible groups

R, and R, and for added oxygenation and O-methylation in
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that part of the molecule. In the observed spectrum, the
peaks given in Table 9 had no significance, moreover, there
were no large peaks 1in positions % 2 mass units from those
in Table 9. |

The n.m.r. spectrum of the isolated product could not
confirm the partial structures (CXXXIII and CXXXIV) but
was not in disagreement with them. Since the product is
thought to be a2 mixture, the integration is not wvalid. The
presence of aromatic protons was shown by signals at <
3.30~-3%.70 (complex). There were four complex signals at
X 3.87, 4.00, 4.14 and 4,29 beneath which could be the
methylenedioxy signal. In 11-methoxyerythraline69 the
0-CH,-O signal is found at 4,67 but in ’l’l-—hydroxyerythraline71
the signal is gquoted as having 2 chemical shift of (4.06.
There are 3-singlets at 16.21, 6.32 and 6.72 assigned to
O-CE_I5 with the signal at 6.72 agreeing well with other
3 methoxy assignments67’69’712

Acetylation of a small sample on which hydrochloride
salt formation had been attempted, gave a product which had
a mass spectrum consistent with the structures (CXXXIIIX
R=CH§CO— and CXXIV R=CH500) being present. Peaks at
m/e 371 (M'), 356 (M'-CHz) 340 (I'-OCH;) can be assigned
to (CXXXIII R=CH3CO~) and the peaks at 355 arty, 340 (M-
CH5> and 324 (M*—OCHB) correspond to the other acetylated
structure (CXYXIV R=CH500). If R#H in the original
structures of the isolated product then hydrolysis must
have taken place in the presence of the more concentrated
acid which is found when wet ethanolic hydrogen chloride

is used. The structures (CXXXIII R=H) and (CXXXIV R=H)
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are then acetylated.
In order to obtain the full structure and stereochemistry

of the unknown product, more E. crista galll seeds are

necessary which can be germinated and grown for the relevant
period of time. Controlled hydrolytic or reductive removal
of the R group is necessary, such that the alkaloidal parts
of the structure can be determined. Aromatic Erythrina
alkaloids have been isolated as their carboxymethylsulphonic
72 73

acid esters and as glycosides

Conclusion

The work reported in this thesis has confirmed that,
in common with other plant families, Erythrina species
require the correct hydroxylation pattern of 1 -benzyl-
tetrahydroisoguinoline precursors in order for the correct
phenol oxidative step to occur and produce the Erythrina
alkaloids. The biogenetic scheme which was proposed by
Franck | and had N-norreticuline as an intermediate was

shown to have no significance in E, crista galli.

The aromatic Erythrina alkaloids have been firmly
established as precursors of the erythroidines in E.

bertercana. The successful feeding to E. berteroana plants

by the wick feed method can only be accomplished at the end
of May or in early June.

During the first two months of a seedlings growth from
seed it appears that metabolism of erythraline and erysodine

does not occur in E. crista galli. An unidentified alkaloid

which was not present in the seed or 71 month old seedling

extracts is present in relatively high concentrations after

2 weeks % days.
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EXPERTMENTAL

Melting points were determined on a Kofler hot stage
apparatus. N.m.r, refer to deuterochloroform solutions con-
taining about two percent tetramethylsilane as an internal
standard and were recorded on either a Varian T60 spectro-
meter or a Varian HAM10Q0 spectrometer. Unless otherwise
stated infrared spectra refer to chloroform and ultra
violet spectra to absolute ethanol solutions. DMass spectra
were obtained with an A.E.I. MS9 double-focussing instrument;
samples were introduced by direct probe insertion with an
ionisation potential of ?70ev. Column chromatography was on
neutral alumina of Brockman activity III and thin layer
chromatography (t.l.c.) on plates prepared using either
Merck Aluminium Oxide G.F.254 or Silica Gel G.F.254. Light

petroleum is the fraction boiling between 60° and 80°.

Unless otherwise stated t.1l.c, was performed using

alumina plates,
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Preparation of labelled Precursors.

Counting of Radioactive Compounds - Radioactive assays were

made, unless otherwlse indicated, on a Nuclesr Enterprises
Ltd. N.E. 8310 Iiquid Scintillation Counter using & solution
of either the active compound (ca. 0.5 m.g.) from a feeding
or a sample (10 Pl) of 2 solution of more active precursor

(pa. 0.5 m.g. in methanol (10m1?], in analar methanol (2ml)
and Nuclear Interprises Ltd. type 240 scintillation liquid
(8ml). Internal standardisation with [ﬁ—qch—n—hexadecane
and k,2—3H2]~n—hexadecane allowed the counting efficiency

to be determined for each sample.

A Beckmann Liquid ©cintillation Counter (courtesy of
Imperial College Biochemistry Department) was also used with
2-methoxyethanol (%ml) and Scintillator Liquid (110ml) as
solvent. The machine had an internal standard and was
regularly calibrated. Low background counting phials were
used with both machines.

5

Base catalysed exchange with tritium oxide” - The phenolic

bases were dissolved in redistilled N,li-dimethylacetamide -
tritium oxide, sealed under nilitrogen and kept at 118° for 3
days. The solvents were evaporated in vacuo and the phenols
were either crystallised from suitable solvents or separated
on t.l.c. and isolated as crystalline free bases or hydro-
chloride salts. N.m.r. of the deuterium oxide exchanged
phenol gave the position of the label.

R,Swz—qqc]—tyrosine (L ). This was obtained from the
N 7

Radiochemical Centre, Amersham. The sample (5OPC) was dissolved in

0.01M hydrochloric acid (10ml) and this solution (EFl) counted.
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The activity was 1.92 ¥ 0.04 x 10° dps. m~7,

N—\?—(4—Benzyloxy—a—methoxyphenyl)ethyi}—2-(5—benzyloxy—4—
o1

methoxyphenyl)acetamide (XXXIX)8 - 2-(4-Benzyloxy-3-methoxy-

phenyl)ethylamine (XXXV) (74Omg)7 and 3-benzyloxy-4-methoxy-
ﬂ—diazoacetophenone8 (XXXVIII) (960mg) in dry benzene (250ml)
were irradiated, without cooling and under an atmosphere of
nitrogen, with a 125W. high pressure mercury vapour lamp for
%hr. (i.r. control). The solution was washed with 0.2l1 -
hydrochloric acid (2 x 50ml), 1M - sodium hydroxide solution
(50ml1) and water (50ml), dried (Nagso4) and evaporated. The
amide crystallised from chloroform/light petroleum (900mg.,
61%) m.p. 140-142° (1it.% 139-141°) ond had ¥ ___ (;ujol)
3310 and 1640 cm™ .

7-Benzyloxy—1-(3-benzyloxy—4-methoxybenzyl)?,4-~dihydro-6-

methoxyisoquinoline hydrochloride (XL)? — g;[?-(4-Benzyloxy-
B-methoxyphenyl)ethyi]2—(B—benzyloxy—4—methoxyphenyl)acetamide
(XXXIX) (500mg) in dry toluene (8ml) was refluxed with
phosphorusoxychloride (0.15m1) for ‘thr. The solvents were
removed in vacuo and a solution of hydrogen chloride in
ethanol was added. The ethanol was evaporated to give a foam
which gave the imine (XL) as its hydrochloride salt from
methanol /ether (323mg., 62%), m.p. 198°-200° (1it.’* 203-204°),

 max. (nujol) 1655(w) and 1610(w); significant peaks in the
mass spectrum occurred at m/e 49%, 402 (base pesk), 312,310,
269.

R,S-7-Benzyloxy-1-(3-benzyloxy-4-methoxybenzyl)-6-methoxy-1,2,

3. 4-tetrahydroisoquinoline (XILI) - To 2 stirred solution of

the free imine base (XL) (420mg) in methanol (15ml), excess

sodium borohydride (c.a. 1.0g) was added and the suspension
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was stirred for 3 hours. The solvent was evaporated in
vacuo and to the solid was added water (10ml) and O.6M -
hydrochloric ecid until acidic. The solution was made

basic with solid sodium hydrogencarbonate and extracted
with chloroform (4 x 10ml). The chloroform solution was
dried over N32804 and evaporated under reduced pressure.

The oil (382mg., 91%) was treated with a solution of
hydrogen chloride in ethanol, to give the 0,C-dibenzyl-
N-norreticuline (XLI) as its hydrochloride salt (350mg.,
D6%) m.p. 150-152° (1it. 149-150.5°7° and 165°7€). The
free base had major peaks in the mass spectrum at m/e 495,
402, 264, 282, 268, (base peak), 228, 227, 197, 176, 137, 91
and T2.43-2.85 (broad m, 10H, aromatic - H ), 3.18-3.50
(broad m, 5H, H- 2', 5', 6', 5,8), 4.81 and 4.93 (two s, 4H,
O—Cgé), 6.05 (broad m, 1, H-1), 6.17 (s, €H, o-cga), 6.60-
7.40 (broad m, 7H, CH, + N-H).

R,S8-7-Hydroxy-1-( 3-hydroxy-4-methoxybenzyl)—-6-methoxy-1,2,

2, 4—-tetrahydroisoquinoline, (N-norreticuline) (III) -

0,0-Dibenzyl-N-norreticuline hydrochloride (XLI) (100mg)

was refluxed under nitrogen in a mixture of ethanol (5ml)
and concentrated hydrochloric acid (2.5ml) for 2 hours.
Water (10ml) was added and the solution was made basic

with solid sodium hydrogen carbonate and extracted with
chloroform (4 x 10ml). The chloroform solution was dried
over N32804 and evaporated. The residue was treated with

a solution of hydrogen chloride in ethanol and after removal
of the solvent in vacuo, N-norreticuline hydrochloride

18

(56mg., 85%) (1II) was isolated as its monohydrate from

methanol/ether m.p. 160-163° (1it., monohydrate18 165—1660,
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245°70y. X 3.26 (broad s, 3H, H-2' ,4',5'), 3.45 (broad s,
2H, H-5,8), 5.57 (broad m, 3H, O-H/N-H) 5.90 (broad m,

1H, B-1), 6.15 (s, 6H, 0-CHz), 6.7 - 7.5 (broad m, 6H, CH,).
Significant pesks ih the mass spectium were at m/e 315, 178
(base peak), 163, 137.

R,S -T—Hydroxy—ﬂ—(5—hydroxy—4—methoxy-{5,6—3H51~benzyl)-6—

P
methoxy—1,2,5,4-tetrahydro—fé—5ﬁl;isoquinoline (XL.11) -
T

Inactive N-norreticuline (III) (15mg) as its free base was
exchanged with tritium oxide in the usual manner. The crude

residue was separated on t.l.c. (5% chloroform/methanol) to

give [%gzl—aﬁ]—yrnorreticuline hydrochloride monohydrate
(X11I) (9mg., 51%). Exchange with deuterium oxide showed
loss of ~% aromatic protons by n.m.r. The activity was

2.36 * 0.14 x 10° dps mg™ .

R—?-Eydroxy~1—(4—hydroxy—5—methoxy—(5—5ﬁ1—benz11)~6~methoxy—
L )

1)2,5,4—tetrahydro-fé—aﬁ1—isoquinoline, (R~ aryl-aﬁ]—N—
- 1 -
nororientaline) (XLVII) - R-N-Nororientaline (XLVI) was

isolated from Erythrina poeppigiana, Walp. (Venezuela) by
10

Miss A. Lobo
acetate), [_u]D+ 42 (CHC13), X (Dy0) 3.20-3.43 (m, 5H,
aromatic -H), 5.9% (m, 1H, H-1), 6.20 (s, 3H, O—C§5), 6.23

and the free base had mp. 144.5 - 146.5 (ethyl

(s, 3H, O—Cﬂ;) 6.77-7.2% (complex, 6H,—C§2—) and major peaks
at m/e 315 (M'), 178 (base peak), 163,137. This alkaloid
exchanged two protons with deuterium when heated with
deuterium oxide in presence of base. Base catalysed exchange
with tritium oxide in the usual manner gave 5~[?£z;75ﬁ]-ﬁ_
nororientaline (XLVII) isolated as its hydrochloride salt
m.p. 247-249° from methanol-ether (lit.7q mp. 249-50°) and

had an activity of 7.70 L 0.4 x 10% dps. mg"q.
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R,S-[?75#]-N—Norprotqsinomenine (XLIII) - This had previously
been prepared from [?,6-5Hé]-isovanillin77 (XLIV). The
hydrochloride salt which showed a single spot on t.l.c.
(chloroform - 5% methanol) was recry&tallised (methanol-
ether) m.p. 240-242° (1it.” 241-240°). The activity was

2.45%0.10 x 10% dps mg.” 7.

(+)-[37—3ﬁ1—Erysodine (LXXVI)q- Base catalysed exchange of
inactive éiysodine (14mg.) ( [a]l)+225, 1it.78 4 231 (CHClB»
and recrystallisation from absolute ethanol gave (+)—[§7-Bé]—
erysodine (8.0mg., 57%) (LXXVI) m.p. 205-206° (1lit. S 204-205°)

with an activity of 7.7 £ 0.5 x 10% dps. mg._q.

[§4,17 - 3H;[-Erysopine (LXVIII)4 - Inactive erysopine
(18.0mg.) gave [34,17—3Héj—erysopine (9.2mg., 5%) (IXVIII)
m.p. 238° (dec.) (lit.’d 241-242) from 95% ethanol. The

activity was 1.13 £ 0.06 x 105 dps mg.'q.

R,S-{§,17-—3H;1-Erysodienone (IXXX) - Previously published
=]

workB’4 was used as a basis for the synthesis (Scheme 9).

N—{%—gj—Benzyloxy—4—methoxyphenyl)ethyi}—z-(3—benzy10xy—4—
3
methoxyphenyl) acetamide (ILXXVIII) - The 3-benzyloxy-i-

methoxy—ﬁ—diazoacetophenone8 (XXXVIII) (9.0g) and 2-(3-benzyloxy-
4—methoxyphenyl)ethylamine31 (LXXVII) (8.0g) were irradiated

in dry benzene (1.51), under an atmosphere of nitrogen, with

a 125W high pressure mercury lamp until the diazo absorption
(215Ocm"1) in the i.r. spectrum had disappeared (21hr.). The
solution was reduced in vacuo to smaller volume (c.a. 500ml.),
washed with 0.6€M- hydrochloric acid (50ml), 0.4M- sodium
hydroxide solution (50ml) and water (2 x 50ml)., and dried

over Nas80,. Treatment of the hot solution with activated

charcoal, filtration and further reduction in the volume gave
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the amide (IXXVIII) (8.9g, 56%); m.p. and m.m.p. 114.5-

116° (benzene) (1lit. 113.5-115°) (MeOH)’2, 4

2330 and 1640cm™ .

nax. (nujol)

Bis—(é-(§-benzzloxz;#—methoxyphenyl)ethy%}amine Hydrochloride
(IXXIX) - Diborane was produced by slowly adding a solution
of boron trifluoride etherate (21.0g) in diglyme (50ml)
dropwise to a stirred suspension of sodium borohydride

(3.0g) in diglyme (50ml). The diborane was swept with a

slow stream of nitrogen into a stirred solution of the

amide (ILXXVIII) (6.0g) in dry tetrahydrofuran (50ml) at

room temperature. An acetone trap prevented diborane

coming into contact with air. The stirred suspension was
refluxed for 2hr., dilute hydrochloric acid (80ml) added and
refluxed for a further 3hr (until white spot corresponding

to diborane complex on t.l.c. had disappeared). The tetra-
hydrofuran was evaporated off from the solution under reduced
pressure and the aqueous solution was made basic with solid
sodium hydrogen carbonate, extracted with ether (3 x 100ml).
The combined ether solutions were dried over NaESO4 and the
amine hydrochloride salt (LXXIX) (6.0g, 96%) m.p. 168-170°
(ethanol-ether)8o\ crystallised after adding HCl gas.

Bis—{é—(5—hydroxy—4—methoxyphenyl)ethy%]amine Hydrochloride
(LIII) - The 0,0-dibenzylamine hydrochloride (LXXIX)

(534mg) was partially dissolved in absolute ethanol (150ml)
containing % drops of concentrated hydrochloric acid. The
amine was hydrogenated at atmospheric pressure and ambient
temperature using 10% palladium on charcoal (20mg)as catalyst
until completion (50ml). The suspension was heated to

boiling, filtered and the catalyst washed with more hot
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ethanol. The combined filtrates were evaporated to small
bulk and cooled to give the phenolic amine hydrochloride
(LIII) (336mg, 95%) m.p. 230-232° (1it°. 228-233° dec. from
N,N dimethyl formamide-di-isopropyl ether).

R,S- Erysodienone’'22125 (X¥) — A solubion of potassium

ferricyanide (3.52g) in 5% sodium carbonate solution (400ml)
was added dropwise at room temperature to a stirred solution
of the phenolic amine hydrochloride (LIII) (921mg) in
chloroform (31) under an atmosphere of nitrogen over a

period of 15 minutes. The chloroform layer was separated

and the aqueous phase washed with chloroform (3 x 200ml).

The combined chloroform extracts were washed with water
(400ml), dried (Na2804) and evaporated under reduced pressure.
Separation on t.l.c. (5% methanol-chloroform) gave erysodienone
(XV) (246mg, 30%) m.p. 218-220° (dec) (1lit.? 226-230°) (from
ethanol).

R,8-5,6,8,9-Tetrahydro-2, 12—d1methoxyf7H-d1benzra fTazonlne—

5,11—d1015 (XII) - Erysodienone (XV) (51.0mg) was stlrred with
a 1Y solution of chromous chloride in 3% hydrochloric acid
(7.5m1) under an atmosphere of nitrogen for 45 min. at room
temperature. Air was allowed to enter the system and the

PH was adjusted to 8 with solid sodium hydrogencarbonate.

The solid was filtered off and washed with hot ethanol (3 x
50ml). The filtrate was extracted with chloroform (3 x 20ml)
and the combined ethanol and chloroform extracts were
evaporated under reduced pressure, redissolved in chloroform
(50m1), dried (Na2804) and evaporated under reduced pressure.
The biphenyl (XII) (37.8mg., 74%) was recrystallised from
absolute ethanol m.p. 222-224° (1it.” m.p. 222-224°) and
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showed no presence of erysodienone (XV) in the i.r. or

on t.l.c. (5% methanol-chloroform or acetone-silica).

:(i)—5,6,8,9-Tetrahydro—2,12—dimethoxy—7H—£;,10-3Hé}—dibenz

[§,flazonine-5,11 diol (XII)4- The usual base - catalysed
exchange of the biphenyl (XII) with tritium oxide and
evaporation of the solvents gave a foamy solid which was
not purified at this stage.

R,S—‘2,17—3H;]-Erysodienone (LXXX)4 -~ The radioactive
. “=J

tetrahydroazonine (XII) (37.8mg) in chloroform (150ml) was
added dropwise to a stirred solution of 5% sodium hydrogen
carbonate (10ml) containing potassium ferricyanide (60ml)
under an atmosphere of nitrogen at room temperature. After
45min. stirring, the chloroform layer was removed and the
aqueous layer extracted with chloroform (3 x 20ml). The
combined chloroform solutions were dried (Na2804) and
evaporated under reduced pressure to give a gum which was
separated on t.l.c. (acetone-silica) to give B,g—[ﬁ,17-3H2 -
erysodienone (LXXX) (12.0mg., 31%) from ethanol (twice),
m.p. 219-220° (dec.), with an activity of 1.18 * 0.06 x 10°

d.p.s. mg_q.
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Feedings to Erythrina cpisha galll in 1972 Season.

81

General Method~ - The precursor (c.a. 2mg., 1OPC.) as its hydro-

chloride salt was dissolved in water (1.0ml) and the solution
was divided equally between two small polytops which were cello-
taped to the stem of a healthy first-year (S5month old) E.

crista gallli plant. Into each polytop a piece of untreated

cotton was dipping which had been threaded efficiently through
the stem of the plant two or three times. Watering of the
plant was stopped and the precursor allowed to pass via the
cotton into the plant. The flask which contained the pre-
cursor solution was washed with distilled water and the
washings used to transfer any precursor left in the polytops
or on the cotton, into the plant. Watering was continued
after four days or when the plant started wilting, whichever
came sooner, and the plant harvested after 11 days, a longer
period than in previous years because the weather was poor.
Two plants were used for each experiment.

-For each of the four precursors - gﬁ§¢[%—qqé]—tyrosine
(L), B_,Si—@gﬂ-afﬂ—y_-norreticuline (XLII), R- [a_l;z;_-BH]-g-
nororientaline (XLVII) and E,§—(§~5Hikﬂfnorprotosinomenine
(XLIII), two plants germinated in February 1972 were used.
The experiments were started on 26th May 1972 and all the
plants were harvested on 6th June 1972.

Work up -~ The two whole plants were macerated in a Waring
Blender with 0.06lf - hydrochloric acid (300ml) and then
stirred at room temperature for 6 days. The suspension was
left under an atmosphere of nifrogen in the cold room until

work up could be continued.
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The suspension was filtered through celite and the
filtrate washed once with light petroleum (50ml). Inactive
erythraline hydrobromide (XXVI) (c.a. 14mg) was added and
the solution after it was basified with solid sodium
hydrogencarbonate, was extracted with chloroform (6 x 50ml).
The combined chloroform extracts were dried (N32804) and
evaporated under reduced pressure to give a gum, Separation
by t.l.c. (50% ethyl acetate-benzene) gave erythraline
(XXVI) which was recrystallised as its hydrobromide salt.
twice from ethanol before any radicactive counting was
attempted.

Extraction of inactive erythraline (XXVI) - 014 E. crista

galli plants (2 years and older) (600g) were macerated and
stirred with 0.06lM - hydrochloric acid (21.) for 3 days at
room temperature. The extract was filtered through celite,
extracted with chloroform (6 x 250ml) and the combined
chloroform solutions dried (Na2504), evaporated under re-
duced pressure to give the crude alkaloids (380mg., 0.06%).
Separation on a column (10% ethyl acetate-benzene) then on
t.l.c. (50% ethyl acetate-benzene) gave erythraline (XXVI)

as its hydrobromide salt (Q4mg) from ethanol m.p. 246-24.9°
(dec.), [a 173 216° (c 1.0) (H,0) [%it.a m.p. 240-243°,[:§);s

+219° (Hgo)j and had peaks in the mass spectrum68

at m/e
297 (M"), 282 and 266 (base peak).

R,S-{%—1461—Tyrosine (L) to E. crista galli5 - B,é—[?_14§]_
=

Pyrosine (L) (1ml, 1.92 £ 0.04 x 10° dps) was fed to two
plants on 26/5/72 and harvested on 6/6/72 (wet weight 9.3g).
It was diluted with erythraline hydrobromide (1%.9mg) to
give total crude alkaloid (27.9mg).
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Activity of erythraline hydrobromide after 2 re-
crystalllsatlons 23.7 £ 0.9 dps mg~ (Beckmann)
Activity of erythraline hydrobromide after 3 re-
crystallisations 26.8 £ 1.0 dpsmg™! (Beckmann).
Incorporation = 0.18 ¥ 0.02%

R,S5- [?—Bﬁ]-N Norprotosinomenine (XLIII) to E. crista galll5

R S—[%-Bﬁj-N—Norprot051nomen1ne hydrochloride (XLIII) (2.08ng.,

%aps) was fed on 26/5/72 and harvested 6/6/72

5.1 £ 0.2 x 10
(wet weight 10.8g). After dilution with inactive material
(14.5mg), an activity of 1.80 % 0.06 dps. mg’q (after 2 re-
crystallisstions) and 1.74 ¥ 0.06 dps. mg_q (after 3 re-
crystallisations) was produced in the erythraline hydrobromide
igolated. Erythraline was re-separated as its free base on
t.l.c. (50% ethyl acetate-benzene) and again crystallised
as its hydrobromide salt with a activity of 1.79 ¥ 0.05 dps.

1 (Beckmann).

Incorporation 0.051 £ 0.005%

R,5- aryl—BéJ— N ~-Norreticuline to E. crista galli.

B,ﬁ—[ﬁgxl-aé]-ﬂ—norreticuline hydrochloride (XLII)
(0.90mg., 2.10 % 0.15 x 10° dps) was fed on 26/5/72 and
harvested 6/6/72 (wet weight 11.02g). After dilution with
inactive material (12.6mg), the activity of the isolated
erythraline hydrobromide was 0.11 ¥ 0.02 dps. mg_q (2 re-
crystallisations).

Incorporafion 6.5 ¥ 1.5 x 1077% (0.001% after allowing

for loss of 1 tritium atom).

R- aryl-aél—N—Nororientaline to E. crista galli.
5-[@EXI—BH]—N—nororientaline hydrochloride (XLVII)
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(2.90mg, 2.25 £ 0.10 x 10° dps) was fed 6n 26/5/72 and

- harvested on 6/6/72 (wet weight 7.3g). After dilution

with inactive material (14.4mg) the activity of the isolated
erythraline hydrobroiiide was 0.05 £ 0.02 dps mg"/l (3 re-
crystallisations).

Incorporation less than 10_%%
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Feedings to Erythrina berterocana in 1972 Season.

General Method - The precursor (c.a. 2mg., 1OPC> was diss-

olved as its free base in 0.006l - hydrochloric acid solution
(1Mml) or if a hydrochloride salt then it was dissolved in
water (1ml). The solution was introduced into one small

polytop attached to the I. bertercana plant (5 months old)

which had some untreated cotton threaded twice through its
stem. The cotton dipped into the precursor solution in the

polytop. E. bertercana plants (10cm high,) which had been

germinated in February 1972 from seeds kindly supplied by
Tropical Products Institute were smaller and more fragile

than E. crista galli plants (30cm high) of the same age.

Watering of the plant wasstopped and the precursor solution
allowed to pass into the plant. The empty polytop was re-
filled with distilled water so that any remaining precursor
was washed into the plant. Watering of a plant was restarted
when it was considered that it was beginning to wilt. The
pPlants were harvested in two batches, one batch 11 days
after feeding and the other after 4 weeks 5 days.
Work up - The whole plant was macerated in a Waring Blender
with 0.06M -~ hydrochloric acid (150ml) and stirred for 6
days at room temperature. The suspension was left in the
cold room under an atmosphere of nitrogen until work up could
be continued.

The suspension was filtered through celite and the
filtrate washed once with light petroleum (25ml). Inactive
o -erythroidine hydrochloride (LI) (c.a. 14.0mg) was added

and the solution was basified with solid sodium hydrogen
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carbonate and extracted with chloroform (6 x 30ml). The
combined chloroform extracts were dried (Na2504) and evap-
orated under reduced pressure to give a gum. Separation

by t.l.c. (50% ethyl acetate-benzene) gave =+ @ erythroidine
13

mixture which was recrystallised as its hydrochloride
salt (methanol-ether) three times before any radiocactive
counting was attempted.

o ~Erythroidine hydrochloride (LI) - Dr. K. Folkers and

Messrs. Merck and Co., Rahway, New Jersey had kindly supplied
o— erythroidine hydrochloride (LI). The free base was
separated on t.l.c. (50% ethyl acetate-benzene) and cryst-
allised as its hydrochloride salt m.p. 220-225° (dec.)
(1it. m.p.’S 228-229° dec.). The free base had T 3.62
(d. of 4., 1H, J1,2 10Hz, Jg..,'7 2Hz, H-2), 4.14 (m, 1H, J,]’2
10Hz,, H-1), 4.27 (m, 2H, H-7 and H-14), 5.59 (m, 1H, J17A/17B
12Ha, T 4y GHz, H-174), 6.00 (a, 1, J17A,57B 128z, Jqp qop
9Hz, H-17B), 6.02 (broad m, 1H, H-3), 6.38 (d, 2H, J 2Hz,
H-8), 6.63% (s, 3H, O—CEB), 6.6-7.6 (complex, 4H, H-10, 11)
8.0-8.4 (complex, 3H, H-12, 4).

[ -Exythroidine hydrochloride (LII) - Messrs. Merck and Co.,

also kindly supplied this alkaloid. The hydrochloride salt
in methanol was heated with charcoal, filtered and some of
the solvent removed under reduced pressure. Addition of dry
ether produced_(3—-erythroidine hydrochloride (LII) as
needles m.p. 225-227° (dec.) (1it. m.p.78 222° dec.). The
free base had ¥ 3%.57 (d. of 4., MH, J 10Hz, J 2Hz H-2),
1,2 2,7

4.1 (w, 1H, J, , 10Hz, H-1), 4.27 (u, "H, J, , 2Hz, E-7).

? b
5.%8 (m, 2H, H-17), 5.95 (complex, 1H, H-3), 6.42 (broad s,
2H, H-8), 6.62 (s, 3H, O—Cga), 6,64-7.2 (complex, 4H, H-10, 14),
7,2-7.9 (complex, 2H, H-11), 8.0-8.5 (complex, 2H, H-4).
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11 Day feedings to E. berteroana in 1972 (Tables % and 6)

R,S—[?—qqo}—Tyrosine to E. berteroana.

g,g-[é-““é]-myrosine (ml., 1.92 * 0.04 x 10° dps) was
fed to one plant on 26/5/72 and harvested on 6/6/72 (wet
weight c.a. 3g). After dilution with inactive material
(15.%mg), crude alkaloid (14.0mg) was produced from which
weakly active erythroidine hydrochloride (0.30 gl 0.02 dps
mg‘q,incorporation 2.5 £ 0.2 x 10_3%) was separated.

R,S—{?—5%1—N—No:protosinomenine (XLIII) to E. berteroana.
4

The hydrochloride salt (2.20mg., 5.40 ¥ 0.20 x 10
was fed to one plant on 26/5/72 and harvested on 6/6/72.
After dilution with inactive material (14.6mg), crude
alkaloid (1%.%mg) was separated from which inactive eryth-
roidine hydrochloride was isolated (incorporation less than
10~%%).

As a consequence of the previous two results, the
experiments feeding §,§—_g;xlfBH]—E—norreticuline hydro-
chloride (XLII) (1.07mg., 2.50 ¥ 0.15 x 10 dps) and R-
[gzzl¢5él—ﬂ—nororientaline hydrochloride (XLVII) (3.10nmg.,
2.4 1 0.1 x 10° dps) on 26/5/72 and harvesting on 6/6/72 to

E. berteroana plants were not worked up.

R,S—{3J17—5H;]— Erysodienone (ILXXX) to E. berteroana.

g,g—(ﬁ,{;—aﬁ]—Erysodienone (IXXX) (1.78mg., 2.1 bl
0.1 x 105 dps) was fed to one plant as its hydrochloride
salt on 26/5/72 and harvested on 6/6/72. Dilution with
inactive a-erythroidine hydrochloride (15.0mg) gave crude

alkaloid (18.6mg).

dps)
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After separation the erythroidine hydrochloride had

Activity/dps mg—q Number of Recrystailisations
42,5 2.5 4
37.0 2.5 5
40.5 T 2.5 6

Incorporation 0.28 £ 0.02% .

[37—3H1— Erysodine (IXXVI) to E. berteroana

[;7-3ﬁ]-Erysodine (LXXVI) (1.80mg., 1.39 £ 0.07 x 10°dps)
was fed as its hydrochloride salt on 26/5/72 and harvested on
6/6/72. Inactive a- erythroidine hydrochloride (15.9mg) was
added and gave crude alkaloid (18.4mg) from which active

erythroidine as its hydrochloride salt was separated.

Activity/dps mg_q Number of Recrystallisations
9.6 £ 0.6 %
1.4 X 0.8 4
10.4 £ 0.7 5

Incorporation = 0.12 £ 0.01%

(34,17—3H;1— Erysopine (LXVIII) to E. berteroana.
/7
[54,17—3Hé]—Erysopine (IXVIII) (1.70 mg., 1.90 Y 0.10 x

105 dps) was fed to one plant as its hydrochloride salt on

26/5/72 and harvested on 6/6/72. Inactive a -erythroidine
hydrochloride (14.6mg) was added and gave crude alkaloid
(15.9mg). Active erythroidine hydrochloride was separated.

Activity/dps mg"/l Number of Recrystallisstions
20.5 % 1.0 3
19.0 £ 1.0 4
20.0 £ 1.0 5



-128~

Incorporation 0.15 £ 0.01%

4 weeks 5 days Feeding Experiments with Erythrina berteroana

in 1972 (Tables 4 and 7).
R,S—{é—1461—Tyrosine (L) to E. berteroana.
A

The precursor (1ml., 1.92 0.64 X 105 dps) was fed to one
plant on 26/5/72 and harvested on 28/6/72 (wet weight 18.7g).
Inactive ot— erythroidine hydrochloride (14.6mg) was added
and crude alkaloid (14.0mg) was separated. The erythroidine
hydrochloride isolated was activg.

Activity/dps mg"/l (Beckmann) Number of recrystallisations

4,3 0.2 3 (Beckmann)
4,1 % 0.2 4 ( L'
Incorporation 0.032 T 0.002%

R,S—[?—3ﬁ1-N-Norprotosinomenine (XLIII) to E. berteroana.
& dps)
was fed on 26/5/72 and harvested on 28/6/72 (wet weight

The hydrochloride salt (2.05mg., 5.0 = 0.2 x 10

3.0g). Inactive et- erythroidine hydrochloride (413.8mg)
was added and crude alkaloid (11.7mg) was separated. Active

erythroidine hydrochloride was isolated.

Activity/dps mg;"/l Number of Recrystallisations
2.30 £ 0.15 4
2.08 £ 0.15 5

The free base was run again on t.l.c. (50% ethyl acetate-
benzene) to give erythroidine hydrochloride (2.16 dps mg‘q).
Incorporation 0.060 ps 0.005%

R,S—{}ryl—Eé]—N—Norreticuline (XIITI) to E. berteroana.

The hydrochloride salt (1.08mg., 2.55 £ 0.415 x 10° dps)
was fed to one plant on 26/5/72 and worked up on 28/6/72 (wet
weight 2.65g). Inactive a-erythroidine hydrochloride (15.9mg )



~129-

was added and crude alkaloid (1%.8mg) was isolated. The

isolated erythroidine was counted as its hydrochloride salt.

Activity/dps mg_q Number of recrystallisations
0.91 £ 0.05 3
0.94 £ 0.05 4
0.90 £ 0.05 5

Incorporation 0.0056 r 0.004% (0.008% allowing for loss
of 1 tritium).

R- ‘éryl-aﬁ]-N-Nororientaline (XLVII) to E. berterocana.

The precursor (XLVII) as its hydrochloride salt (3.22 ng. ,
2.50 * 0.10 x 105 dps) was fed to one plant on 26/5/72 and
harvested on 28/6/72 (2.12g plant weight). Inactive a -ery-
throidine hydrochloride (15.5mg) was added and crude alkaloid
(15.8mg) was separated. The isolated erythroidine hydrochloride
had effectively zero activity after 4 recrystallisations
(methanol-ether).

Incorporation - less than 10_5%

R,S—%H,ﬂ?-BHél—Erysodienone (LXXX) to E. berteroana.
<

The precursor (LXXX) (2.36mg., 2.80 * 0.15 x 10° dps) was

fed as its hydrochloride salt to one plant on 26/5/72 and

harvested on 28/6/72 (weight of wet plant 3.51g). Inactive
0 -erythroidine hydrochloride (14.4mg) was added and the

crude alkaloid (15.1mg) was separated. Active erythroidine

hydrochloride was isolated.

Activity/dps mg_q Number of recrystallisations
4.4 £ 0.08 3
17.0 £ 0.09 4
13.8 £ 0.08 5

Incorporation 0.078 £ 0.006%
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E? BHW- Erysodine (LXXVI) to E. berteroana.

[j7-5ﬁ} Erysodine (LXXVI) (1.81umg., 1.40 * 0.08 x10%aps)
was fed as its hydrochloride salt to one plant on 26/5/72
and harvested on 28/6/72 (plant weight 3.60g). Inactive a -
erythroidine hydrochloride (15.4mg) was added and crude
alkaloid (15.9mg) was separated. Active erythroidine as its

hydrochloride salt was counted.

Activity/dps mg"ll Number of recrystallisations
44,0 L 3,0 3
44.0 £ 3.0 4
47,5 L 3.0 5

Incorporation = 0.50 pa 0.04%

H# 17 - BH\l Erysopine (LXVIII) to E. berteroana.

The precursor (IXVIII) (1.60mg., 1.81 t0.09 x 105 dps)
was fed as its hydrochloride salt to one plant on 26/5/72 and
harvested on 28/6/72 (6.00g). Inactive a -erythroidine hydro-
chloride (13.5mg) was added and crude alkaloid (14.8mg) was
separated. Active erythroidine was isolated and counted as

its hydrochloride salt.

Activity/dps mg"l Number of recrystallisations
28.0 ¥ 1.5 3
29.4 ¥ 1.5 4

Incorporation 0.21 ¥ 0.03%
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- Feedings to E. berteroana during 1971 Season using the

Wick Method.

The method of feeding was essentially the same as des-

f cribed earlier except that as the pléﬁts were more sturdy angd
two positions on the plant were used to introduce the pre-
cursor. - In the experiment when g,§r[?-q46]—tyrosine was

fed to two plants on 30/4/71, inactive B —erythroidine (ILII)
was added to the crude alkaloidal residue before separation
of the erythroidines and crystallisation as the hydrochloride
salt which was found to be inactive. In all cases the crude
alkaloidal material isolated from the plant showed the pre-
sence of erythroidines according to t.l.c. The Table gives
brief details of the feedings, and zero incorporation is

less than the experimental limit of 5 x 10_3%.
R,S-[;—q4€1—Tyrosine (L) to E. berteroana in 1971.

The precursor (0.3ml, 6.6 % 0.3 x 10% dps) was fed on

20/5/71 to one E. berteroana plant germinated in January

1969. The plant (144g) was harvested on 9/7/71 and inactive
a - erythroidine (10.2mg) was added to the basic extract.
Separation on t.l.c. (20% acetone-benzene) gave active

erythroidine crystallised and counted as its hydrochloride

salt.
Activity/dps mg_q Number of recrystallisations
0.84 T 0.05 3
0.78 £ 0.05 4
0.89 £ 0.05 5

Incorporation 0.013 £ 0.001%
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Table of feedings 1o E, berteroana during 1971 using the

wick method

No.
of Length  Age Activity Incorp-
Precursor ?de plants  of of fed/ oration
: ' used feeding plant 10%dps /%
R,§—2—Fh%— 30,4,71 2y L) days)lyr, 1mth.§ 6,6+0.3 0
tyrosine (L) 3 .

" 30.4,71| 2| 4 days|2yr, lmth, 6,6+0,3; O

y 20.5.71] 1| 7wk 1a|2yr. Lmth.! 6.6io.32%;3i051
é ¥ 10-

1

z .
[17-"H]-Erysod 28.5,71] 1|6 days|2yr. 2mth,! 37.0+3.0/6.7+0.5
dine (LXXVI) : . 10-2

R,g—[1,17~3H2] 11.6,7111|7 days|{3yr, 3mth, 16+1 | 0
—-erysodienone : ;
(LXXX)

(1/,17-"H,]- |21.6.71{1{11 dys| 3 yr. :27.0+1.0.0,12+0,01
erysopine ; ;

(LXVIII) ‘
[17—3H]~erys— 21,6,7111{11days dyr., §23.0i2~05 0
odine (LXXVI) : ;
i :
g,g—[2—1“c]~ 15.7.71] 25wk 44 5mth, |6,6+0,3 : 0
tyrosine (L) : ;
3,§—L1,17-3H2] 15.7,71}12:17 days 5mth, | 2,1+0,1 f 0
—-erysodienone ’ 3 ;
(LXXX)
H
i f |
" 10,8,71)2)4wk 1d;  5mth, !2,3+0.1 | O
[1u,17-3H2]- 10,8,7112 " Jlyr, 5mth,§<1.oi3.o? 0
erysopine i
(LXVIII) %
(+)-5,6,8,9- [10,8.7111|5wk 3al  Smth., |7.1+0.4 ' O©
tetrahydro- :

2,12~-[methyl-
14C]~-dime th-
oxy~7H~[ 1,10~
SH, ]~dibenz
ld,flazonine~
3,11-diol (XII)
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&j?—BHW— Erysodine (LiXVI) to E. berteroana in 1971.

The precursor (2.0mg., 3.7 £ 0.3 x 10° dps) was fed as
its hydrochloride salt to one plant germinated in March 1969.
The whole plant (108g) was worked up on 3/6/71 and to the
crude basic extract ¢ -erythroidine (12.4mg) was added.
Separation on t.l.c. gave aﬂyﬁ— erythroidine which was

crystallised and counted as its hydrochloride salt.

Activity/dps mg",I Number of recrystallisations
20.0 £ 1.0 4
20.0 X 1,0 5

Incorporation 0.067 + 0.005%

‘;4117— H\]—Erysoplne (LXVIII) to E. berteroana in 1971.

The precursor (2.10mg., 2.7 £ 0.1 x 105 dps) was fed
on 21/6/71 as its hydrochloride salt to one plant germinated
in July 1968. Inactive @ -erythroidine (11.6mg) was added
to the crude basic extract and the a 7/6— erythroidine mixture

was separated on t.l.c. and crystallised as its hydrochloride

salt.
Activity/dps mg"’I Number of recrystallisations
27.0 2 1.0 3
28.0 L 1.0 4
28.0 ¥ 1.0 5

Incorporation 0.12 £ 0.01%

Cell Free Extract Type Feedings with E. berterocana.
49

Cell Free Ixtract Type Feeding using the Seeds

Five k. berterocana seeds had a small part of the outer

seed coating removed with a file and were then soaked for
2hr. in distilled water. The seeds were ground to a fine

powder in a pestle and mortar which was surrounded by solid
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carbon dioxide. Phosphate buffer (pH 7.0, 50ml) was added
and the suspension was allowed to come to room temperature.
g,g—[2—1qd]—Tyrosine (6.6 £ 0.3 x 10% dps) was added and the
mixture shaken at 2290 for 24hr. The aqueous solution was
centrifuged (1hr.), filtered through celite, made basic to
pH 8.5 with solid sodium hydrogen carbonate and extracted
with chloroform (6 x 20ml). Inactive P -erythroidine hydro-
chloride (7.9mg) was added and the chloroform was dried
(Na2504) and removed under reduced pressure. The residue
(20mg) was repeated on t.l.c. (ethyl acetate) to give
inactive o -/B~ erythroidine, crystallised and counted as
the hydrochloride salt.

| The residue from the filtration was extracted with
0.06M - hydrochloric acid (25ml) for 2 days at room temper-
ature. The suspension was filtered through celite, basified
with solid sodium hydrogen carbonate and extracted with
chloroform (4 x 15ml). The combined chloroform extracts
were dried over sodium sulphate and the solvent removed
under reduéed pressure. Inactive f -erythroidine was added
and the mixture was separatedon t.l.c. (ethyl acetate) to
give 0-/B erythroidine mixture. The erythroidine was
crystallised and counted as its hydrochloride salt. three
times and found to be inactive.

Cell Free Extract Feeding to Germinating E. berteroana Seedlings50

Four E. bertercana seeds had a small piece of the seed

coat removed, and were sterilised by dipping in 0.1% mercuric
chloride solution and washing with sterilised water. The
seeds were then placed on a sterile nutrient medium82 con-

taining 4% sucrose solution (25ml), stock salt solution (5ml)
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and 0.1% ferrous sulphate solution (0.%ml) and allowed to
germinate in the dark. After germination light was admitted.
The nutrient medium and its container had been autoclaved at
10p.s.1. for 10 minutes. The stock ‘salt solution had been
prepared by dissolving anhydrous Ca (N05)2 (10g), Na2804
(10g), KC1 (4g), NaH,FO, . 2H,0 (0.95g), MnSO, 4H,0 (225ng),
Zns0,, 4H20 (134ng) , H5BOB (75mg) and KI (37mg) in distilled
water (41). After 12 days, the seedlings (c.a. 5cm. long)
were crushed in a sterile pestle and mortar immersed in
solid carbon dioxide. Using normal aseptic procedures,
phosphate buffer solution (pH 7.4, 20ml) was added and the
suspension centrifuged at 25° for 5 minutes. The supernatant

N dps) was

was decanted, B,ﬁ-[é-140]-tyrosine (8.8 £ 0.4 x 10
added and the suspension was incubated for 15hr. at 29° with
shaking. Inactive a -erythroidine hydrochloride (13.2mg)

was added, the solution was acidified with éM-hydrochloric
acid (1Mml), filtered through celite, made basic with solid
sodium hydrogen carbonate and extracted with chloroform (6 x
50ml). The combined chloroform extracts were driéd (N32804),
filtered and the solvent removed under reduced pressure.

The residue (18.7mg) was separated on t.l.c. (20% acetone-
benzene) to give the a -/P-erythroidine mixture which was
crystallised as its hydrochloride salt, and counted (0.70mg).
The erythroidine was inactive.

Other Methods of Feeding Attempted with E. berteroana and E.

crista galli Seedlings.

Feeding via the medium using seedlings

The following experiments were carried out by adding
the precursor to seedlings which were growing in a nutrient

medium(3iml) consisting of 4% sucrose solution (29ml), stock



salt solution (3ml) and 0.1% ferrous sulphate solution (0.3%ml).
In all cases, t.l.c. indicated the presence of the respective
alkaloid in the crude basic fraction. No activity was detected

in the isolated a +/B- erythroidine (LI & LII) (E. berteroana) or

erythraline (XXVI) (E. crista galli).

Precursor %EE;zity Age of Number of Length  Species Comments
1O4dps Seed- Seedlings of feed-

lings per exper- in
H§§§ iment ‘dﬁ%g

Rep-tg
-tyrosiné 6.6-0.3% 5 4 6 E.berter- Aseptic
oana conditions
R,5+1,17-
Hpl-ery- +
sodienone 21-1 5 3 9 " "
R,
~tyrosine 6.6-0.3% 13 4 8 " "
+ Roots split
" 6.620.3 10 4 25 .
" 12.0%0.5 12 4 10 E.crista Only water

galll (c.a. 5ml)

used as the
medium
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Feedings via the medium using a concentrated precursor

solution.

General lMethod - A seed of both species (E. berteroana and

E. crista galli) had a small part of the seed coat removed,

was left in distilled water overnight and was allowed to
germinate in the dark on a wet cotton wool surface (usually
2-3% days). Light was admitted and the seedling was left to
grow at least 9 days before the precursor, 3,§—[2-14C]—
tyrosine (8.8 ¥ 0.4 x 10% dps ), was added. Beneath the
surface of water, the root of the seedling was slit and
transferred to a small polytop. The small polytop and the
seedling were taken from the water and excess water inside
the polytop was removed such that only the slit part of the
root was still under water. The precursor solution was
added and the seedling was left under an electric light for
9 hours per day. Distilled water was added as necessary
to keep the liquid level above the split root.

Work up was carried out in the usual manner for E.

berteroana and the isolated a -/p-erythroidine hydrochloride

(LI and LII) was inactive. For E. crista galli, inactive

erysodine (LXXV) (11.1mg) was added and erysodine was
separated on t.l.c. (ethyl acetate), crystallised, counted

as the free base and found to be inactive. The precursor
solution which was left in the polytop was washed into a
graduated flask (100ml) with absolute alcohol and two samples
of this (1ml) had their solvent removed by a stream of

nitrogen. The residue was counted.
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E. berteroana E. crista galli
Precursor 3,§4?-14QL-tyrosine B,§4?—14C]—tyrosine
Activity/dps x 8.8 * 0.4 8.8 ¥ 0.4
4
10
Age of Seedling/ 15 S
days
Length of Feeding/ 6 3
dasys
Weight of seedling/g. 1.20 1.76
Weight of crude base
separated/mg. 3.6 (0.%3%) 1%3.0 (0.74%)
Activity remaining
in the medium/ + + + -
dps x 10-3 4,7 Z 0.5 (5 = 1%) 12 T 1 (1422%)

Incorporation <5 x 1029 L5 x 109
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Experiment to determine the relative distribution of

alkaloids against time in germinating E. crista galli seedlings.

Two E. crista gglli seeds had a small part of the seed

coating removed and.were soaked in distilled water. They
- were germinated in the dark and then left on damp cotton
wool in the laboratory. Two seeds wefe germinated at inter-
véls such that all the seedlings could be harvested at the
same time.
Work up - bFor each time interval, the two seedlings were
| crushed in a pestle and mortar and shaken fqr % days in
0.06ﬂ - hydrochloric acid (50ml). The suspension was filtered
ﬁhrough celite, extracted once with light petroleum (20m1)
and made basic wiﬁh solid sodium hydrogén carbonate.‘ The
basic solution was extracted wiﬁh chloroform (6 x 20ml).
Thebcoﬁbined chloroform extracts were dried (Na2804); filtered
and the solvent was removed under reduced pressure to give
~crude basic material. Analar chloroform (Mml) was added to
each extract and an equivalent amount of each solution was
-spotted side-by side on a iarge t.1l.c. plate (20cm x 20cm).
Avéilable samples of Erythrina alkaloids were also spotted
on the appropriate plate. One such t.l.c. plate was run in
a different solvent system (50% ethyl acetate - benzene,
;chloroform, chloroform-methanol 100:5, and chloroform-acetone-
diéthylamine 5:4:1-silica).

Age of Seedlings Net Weight/g Total weight of Percentage
' ' : crude alkaloid  of alkaloid

‘ extracted/mg
0 (2 seeds) 0.96 ’ 20.3 2.1
1week 3days C2.24 12 .4 0.55

2week 3days 2.54 5.1 : : 0.20
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Age of Seedlings Net Weight/g Total weight of Percentage
crude alkaloid of alkaloid

extracted/mg
4 weeks 2.82 6.9 0.21
2 months 3,70 8.8 0.24

Observations - Erythraline (XXVI), erysodine (ILXXV) and/or

erysovine (LXXIV) (R1=R5=H, R2=CH5) were observed by co-t.l.c.
and the intensities of the spots do not vary with time j.,e.
the amount of each alkaloid is constant despite the change
the percentage of crude alkaloid.

There was an unidentified spot (Rf 0.53, 50% ethyl
acetate-benzene) which, judging by U.V. intensity, decreased
in amount with the age of the seedling.

There was an unidentified polar spot (Rf 0.37 chloro-
form-methanol 100-5) which was U.V. active and gave the
usual crimson colour when sprayed with iodoplatinate. This
spot was not present in the seed or the 2 month seedling
extracts. The intensity of this spot was at a maximum after
two weeks and three days.

. Many unidentified polar spots (chloroform-acetone-
diethylamine 5:4:1-silica) appeared after germination.

The seed extract was separated on t.l.c. (50% ethyl
acetate-benzene) to give erythraline (XXVI), crystallised as
its hydrobromide salt m.p. 247-249° (dec.) (1it.> m.p. 240-
243°%) and erysotrine55 (LXXIV) (R1=H, 32=RE=CH5) (Rf 0.53%)
(1.1mg), which gave no colour with ferric chloride solution.
It had a mass spectrum identical with the literatur&® of n/e
MY 313, 298 and 282 (base peak); M 313.1684 corresponds to
1% .1678, 019H25N05; }\max 227 and 280nm. The Rf of the
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alkaloid was identical with that of the product of the
reaction between erysodine (LXXV) and diazomethane.

The one week three day extract was separated on t.l.c.
(analar chloroform) to give erysodine / erysovine which
had peaks in the mass spectrum at m/e 299 (MY, 284 and 268
(base peak).

The whole experiment was repeated but only using one
seed for each time interval and it was again observed that
a spot (Rf c.a. 0.4 chloroform-methanol 100-5) was not
present in the seeds or after one month thirteen days but
was present in the extracts of seedlings of an intermediate
age being a maximum after two weeks two days.

Repeat experiment (1 seedling).

Age of Seedlings Net Weight/g Total weight of Percentage
crude alkaloid of Alkaloid

extracted/mg
0 0.34 9.8 3
9 days 0.83 6.5 0.78
2 weeks 2 days 1.5 6.5 0.43
1 month 2.0 4.4 0.22
1 month 1% days 0.90 3.8 0.42

Isolation of the alkaloid R, O.4 (chloroform-methanol 100:5)

from E. crista galli seedlings.
E. crista galli seeds (20) had part of the seed coat

removed and were soaked overnight in distilled water. They
were germinated in the dark on damp cotton wool, and after
the root had appeared they were left to grow in the light.
The seedlings (24.12g) were harvested two weeks and three

days after they were set, macerated in a pestle and mortar,
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and shaken with 0.06ll - hydrochloric acid (100ml) for

3 days under an atmosphere of nitrogen. The acidic suspension
was filtered through celite, washed with light petroleum
(20ml) and basified with solid sodium hydrogen carbonate.
The basic solution was extracted with chloroform (6 x 20ml)
and the combined extracts dried over sodium sulphate and
filtered. The solvent was removed under reduced pressure
to give crude alkaloid (49.9mg., 0.21%). The residue was
separated on t.l.c. (chloroform-methanol 100:5) and the
unknown alkaloid (5.8mg) (6% of crude base)was eluted from
the alumina under an atmosphere of nitrogen. It was not
possible to crystallise the free alkaloid (unstable), its
hydrochloride salt or the picrate salt. It had significant
peaks in the mass spectra at m/e %29, 313, 311, 310, 298,
297, 296, 295, 294, 282, 280 (base peak), 266 and 264. The
hydrochloride (glassy solid) had )\max. ﬁg+ 52%1 236

(E%cm 500) and 287 (E%éﬁ*?nm,unchanged by the addition of

base and ¥ (chloroform) 3400, 2420, 1620 and 4445cm"1.

max.
A sample of the compound was separated on t.l.c. and

submitted for accurate mass measurement.

Peak/g/E Measured Calculated Assigned
313 313.1678 313%.1678 CagtiozNO3
313 31%.1322 31%.1313 018H19NO4
311 311.1516 311.1521 C19H21N05
298 298. 1434 298.1443% C18H2ON05
297 297.1%65 297.1372 C,18H,]9NO5
282 282.1488 288.1494 CagHoN05



Peak/g/g Measured Calculated Assigned
282 282.1134 282.1130 017H16N05
280 280.1%3%1 280.133%7 018H18NO2
280 280.0995 280.0974 T
266 266.1181 266.1181 017H16NO2
264 264.1018 264.1024 017H14N02

The ratio 019H25N05//618H was approximately 5/1

19M04

and 018H20Né5// was approximately 5/5

CqrtqgNO3

The isolated product gave no colour with ferric chloride
and was still apparent as one spot after running three times

on t.l.c. (chloroform-methanol 49:1).

Acetylation of the Unknown Compound - The glassy solid

hydrochloride salt (c.a. mg) was left in redistilled

pyridine (3 drops) and redistilled acetic anhydride under

én atmosphere of nitrogen overnight at room temperature.

The solvent was removed under reduced pressure and the gum

was dried in vacuo. T.l.c. (chloroform-methanol 100:5) showed
no spot corresponding to the unknown compound but there were

3 spots (chloroform) at Ry 0.8, 0.6 and 0.4. The mass
spectrum of the crude product had significant peaks at

n/e 371, 356, 355, 340, (vase peak) 324, 312, 310, 296, 294,
280, 264.

Isolation of more product from E. crista galli[gf 0.4 (chloro-
form-methanol 100i§j.

The procedure has been described above. Seedlings (wet
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weight %9.57g) yielded crude alkaloid (120mg, 0.3%) which
was seperated to give the unknown product (7.8mg, 6% of
crude alkaloid). This was also still apparent as one spot
on t.l.c. (chloroform-methanol, 49:1, 3 times). The free
base had T 3.30-3.70 (complex, aromatic - H), 3.87 (complex,
olefinic proton), 4.00 (complex, olefinic proton), 4.14 (complex,
olefinic proton), 4.29 (complex olefinic proton) 5.5-7.4
(broad complex, O-C-H and N-C-H), 6.21 (broad s, O—C§5),
6.3%2 (broad s, O‘Cﬁg)a 6.72 (s, O‘C§5)a 7.5-8.5 (complex,
methylene protons). The integration gave aromatic:olefinic
as 1.1 and the three 0- methyl signals as equal. If there
is one Q—CH5 ( X 6.72) then the olefinic/arométic protons
would integrate for four protons. It also had a specific
rotation (589nm, 22°C) of + 105°d1. g.'q am™ ! (c = 0.544).

Attempted Oxidation with Active Manganese Dioxide.

The unknown (c.a. mg) was stirred with active manganese
dioxide (5mg) in ethanol-free chloroform (“ml) under an at-
mosphere of nitrogen at room temperature. T.l.c. indicated
that no new products had been formed and the U.V. spectrum
of the product was identical to the starting material. The
manganese dioxide was ghown to be capable of oxidising benzyl
alcohol to benzaldehyde in quantitative yield (t.l.c. and i.r.)
in ethanol free chloroform after 7hrs. stirring at room
temperature.

Erysonine (CXXXV)7O - Erysodine (LXXV) (3mg) was heated
at 100°C with 0.3M - hydrochloric acid for 2 hours. Separation
of the crude product on t.l.c. {(chloroform-methanol 57:4) gave

erysonine (CXXXV) which had A\ma 225 (sh) and 284. There

X
were significant peaks in the mass spectrum at m/e 285 (base



peak) and 268.
Erysodienolsm (XC, all possibilities) - Erysodienone

(XV) emg) was stirred in absolute ethanol with sodium
borohydride (10mg) for 2 hours at rdom temperature. The
solvent was removed under reduced pressure, water was added
and the solution was extracted with chloroform. The com-
bined chloroform extracts were dried (N32804), filtered

and evaporated to give a foam. This was a single spot on
t.l.c. (chloroform-methanol 100:5) and the hydrochloride

salt had )\m 235 and 284, v ma

ax.
2500, 1650, 1600 cm_q. The mass spectrum had significant

. (chloroform) 3540, 3380,

peaks at m/e 315 (60%) and 298 (base peak). The free base

had v, (chloroform) 3540, 3280, 1650 cm™ .
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Experiment to determine the position of the label in g-/p-

erythroidines (LI and III) from E. berteroana feedings.

B~ Erythroidinol®C (LXXXV) - - Erythroidine (LIT)

(2mg) in dry redistilled tetrahydrofurén (éml) was re-
fluxed for 3hr. withllithium aluminium hydride (6mg) under
an atmosphere of nitrogen. Wet tetrahydrofuran was added,
and the precipitate was filtered off and washed with hot
tetrahydrofuran. The combined filtrate and washings was
dried over sodium sulphate, filtered and the solvent re-
moved under reduced pressure to give B -erythroidinol (LXXXV)
(15.6mg. , 74%) m.p. 168=170°, softening 163° (ether) (1it.=

m.p. 1680, softening 163°). It showed v o (chloroform),

ax.
3420, 1110 cn™, X 3.60 (d. of d., 1-H, J, , 10Hz, J, ,
b 9
- 2.5Hz, H-2), 4.16 (broad 4, 1H, 1.0 10Hz, H-1), 4.2% (nm,
k]
1H, H-7), 5.5-6.8 (complex, 9-H, C—ge and >8€%5 ), 6.64
(s, 3-H, O—CEB), 7.08 (m, 4-H, ’C‘Eg>v 8.0-8.5 (complex,
2H, H-4). The mass spectrum had significant peaks at n/e

277, 275, 262, 260, 245, 24%, 228, 130 (base peak).
¢ -Erythroidinol®’ (IXXXIX) - a -Irythroidine (IA) (20.1mg.)

was stirred in dry, redistilled ether (6ml) with lithium
aluminium hydride (5mg) at room temperature for 2 hours.
T.l.c. (chloroform-methanol 100:6) showed the presence of
two new spots. Wet ether was added. The so0lid was filtered
off and washed with hot ether. The combined filtrate and
washings was dried (Na2804) and filtered to give a residue.
The gum was separated on t.l.c. to give a —erythroidinol
(LXXXIX) (10.1mg, 50%) as the more polar spot. It had m.p.
155-157° (ether) (lit.29 m.p. 155-156° from benzene) and

1 3.72 (8. of 4., 1-H, J1,2 11Hz, J2,7 2Hz, H-2), 4.22
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(m, H, 34 5 11Hz, H-1), 4.34 (m, 1H, H-7), 4.62 (¢, 1H,
J14,45 7Hz, H-14), 5.86 (m, 2H, H~15), 5.94-6.36 (complex,
3H, H-17 and H-3), 6.47 (broad s, 2H, H-8), 6.70 (s, 3H,
O'C§3>a 6.96-7.50 (qomplex, 44, H-10 and H~11), 8.00-8.70
(complex, 3H, H-4 and H-12). Irradation at {5.86 reduced
the triplet at “C4.62 to a singlet.

12,13

15-desoxy—17-0x0 — A —erythroidine (ILXXXVII) - B-

Erythroidinol (ILXXXV) (44mg) was stirred in analar acetone
(2ml) with a solution of 0.18M - chromic acid (7.1ml) (Jones
reagent85) for %8 hours. The solution was made basic with
solid sodium hydrogen carbonate and extracted with chloro-
form (4 x 5ml). The combined chloroform layers were dried
over sodium sulphate, filtered and the solvent was removed
under reduced pressure to give an oily residue. This was
separated on t.l.c. (50% ethyl acetate-benzene and silica -

5% chloroform-methanol), to give the 15—desoxz:j?-oxo-b12’q§

erythroidine (ILXXXVII) (11.1mg, 25%) as its hydrochloride

monohydrate salt, colourless needles m.p. ﬂ90—193° (decomp.)
(absolute ethanol). The hydrochloride monohydrate salt had
9 max, (MUJOL) 3450, 2500, 2450, 1708 cm™ ", >\max_ 229nm.
(12,000),[9]32 + 86° (methanol, ¢ = 0.049) and had significant
peaks in the mass spectrum at m/e 273 (M') 258, 243, 242
(base peak), 240 and 228. (Found C, 58.58; H, 6.68; N,
3.97 CqeHoolN0,Cl requires C, 58.63; H, 6.77; N, 4.27;
0, 19.52; C1l, 10.82%). The one molecule of water of
crystallisstion was not removed by drying at 60°C in vacuo
for 2.5 days. The free base had (3.53% (broad 4, 1H, J1,2
10Hz, H-2), 4.09 (m, “H, J,],g 10Hz, H-1), 4.20 (m, 1H, H-7),
5.80-6.20 (complex, 3-H, E-15 and H-3), 6.40 (m, 2H, H-8),
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6.60 (s, 3H, 0-CHz), 6.60-7.20 (complex, 2H, -CHp), 7.40-
8.50 (complex, ©6H, -C—§2).

Isomerisation of g —erythroidine to QN-erythroidine27.

a-Erythroidine hydrochloride (LI) (25mg) was added
to a 10% solution of analar sodium hydroxide in water (5ml)
and refluxed for % hour under an atmosphere of nitrogen.
Dilute hydrochloric acid was added to make the solution
acidic and it was left at room temperature for two hours.
Solid sodium hydrogen carbonate was added and the basic
solution was extracted with chloroform (4x5ml). The com-
bined extracts were dried (Na2SO4), filtered and the
solvent removed under reduced pressure to give B -erythroidine
(16.2mg, 65%) (LII) which had an n.m.r. spectrum completely
superimposable with that of authentic material.

Experiment on Active Material from a Feeding (Scheme 1C,R=5H)

{i?—aﬁ]-Erythroidine hydrochloride (2.3mg, 45.1 dps
mg_q) from the feeding of [57-5H]-erysodine (IXXVI) to E.

berteroana for 4 weeks 5 days was further diluted by the

addition of inactive ¢ -erythroidine hydrochloride (18.0mg).
The specific activity was now 5.1 dps mg"q. This was now
converted to B ~erythroidine (13.3mg, 78%) (IXXXII ) in
the manner described above. Without further purification
the B —erythroidine was reduced with lithium aluminium
hydride (6mg) in dry tetrahydrofuran to B-erythroidinol
(IXXXVI) (7.9mg, 60%) showing a single spot on t.l.c. (5%
methanol-chloroform). Again without purification of the

B —erythroidinol, it was oxidised by 4.5 x 10-4ﬂ - chromic
acid (0.36ml) in analer acetone (1ml) at room temperature

after 3 days to a product which had six spots on t.l.c.-.
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The major spot was separated on t.l.c. (50% ethyl acetate-
benzene) to give 15-desoxy-17-o0xo- 1532’13—erythroidine
(LXXVII) (1.6mg, 20%) as its hydrochloride monohydrate
salt. It was crystallised 3 times from absolute ethanol
and counted (0.62mg). The specific activity was measured
as 0.06 dps mg—q (1%) which was at the limit of the sen-
sitivity of the counter.

Therefore 99 £ 6 (est.) % of the activity was lost.
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