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ABSTRACT

This thesis describes a biosyhthetic investigation of coumarins in

turpentine-broom, Thamnosma montana Torr. and Frem.

In contrast to simple coumarins, the biosynthetic pathways leading
tb the'fﬁranocoumarins wefe found to bg in a state of confﬁsion as
indicated by existing published data. None of the results were internally
consistent With'any generél postulate and there was considerable
question concerning the actual meaning of a substantial portion of the
experimentai data.

Studies as described here were‘performedjin several different areas.
In the initial inVestigétions, a detailed study of isolation procedures
for the many coumarins present in thevplant was necessary. Subsequently,
appfopriate chemical degradative‘pathways were developed for umbelliprenin
(11), isopimpinellin (2), and alloimperatorin methyl ether (8) to allow
isolation of relevant carbon atoms in these coumarins.l Finally,
incorporation studies with DL—mevalonic-5-3H aéid were conducted and
subsequent degradative reactions were performed on umbellipreniﬁ (1)
and alloimperatorin methyl'efﬁer (8). The implications of these

preliminary experiments in terms of biosynthetic pathways are presented.



- idii -

TABLE OF CONTENTS

Page

TITLE PAGE «ueevnnn.. e eeaas e e, i
ABSTRACT v.ivuerennns ....f.f.;..;......... ............... cees ii
TABLE OF CONTENTS ........ Cereereaaa f ...... e ceees iii
LIST OF FIGURES . .uevveveessnnnnioceeesennnnens e, . v
ACKNOWLEDGEMENTS .....; ....... TR Ceeieeeas .. vi
STUDIES RELATED TO THE BIOSYNTHESIS OF COUMARINS .....eoew..

INTRODUCTION ..... U SR e . 2

DISCUSSION +evevuvennans e eienetreeeee ety 41

EXPERIMENTAL «vvevevenannns e R Ceeeaeans vee 60

BIBLIOGRAPHY ...veceetecvocnnccesnasannanna P, e 85



10
11
12

13
14
15

16

17
18
19

20

- iv -

LIST OF FIGURES

Page
Some representative naturally occurring coumarins... 7
The shikimic acid pathway to aromatic compounds .... 9
Radioactive compounds isolated from H. odorata ..... 13
Proposed scheme for coumarin biosynthesis in Melilotus
and H. 0dorata c.veevneconnntosssscrstsscnonssnsnnns 16
Proposed scheme for biosynthesis of umbelliferone in
‘Hydrangea cuociviieennciteinitscensssnccenssnssasanss 18
Proposed scheme for herniarin biosynthesis ......... 21
Possible stages of O-methylation in herniarin
bioSynthesis .iieeeveresitteeenneetenessnacennsennas 22
Modified scheme for herniarin biosynthesis ......... 22
Involvement of a spirolactone in coumarin biosynthesis 24
Suggested biosynthetic scheme for calophyllolide ... 26
Degradation of sphondin .....ciiiveiieriiiieecsnnens = 28
Degradation of pimpinellin e 29
Proposed scheme for the biosynthesis of furano-
Coumarinsg c.iiiieiiiitiiiiti ittt it iaicecteneerensnnnes 32
Proposed. alternative patﬁway of furanocoumarin
DiosSynthesis siviivertsersseessecnssssnsesscnansanoas 35
Furanocoumarins recovered from Ruta graveolens and
Heracleum 1anatum ....oceeeceeecnssesssoasosanccasnsa 38
Proposed scheme for the biosynthesis of marmesin.... 39
Typical purification sequence of components from
Thamnosma montana, Torr. and FreMe.eeeeseecaseoscans 44
A typical thin layer chromatoplate of isolated
fractions obtained from the chloroform extract ..... 45
A thin layer chromatoplate of some authentic samples
of compounds in Thamnosma montana Torr. and Frem. .. 46

Purification of fractions G, H and I, J and K, and L
of the initial column chromatography .....ceeeeeeees 47



-y -

Figure | Page
21 Conversion of umbelliprenin to umbelliferone ....... 48
22 - Degradations of isopimpinellin ....... e 49
23  Degradations of. alloimperatorin methyl ether ....... 51
24 Recrystallization of various coumarins to constant
radiocactivity ...ieiieiiiiiiiiiiiiiiiiiiiiieeaes cees 54
25 lRécrystallization of umbelliferone to constant
radioactivity s.ecevenen eaees Chetrrasaeaen eeceeseees 56
26 Recrystallization of ‘alloimperatorin methyl ether
diol to constant radioactivity .......... ceerecacnnn 57

27 Recrystallization of the alcohol, compound (48),
to constant radicactivity ....ceieeiiiiieiiiennn ceese 57



-vi -

ACKNOWLEDGEMENTS

I wish to express my gratitude to Professor James P. Kutney‘for
“his éncouragement and guidance éhroughout the course of this
research.

I am also extremely grateful to R.N. Youné and A.K. Verma for
their collaboration and patieﬁc; with me in this research and for
many helpful suggestions,

Speéiél thanks is due also to Miss Diane Johnson for typing the

manuscript.



BIOSYNTHESIS OF COUMARINS



INTRODUCTION

The Eurpentine—brobm, Thamnosﬁa montané Torr. and Frem. (Rutaceae),
is found in desert mesas and slopes. These shrubby plants were
reported to.havelpiant—growth—inhibitor properties.l’2 In addition,
they were reportéd to have béeﬁ used by American Indians in folk
mediciné. |

Bennett and Bonner studied the toxicity of aqueous extracts of

leaves of:eleven desert plant species and found that Thamnosma montana
Torr. and Frem was the most toxic as judged by the response to tomato.
The crude material caused the death of youﬂg tomato plants at a concen-
tration of about 1 mg/ml within seven days.

The plants of the Rutaceae famil? are well known to contain a large
number of benzenoid compounds, coumarins, flavones and some quinoline
alkaloids. Bennett and Bonnef isolated three crystalline compounds

from Thamnosma montana and identified two of them as byakangelicin (1)

and isopimpineliin (2), respectively.
OCHj




The structure of the third compound was elucidated by Dreyer4
and found to be alloimperatorin methyl ether diol (3) [5-(3'-methyl-

2',3"-dihydroxybutanyl)-8-methoxypsoralen].

Dreyer developed a better extraction scheme for isolating not
ohly the three'compounds obtained by Bennett and Bonner, but was able
to separate six other comﬁounds. These six compounds were f-gitosterol
(4); fhree known alkaloids, N-methylacridone (5),‘skimmianine (6),
and y-fagarine (7); a known furanocoumarin élloimperatorin meth?l ether
(8); and an unknown compound, thamnosin. This was the first report

of N-methylacridome, the parent member of acridone alkaloids,5

occurring as a natural product.

——

HO ' 3
(4) (5)
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Dreyer's proposal for the structure of thamnosin (9) was the

following.6

CH,O

However, recent work in our laboratories by T. Inaba has proved this
. . 7
tentative structure to be incorrect. Furthermore, Inaba as a result

of a complete elucidation of the structure of thamnosin, assigned the

following structure to the compound.



As a result of further recent work in our laboratories on

Thamnosma mbntana, eight other compounds were separated and characterized
in addition to the nine préviously isolated by the workers mentioned
above. These compounds were umbelliprenin (11), isoimperatorin (12),
alloimperatorin methyl ether epoxide (13), thamnosmin (14), bergapten

as), xanthotoxinl(lG),.psoralene (17), and phellopterin (18).

N
(14) (/\ (15)

0
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following tﬁe isolation»and identifiéatién 6f the numerous
compounds in the plant, it was decided to conduct some biosynthetic
work on some of the coumarins. This section of the thesis is concefned
with some of the biosynthetic work done on some of the coumarins in

Thamnosma montana. It is therefore appropriate to discuss the status

of biosynthesis in this area.

Biosynthesis of Coumarins

A

The coumarins form a diversified and quite widely distributed
class of nafurally occurriﬁg aromatic compounds. Coumarin itself is
the simplest member of this class. Other compounds in this class have
‘substituents of varying complé*ity, ranging from simple hydroxyl or
methoxyl groups to isoprenoid side chains and isoprenoid—derivéd rings.
A striking point about the substituted coumarins is that with only a

very few known exceptions, the benzene ring of the coumarin nucleus

is oxygenated para to the position of the side chain attachment,

that is, at position 7. Figure 1 illustrates some representative

naturally occurring coumarins, bearing a variety of different functions



and substitution patterns.

. . . OCH3.
/J:::::]::<Ti]:> <f7i:1::f::1:::iil§
0
0
0 0
CH,0 o

Herniarin Bergapten

Umbelliprenin - Osthol

Coumestrol ' Seselin

Figure 1. Some representative naturally occurring coumarins.

Before commencing with the biosynthesis of coumarins, a discussion
of the shikimic acid pathway to aromatic compounds (Figure 2) is

appropriate.
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Figure 2. The shikimic acid pathway to aromatic compounds.
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Phosphoenolpyruvic acid and D—erythrose—4—phosphate'are indeperndent
intermediates in the metabolic pathways of D-glucose. The reaction of
the two can be formulated as a concerted reaction between two phoéphate
esters leading to the formation of orthophosphate and 3—deo¥y—D—arabino—
heptulosonic’acid-7—pho§phate‘(DAHP). The D-arabino configuration is
favoréd since, in the.assumed cyclization of DAHP to 5—dehydfoquinic
acid, the hydroxyl groups on C-4 and C-5 of DAHP would correspond to the
identical configuratiqn of G-3 and G4 of 5-dehydroquinic acid. | |

The enzymié éondenéation of phosphoenolpyruvic acid and D-erythrose-
4-phosphate is formulated as an attaqk by a nucleophiiic group of thex
enzyme, symbolized here by OH~, on ;he phosphoenolpyruvic aéid; This
proéess-is coﬁcerted with attack by carbon 3 of the phosphoenolpyruvic
acid on the electrophilic carbon atom of the aldehydé and protonation
of the carbonyl oxygen atom by an acidic group. The overall result is
the release of orthophosphate or of a transient, phosphorylated enzyme
and the open chain form of DAHP. In the‘limited sense thaf this reaction
may be viewed as an attack by a nucleophilic species on én aldehyde,
it resembles the chemical aldol condensation and the enzymic aldolase
condensation..

In order to convert DAHP to 5-dehydroquinic aciq, the'hydroxyl
group on C-5 of DAHf ié firét oxidized by diphosphopyridine nﬁcleqtide
(DPN), to facilitate the elimination of phosphate in the next stép.

The carbonyl group on G-5 is then reduced by reduced DPN formed in the
first reaction to a ﬁydroxyl group having the original configuration.
Finally, the resulting 2,6-diketone is cyciized to 5-dehydroquinic acid.

All these reactions are catalyzed by one enzyme or enzyme complex and
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are probably concerted.

To convert 5-dehydroquinic acid to shikimic acid, the former
compound is first dehydrated to 5-dehydroshikimic acid. The enzyme
responsible for this was 5-dehydroquinase which was highly specific
for this reaption as it was unable to dehydrate the closely related
quinic acid to shikimic acid. The reduction of 5-dehydroshikimic acid
to shikimic‘acid by partially purified S-dehydroéhikimate reductase
haé also beén studied. A cofactor requirement for the reduction is
triphosdxpyridiné nucleotide (fPNH).

" To convert shikimic acid to prephenic acid, 5-phosphoshikimic
acid is first fofmed by phosphate transfer from adenosine-5-triphosphate
(ATP) to shikimic acid. This then reacts with enol pyruvate phosphate
to give the 3-enol pyruvate ether of phosphoshikimic acid. The
prephenic acid is formed by the attack of nucleophilic enolpyruvate
on Cl of the ring associated with the phosphate leaving group in a
trans manner. With external nuéleophilic reagents, such reactions
are known tovreéuire .Eié‘ stereochemistry. No exact analogies appear
to be known for the type of internal rearrangement postulated for the
conversion of'gpol pyruvate to preéhenic acid.

Afomatic compouﬂds are formed from prephénic acid by decarboxyla-
tion and reductive decarbo#ylation which yields the immediate
precursors of tyrosine and phenylalanine, respéctively. The latter
two are finally férmed by transamination and can undergq conversion to
cinnamic acid and p-coumaric acid, respectively. Both the acid
catalyzed and the enzymic.aromatization.of prephenic acid may be
visualized as initiated by electrophilic attack on the hydroxyl group.

Prephenic acid has also been shown to be converted by enzymes to
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p-hydroxyphenylpyruvic acid. Diphosphopyridine nucleotide (DPN) is
vrequired for this reactioh, suggesting oxidation of G4 followed by

decarboxylation.

Biosynthesis of Coumarin:

Evidence from feeding experiments showed that coumarin was
synthesizéd erm'sﬁikimic acid—defivéd phenylpropane.precuréors in
preferenée to acetate condénsatioﬁ.g’lq’l;

Brown, Towers, and WrighthStudied the biosynthesis of coumarin

in Hierochloe odorata and Melilotus officinalis. A number of possible

precursors were fed. From this the Best precursors of coumarin were
found to bé o—coumaric_acid‘and cinnaﬁic acid while shikimic acid and
L—phenyialanine were found to be slightly less efficient as precursors
whereas acetic aéid, salicylic écid, o—tyrésine,ferﬁlic acid, and
melilotic acid were found to be very poor precursors. This work
indicated approkimately the same results as Kosuge and Conn's feeding

experiments in sweet clover, Melilotus alba 10. The results obtained

by Bro&n, To&ers, and Wright suggéstéd ﬁhat thé shikimic acid-phenyl-
propanoid acid‘pathwafvpredominatés in coumarin biosynthesis in H.‘odorata.
Furthermore, the relative efficient utilization of cinnamic acid and
o—coumafié acid implied that the former undergoes Hydroxylation
ortho to the side chain during the process.

The effect of varying metabolic periods on the radioactivity of
several phenolic constituents of H. odorata including coumarin and
structurally related compounds was also studied by Brown, Towers, and

Wright9 after the administration of cinnamic acid-3- 4C. The radio-
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activity of the following compounds isolated from the plant was of

‘particular interest (Figure 3). Chénges in specific activity of coumarin

COOR COOH
Illl :; | 0
0
OH ' 0 v
, N .

Cet119%

o-Coumaric acid " o-Coumaryl glucoside ' . Coumarin

:: :\\g///COOH CHBO
' HO

O0OH - COCH

HO H

p-Coumaric acid . Ferulic gcid . - Melilotic acid

Figure 3. Radioactive compounds isolated from H. odorata.

1 14 '
with time after feeding cinnamic acid-3- C to Hierochloe odorata

indicated a definitenlag phase persisting until 8'hours from the
complefe absorption of the precursor. From that timé until about 24‘
‘hours, there was a linearlincreasé in specific activity. Changes of
sﬁecific activity of choumaric acid, p-coumaric- acid, ferulic‘acid,
melilotic acid, and o-coumaryl gluéoside with time from the same
experiment . indicated that all four free acids exhiﬁited a maximum in
specific activi;y at or before 16 hours, and that all but melilotic acid
attained a relatively high specific activity in 0 to 4 hours. The

slow and slight éccummulation of 14C in melilotic acid again suggeéted

it to be a secondary metabolic product of cinnamic acid.
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A chanef pictﬁre of the distribution of the active carbon was
‘obtained from an examination of the total activity in the various
constituents throughout.the period of the experiment. From this, it
was cléar that the largest resequir of o-hydroxylated phenyl propanocid
material throgghbut the experiment was é—coumaryl ghmoéide. It was
found that the lAC content §f the‘glucbside wasleven higher shortly
aftér feediﬁg fhan at 4 hours, inaicafing that éinnamic aqid
aaministered to H. odorata uﬁdergoeé fapid ortho hydrbxylation and that
glucoside formafign also occurs rapidly, with a large accumulation'of
14C in o-coumafyl_giucoside even while absorption of the presﬁrsor
is in progress.

In order to d§termine wﬁethér.o—éoumaryl gluposide is an inter-
mediate in coumarin biosYnthésis a sample of radioactive o—coﬁmaryl
-glucoside and cinnamic acid—3414C were fed to H. odorata. The ;4C
dilution during conversion of cinnamicvaéid to coumarin was 315 and
that of "o-coumaryl glqcoside Vas 435, indicating the two compounds‘fo
be comparable-ih efficiency as precursors of coﬁmarin.

Brownlzlhas also shoﬁn that p-coumaric acid was seventy times

less effective than cinnamic acid as a precursor of coumarin in

Hierochloe ‘odorata, while tyrosine was sixty times less effective

than phenylalanine. From this it was clear that a preformed phendlic
nucleus posed a decided disadvantage in its use as a precursor.

In later studies on the biosynthesis of coumarin in H. odorata, -

Brown13 fed.14CO2 and showed that coumarin exists in plant cells as

a glucoside of o-coumarinic acid (19) and can be recovered by emulsin:

hydrolysis. A study of the incorporation of 14C from CO2 into coumarin
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and the aglycone of o-coumaryl glucoside with time was subsequently

made. The results indicated that the total activity of coumarin showed

 COOH

o~
“Cel119%

(19)

a slow, almost uninterrupted increase until 17 days after which the

total 14

C declined ﬁarkedly. The maximum activity of the aglycone}
however, occurred at abbut‘4 days and was followed by a mafked
decrease in actiyity.

In addition to showing'the presence of the cis-glucoside of
coumarinic acid in H. odoréta, the results of Brown élso suggested
that o-coumaryl glucoside was a metabolic intermediéte rather than an
end product, since the peak.in its total activity is feached earlier
than that of goumérin. ‘The demonstration of the presence of coumarinic
acid glucoside suggested that glucoside formation was neéessary to
effect transﬁgig_invérsidn whiéh must precede the formation of the
coumarin lactone ring. The Eié-glucéside would be an intermediate in
such a pathway. Also the'incorporation of labelled o—éoumaryl éluco—
side td coumarin, supported the belief that o-hydroxylation was an
essential feature of coumarin biosynthesis. Furthermore, coumarin
~like o-coumaryl glucoside was not an end product, but underwent relatively

slow metabolism as revealed by the eventual decline in 14C in the

experiments.
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Therefore, Brown14 proposed the following scheme for coumarin

‘biosynthesis in Melilotus and H. odorata (Figure 4).

COOH COOH cooH

N __%@%/__)
NH2 .

: COOH
_—
@W COOH
~N
6 11 5 ' o C6H1105

Figure 4. Proposed scheme for coumarin biosynthesis in Melilotus
o and ‘H. odorata.

1

"Results.by Kosuge and Connls, Stoker and Bellis 6, and Gorz

and Haskinsl7 also independently showed that the conversion of trans-

cinnamic acid to coumarin in Melilotus alba occurred by a similar

scheme, Furthermore, this plant was shown to contain a trans-cis

. ' 18
isomerase enzyme system .



- 17 -

Biosynthesis of 7-Oxygenated Coumarins:

A. Umbelliferone (7—hydroxycbumarin)

AN
HO 0 0

o (20)

The formation of umbelliferone (20) has been studied by Brown,
19 . 20,21 . S
Towers, and Chen ~ and by Austin and Meyers ‘using Hydrangea
macroﬁhzlla, The latter workers have.reported that umbelliferone
exists as the free coumarin only to a very small extenf if at all,

“and have identified two bound forms in Hydrangea (21 and 22). The

COOH
-~
/O ~
Glu/J) Qlu R Glu
7-B8-D-Glucosyloxycoumarin or cis-2,4~-di-B-p-Glucosyloxycinnamic
skimmin acid
(21) S (22)

: : 14 : :
first compound was predominant. Experiments with =~ C-labelled compounds.
by the two groups have been in substantial accord and led to the

following biosynthetic route being proposed for umbelliferone in

Hydrangea (Figure 5).
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CcooH COCH

HO ' HO on

e
'/0
Glu .
(22)
AN (1)
. —
_0 070 HO
Glu _ , -
(21) (20)

Figure 5. Proposed scheme for biésynthesis of umbelliferone in

Hydrangea.

B. Herniarin (7-methoxycoumarin)

CH 0

(23)

Lavender (Lavandula officinalis Chaix) is one of the few species
which elaborate both coumarin and a 7-hydroxylated coumarin, in this
case herniarin (23). Therefore, it wasichosen by Brown22 as a con-'

venient species in which to compare the biosynthesis of coumarin and a
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7-hydroxylated coumérin.

Like coumdrin, herniarin'also occurred in thé bound state as a
.glucoside. It seemed quite certain that this glucoside was_2-gluco—
sylo#y—4-methdxy{sii-cinnamic aéidl(gig—GMC) (24). The presence of

this compound implied the formation, at some stage, of an ortho-

hydroxylated precursor and indicatéd that the 1aétone ring of 7-
hydroxylated coumarins also canvbe synthesised Xié.QEEEQ—hydfoxylatioq.

Brown22 compared in studies onvlaVender a numbetr of different 140
labelled compouﬂds as precursors of herniarin, an& in some cases
coumarin. L—phgnylalaniﬁe was incotporated with modérate dilution of
14C into:hérniarin as well as coumarin. Glucose Qgs used with lower

efficiency as a precursor of both coumarins. However, o—-coumaric

and p-coumaric écids were utilized with-a high degree of selectivity.
'Ihe férmer'was used for the,synthesis of coumarin some 150-200 times as
efficiently as it was used for herniarin synthesis, and.the.latter

was selectively utilized for herniarin synthesis by a slightly lesser
factof. Furthermore,ciﬁnami; acid was found to be a preéursor of

both coumarins. '

These findings showed that herniarin, unlike coumarin, was not
synthesized by way of the o-coumaric acid - o-coumaryl glucoside bathﬁéy.
They confirmed the theory that coumarin and herniarin arise yia ortho-
and para-hydroxylation, respectiveiy, of a comﬁon precursor, probably

some form of cinnamic acid.

The low dilution of 14C in .trans-GMC suggested that this compound

was the intermediate precursor of cis~GMC. The trans-cis inversion

necessary for this step would be analogous to that postulated in the
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formation of coumarinyl glucoside. 1In addition, during the conversion
of p-coumaric acid to cis-GMC,an ortho-hydroxylation glucoside formation
and an O-methylation of the para-hydroxyl group must occur. Glucoside
formation must obviously follow the o;hydroxylation,but the order of the
other steps remained in question. | -
In an attempt to.elucidate the above problem Brown compared p-
methqucinnamic acid—a—lac and 2,4-dihydroxy-trans-cinnamic acid—l—lac
(umbellic acid) with p-coumaric acid as precgrsots'of herniarin. The
results clearly &emonstrated the very}high effieiency with which b;
'methoxycinnamic acid was coﬁverted to>ﬁerniarin. Umbellic acid and
umbelliferone, while moderately.weli utiiized,were both poorer precursors:
than p-coumaric acid and 25;50 times poorer than p-methoxycinnamic
acid. Thus,these expetiments revealed the following order of precursor
efficiencies for herﬁiarin synthesis: L;ggg—GMC > p—methoxycinnamic
acid > p-coumaric acid > umbellic-acid > umbelliferone > glucose.‘
Therefdre, the scheme for the herniarin biosynthesis proposed by
Brownzz at the time can. be represented by the following scheme
(Figure 6).
The stage at which O—methyletion occurred in the biosyntheeis of
herniarin remained uncertain, however. The two pdesibilities shown
below (Figure 7) seemed the most pfobable; and as‘has elready been
noted a comparison of the two labelled intermediates showed that |
p-methoxycinnamic acid was much the better herniarin precursor.22
- On the basis of existing evidence, Brownzs recently proposed the

ifollowing scheme (Figure 8) for herniarin bioéynthesis. " Here p-coumaric

acid is converted to an intermediate '"X", which may be an enzyme-substrate
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COOH - COOH
Phenylalanlne\

i Deaminase
2
Phenylalanine Cinnamic adid
COO0H : L COOH
—>
p-Coumaric acid . p-Methoxycinnamic gcid .
COOH ‘ COOH
0
\
C6H11%
2-Hydroxy-4-methoxy-trans- trans-GMC
cinnamic acid 3 _
(?)
CH,O 0 COOH CH,0
3 C H,.O 3
6 115
(24) | (23)

Figure 6. Proposed scheme for herniarin biosynthesis.
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acid
/(: & | \
00H ' .

COOH

L —— trans—GMC

v . . ) . ) . /, .
. //////?ZCHBO T J0H . ,
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Figure 7. Possible stages of O-methylation in herniarin biosynthesis.
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Figure 8. Modified scheme for herniarin biosynthesis.
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complex. To overcome the difficulty poséd by the poor efficiency of
umbellic acid as an intermediate, it w;s suggestéd that o-Hydroxylation
and glucosylation occurred withoutbthe substrate leaving‘fhe éhzyme
surface, or whatever other complex may be concerned. The.prodgct, trans-
2—g1ucosyloxy-4-hydroxy—cinnamic acid (trans-GHC), could then ﬁndergo

O-methylation to tréns—GMC, a known intermediate. However, ;xahSrGHC, ,

an unknown compound, has not yet been tested as a herniarin precursor.

C. Novobipcin

(25) OH

. ”~
HZN OCH
24,25

Kenner and his co-workers have shown that the lactone ring

in the coumarin residue of the antibiotic novobiocin (25),

_ - ‘
formed by a Streptomyces, originates in a different way. By the use of

14 ' - '
C they showed that the coumarin residue was formed from tyrosine,

and further work with 18O ylelded good evidence that the ring oxygen
originated from the carboxyl oxygens of tyrosine. They postulated an

'

oxidative cyclization of the amino acid to explain their results.
26,27 . . . .
Others have raised the question whether a similar mechanism may

' - 27
not also operate in higher plants, and Scott, Meyers, and co-workers-

have suggested the involvement of a spirolactone as shown (Figure 9 ).
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0
0
Electron
Oxidation Y/ +
H
| —> —_

HO COOH 0

~cis-p-Coumaric acid Spirolactone

6-Hydroxycoumarin

Figure 9. Involvement‘of a spirolactone in coumarin biosynthesis.

The model reaction shown was demonstrated in Vitro,27 but
; . 20 . 14 :
subsequent in vivo work by Austin and Meyers™ with a =~ C-labelled
spirolactone did not bear out the theory. The fact that the coumarins
in question éctually exist in the cell as glucosides of coumarinic
acids argued strongly that at least in plants an o-hydroxylation
mechanism, rather than oxidative cyclization is the favored pathway.28

D. Coumestrol
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29’30,on the coumarano-

The investigations of Grisebach and Barz
coumarin, coumestrol (26), have shown that this compound is biosyntheti-
cally an isoflavone with the benzenoid ring of the coumarin.nucleus
originating from acetate, and the remaining nine carbons from phenyl-
propandid précursors. As in ‘the formation of isoflavones, an
aryl-migration Qas involved, and a chalcone glucpside was apparently
an intermediate. These findings demonstrated thét identical séructures
may hgve entirely different biosynthétic origins, evén iﬁ species of

V |
‘

the same family.

E. Calophyllolide

Recent work by Kunesch and Pol'onsky31 showed that the specific
‘ X o
incorporation of (-)-phenylalanine-3- 4C into a 4-phenylcoumarin
(nedflavanoid), calophyllolide (27), supported the biogenetic scheme

(Figure 10) suggested by Seshadri32 and 01115.33

Edwards and Stoker presented addiiional inférmatipn concerning
the isomerization of o—-coumaroyl glucoside to coumarinoyl glucoside
(19) in the bioéynthesis of coumarin34 and the isqmérization of 2-
glucosyloxy-4-methoxy-trans-cinnamic acid (trans-GMC) to 2-glucosyloxy-

4-methoxy-cis—cinnamic acid (cis-GMC) (24) in the biosynthesis of

herniarin.



(0) LH 7 opp

(0)

Figure 10. Suggested biosynthetic scheme for calophyllolide.

COOH

N 0  , ‘o COOH
CeH1105 | Cel11%5

Co (19)
COOH
>

CH..O - 3 N oH. .0

6111% 67119

(24)

The results of Edwards and Stoker indicated that an enzyme is
not involved in the isomerization of o-coumaroyl glucoside to coumarinoyl

glucoside in M. officinalis, but that the reaction is catalyZed by

light.. Furthermore, their results also indicated that the isomerization
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stage in the biosynthesis of‘herniarin is a photochemicél step, no
isomerase enzyme being involved. Consequently, this isomerization
stage has now been shown to be photéchemical bogh for coumarin itself
and for a typical 7-oxygenated coumarin. It is probaﬁle, therefore,
that'thé isomerization step in the biosynthesisnof all pléﬁt coumarins

is entirely photochemical.

Biosynthesis of Furanocoumarins:
In one of the initial studies on the biosynthesis of furano-
coumarins, Caporale and his armmrkers3 reported the incorporation of

_ 14 cL
radioactivity from acetate—Z—SH,tyrosine—Z— C and —U—3H,mevalonic

14

acid-2-""c, and succinic acid—2,3—3Hinto bergapten (1l5) and psoralen

(17) by leaves of Fiscus carica.

1s) 7)

' 3 , o
Floss and MotheS'7 presented evidence that the coumarin skeleton

of furanocoumarins in Pimpinella magna'(Umbelliferaejlwas formed from

cinnamic acid and also that para-hydroxylation preceded ortho-hydroxyla-
tion, since umbelliferone was a far better precursor than cinmmic
acid whereas coumarin gave only poor incorporation, indicating that

umbelliferone but not coumarin was an intermediate in the formation of

Pimpinella furanocoumarins from cinnamic acid. The co-occurrence of
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simple furanocoumafins, isopropylfuranocoumarins and isoprenylated
furanocoumarins suggestéd the possibility that the furan ring originatéd
from carbons 1 and 2 of the isoprene residue or from carbons 4 and 5 of
mévalonicAacid, respectively.38 Floss and Mothes39 reported‘results'
which cénfirmed the incorporation of cinnamic acid and apparentl#
clarified the origin of the two extra carbon atoms of thg furan ring,
and_hence allowed some conclusions to be made regarding -the paghway

df furanocoumarin formation:

Labelled cinnamic acid—(IQCOOH) and DL-mevalonic acid—4—14C were

fed to Pimpinella magna and various furanocoumarins present were
isolated. In order to establish the direct conversion of cinnamic
acid to furanocoumarins, a degradation, using sphondin (28), was

performed (Figure 11). The CO. obtained from C-2 of sphondin had about

2

Cu Powder
—_—— COZ(C—Z)

51 4!
(28)

Figure 11. Degradation of sphondin.

90%Z of the specific activity of the starting material. Thus, most of
the activity was located at C-2 of the furanocoumarin, indicating
that cinnamic acid was indeed incorporated into the furanocoumarins.
. .., 14 ] , .
Mevalonic acid-4-"'C was also incorporated into the furanocoumarins.

To determine the location of the isotope in the furanocoumarins isolated,
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a degradation was attempted. All the.lAC would be expected to be in
position 5', if the furan ring was indeed.formed from C-4 and C-5 of
mevalonic acid. Labelled pimpinellin (29) was degrade§ by ozonization
(Figure 12) and the product was idénﬁified as 2,4—dihydroxy;5,6—

dimethoxy~-m-phthaldehyde (30).

CHBO

Ozonization

0 . HO

XA ' CHO

@) (30)

Figure 12. Degradation of pimpinéllin.

The ozoﬁization reaétion involved removal of carbon atoms 2, 3,
and 5'. Since pimpinellin had a coﬁstant specific activity and the
dialdehyde had only 11% of the original specific activity, most of the
140 muét have been located in C-2, C-3 and/or C-5'. As shéwn befofe,
the coumarin portion of the molecule, which includes C-2 and c-3,
Originatedlfrom cinnamic acid. A specific incorporation of C-4 of
mevalonic acid was highly unlikely. Thus, it confirmed that C-4 of
mevalonic aéid indeed labelled C-5' furanocoumarins.l‘

Therefore, the results of Floss and Mothes39 apparently clarified
the origin of the carbon skeletAn of the furanocoumarins. Thus,.the

coumarin portion is formed from cinnamic acid, while the furan ring

originated from an isoprenoid residue, probably via isoprenylation of
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the aromatic ;ing followed by cyclization ana loss of a 3—carbqn isopropyl
side chain.

The géneral,mechanism sf furanocoumarin biosynthesis especially
the sequenée of the individual steps'wés also éonsidéred by Floss and
Mothes.39 With very few exceptiqns all furanocoumaripS'have the furan
ring atfached to position 6 and 7 or 7 and 8 of th coumarin system,
“the oxygen being iﬁ position 7. This would be exﬁlained most easily
by the aésumption thaf umbellifefﬁné is the compound'which is isoprenylated,
and that further:hydroxylations and alkylations take:plaqe after this
step. However, the résults qf the cinnamic acid and mévalonic acid
feeding gxperiments clearly showed that this was not the case. If
isoprenylation of umbelliferone preceded further hyd?oxylétions, it
was exﬁecﬁed that the relative specific activities of the various
furanoéoﬁmariﬁs.isolated would be the same in the cinnamic acid as in
the mevalonic acid experiment, since éll the reactions which create the
difference between the prodﬁcts would occur after ﬁhe-introduction of
the'isotope in both cases. -However, the relative specific activitiés
of the various furanocoumarins were not the same in.the cinnamic acid
and mevalonic acid experiments. )

The results pointed to the alternative whergbyvfhé hydroxylation
and methylation pattern Qas established firét and iSOprenylation then
-occurred as the last step. Since, howeQer, the 7-hydroxy groupvmust
be protected from methylation in order to allow furan'ring formation,
it was likely that umbelliferone was'first conver;ed to the glucoside
andvthis_éompound was the sﬁbstrate for further hydroxylétions and
methylations. The sugar could then be removed at a latter stage to

allow furan ring formation to take place.

Floss and Mothes39 also found that the hydroxylation pattern of the
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furanocoumarins in Pimpinella could be derived by a combination of

three types of reactions: ;

(i) a hydroxylation of umbelliferone ortho to the hydroxyl group
and para ‘to the lactone oxygen,

(ii) a hydroxylation in position 5 ("second ortho hydroxylation™)
¥y ‘ . ’

(iii)opening of the lactone fing and recyclization in'the'opposite
direction. | |
An observation in favor of this scheme was that'xanthotoxiﬁ (16),
the only member of ail.the possible mono- éﬁd dimethoxylatea furano—.
éoumarins.of this type which could-not be formed by these reactions, .

was not found in Pimpinella.

, (16)

Thé data also suggested that reaction (i) occurred more readily
than reaction (ii), since in the cinnamic acid experiment, sphondin
(28) had a much higher specific activity than bergapten (15) and
isobérgapten (31). As eﬁpected‘bergapten and isobergapten had the
same specific activity in the cinnamic acid experimenf; whereas the
value for pimpinellin (29) and isopimpinellin (2 ) were lower. Since
the value of pimpinellin was lower than that of its isomer it,appeéred
as 1f it was obligatory for reaction (iii) to occur together with

reaction (dii).
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The data from the mevaloniq acid experiments also indicated that
isoprenylation at position 8 was preferred as alliangulaf furano-
coumarins had a higher specific activity than the linear ones. This
wés more pronounced witﬁ the paif bergapten and isobergapten; where
there_wés a true competition for the same precursor. |

On the basis of the resuits Floss and Mothes39‘groposed thé

following scheme for the biosynthesis of furanocoumarins (Figure 13).

COOH ) © COOH

HO

(15)

(31)

Figure 13. Proposed scheme for the biosynthesis of furanocoumarins.
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Recently, Floss and'Paikert4o examined the scheme experimentally.

The evidence obtained did nét favour the proposed Bipgenetic scheme
and indicated that an altermative patﬁway; involving<isoprenylation at
the umbelliferone stage followed by further modification of the
beﬁ;enoid ring, must be cdnsidered.

| These workers atfempted fo determine whether thé ortho- or the
para-hydroxyl group was introduced iﬁto the cinﬁaﬁic acid moleéule.
Thé fact that coﬁmarin was not utilized in the biosynéhesis did not
rule out Q—coumaric acid as an ‘intermediate, BOthno—coqmaric acid

14

and p-coumaric acid with a ~'C label in the'carboxyl group were fed to

Pimpinella magna. However, the results together with preﬁious work by

Brown and his co-workers on the biosynthesis of umbelliferone in

Hydrangea matrophylla'suggested that o-coumaric acid was not a natural

intermédiate in the syntheéis, but that p-coumaric acid was the likely
precursor. |

Floss and Paikért40'also studied the incorporation éf umbelli-
ferone and its 7-glucoside into furaﬁocoﬁmarins. If was found that the
glucoside was incorporaped slightl& less efficiently than the aglycone
Furthermore, earlier expei‘iments41 had shown very rapid glycbsylatioﬁ
of added umbelliferone, and thus, they'éxamined tﬁe metanlic fate of
umbelliferone in P;Imagna. Umbelliférone—34%lwas roof fed to the
plant. Affer work up of.the plants and subsequeqt enzymatic hydrolysis
‘'of the coumarins to yield the'aglycones, it was nbted that umbelli-
ferone was the only labelled material, that is, there was no detectable
conversion of umbelliferone glucosidelto other coumarin glucosides.

If the hypothetical pathway of furanocoumarin bioéynthesis, as
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pdstuiafed by Floss and Motﬁes, was correct, it was expected that
scopoletin (7—hydroxy—6—methoxycoﬁmarin) (32)‘would be a précursor of
sphondin and pimpinellin, poséibly also of isopimpinellin, but not
of bergapten and isobergapten. Therefore, scbpoletin—methyLﬁi was
administered to the roots of P. magna and, as a reference, its isomer

(6—hydroxy—7—methoxycoumarin—methyl—%ﬂ (33) was fed in a parallel

experiment.
CHBO : ‘ ; HO
N
0 _
HO CH30 | |
(32 (33)

It was fouhd that scopoletiﬁ—methyl;h was not incorporated preferentially
into any one furanocoumarin as wpuld be expectedlif isoprenylation
were a ;ate step in the biogenetic.péthway. Furthermdre, it labelled
the furanocoumarins in‘about the same manner of magnitude as its
.isomer-6—hydroxy—7—methoxycoumarin¥methyksﬁi‘which could not be an
intermediate in thé formation of the furanocoumarins of Pimpinella.
This indicated that the scopoletin'molecule was not tranéformed into
furanocoumarins as a unit, but that the incorporatioﬁ of radioéctivity
was.possiBly only due to demethylation and p;rtial-reutilization of
the labelled Clvfragment. This was aiéo suggested by the rather low
rate of incorpbration of scopoletin és compared to umbelliferone.
Therefore, it seemed §éry likely that scopoletin was not a direct

precursor of any of the furanocoumarins of P. magna.
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Therefore, the results presented by Floss and Paikeft40 did not
sﬁbstantiate the assumption that isop;enylafion ocqurred as a ;ate
reaction in furanocoumarin biosynthesis and that'the hydroxyiations
and metﬁylations of the coumarins portion oécufréd.at the glucoside.
stage. ‘An alternative pathway of furanocoumarin biosyntheéis héd‘to be

considered, involving isoprenylation of umbelliferone (20) followed by

'
|

further modification of the resulting 6- and'8—dimethylallylumbelliferone

(Figure 14). Sgéh a pathway was attractive from a phytochemical point

(31) R;=H, R,=OCH,.
(28) R =0CH,, R,=H

- (29) Rl = R2 = OCH3

COOH
—_
HO 0
Cinnamic acid p-Coumaric acid i

R ‘ . = ] =
2 (15) Rl OCH3, R2 H

\ - (@ Ry =R, = 0CHy

Figure 14. Proposed alternative pathway of furanocoumarin biosynthesis.
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of view since it could explain the almost exclusive occurrence, in
nature, of 6,7- and 7,8-furanocoumarins.
, 42 :
Floss, Guenther, and Hadwiger recently presented work on the
biosynthesis of furanocoumarins in diseased celery. Upon infection

with the fungus Sclerotinia sclerotiorum, celery was known to develop

a condition called "pink rot" which has been correlated with the skin-
irritating properties of diseased celery. Two phototoxic psoralen
derivatives have been isolated from diseased celery tissue, xanthotoxin

(8-methoxypsoralen) (16) and 4,5',8-trimethylpsoralen (34).

(16) | (34)

These workgrs gond@cted éome feéding experimenté‘to determine
whether the two psoralen derivatives originated from the same biosynthetic:
precursors as other furanocoumarins found in hiéher plants, namely
cinnamic acid and mevalonic acid with the O-methyl groups_ﬁrésumébly
coming froW the Cl pool (forﬁate or the methyl group of methionine).
Xanthotoxin has the same structural pattern as other higher plant .
furanocoumarins and would thus be expected to be derived from the same
biogenetic precursors. On the other hand, the psorélen derivative (34)
has some rather unusual features in that it carries Ehree carbon bound
methyl grogps. If, as in other furanocoumarins, the ring skeleton of

this compound is derived from cinnamate and mevalonate, the three methyl
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groups, or at least the two attached to the coumarin portion, would be

expected to originate from the C, pool by C-methylation.

1

Cinnamic acid—l—lAC,lmethibnine—methyl-lac, and-formate--14C were
féd to celery plants after infection. .As expected, all thrée compounds
were inéorporéted intb xanthotoxin, althoqgﬁ formate was a considerably
less efficient methyl doﬁor than methiqnine. Interestingly, howeﬁer,
none of the three substrates labelled 4,5',8—trimethy1psoralen-to.any
' significant'exteht. It was.cpncgivable that the two products were ”
possibly synthesized at different site;, thétlis, xanthotoxin maj have
been formed by the plént and trimethylpsoralen by the fungal cells.

As an alte?native explaﬁation of the feéults 6f this study, one had,
hoWeyer, fo éonsider.the,possibility that the two furanocqumarins
found in diseased celery weré formed by fwo entirely different bio-
synthetic pathways}A‘

Steck,'El—Dakhakhny and Browna3 recently presented material
strongly ihdicating the pérticipation‘of two a—hydroxyisoprbpyldi—
‘hydrofuranocoumarins, marmesin (35) and columbianetin (36) as natural
intefmediétes iﬁ the elaboration ofvlinear and angular furanocoﬁmarins,
respectivelf. To date, this was the first time intermediates'in the
reaction sequence froﬁ umbelliferone to furanocoumarins had been .

identified.
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Trapping experiments were conducted in which umbelliferone-2—14c

was administered to shoots of Ruta graveolens together with non-

labelled marmesin, and skimmin—Z—lac to Heracleum lanatum together with

non-labelled columbianetin. In addition to marmesin, the linear furano-
coumarins psoralen (17), bergapten (15), and xanthotoxin (16), were recovered
from Ruta. In addition to columbianetin, angelicin (37),-isobergapten (31,

sphondin (28), and pimpinellin (29) were recovered from Heracleum (Fig. 15).

(17) R, =R, = H) - D Ry =R, =H)

(15) (R, = OCH,, R, = H) (31) (R, = H, R, = OCH,)

(16) (R, = H, R, = OCH,) (28) (R; = OCH,, R, = H)
- (29) (R; = R, = OCH,)

Figure 15. Furanocoumarins recovered from Ruta graveolens. and

" Heracleum lanatum.

From thevresﬁlts, it'wés,clear ghat in eéch species umbelliﬁerohe
had been converted to the dihydrofﬁranocoumarig. Furthermore, the
lower specific activitieslof the furanocoumarinslwere cbnsigtent with
their formation from marmesin or coiumbianetin;

Steck, El-Dakhakhny and Brown‘43 also conducted direct feedings
of tritiated marmesin and columbianetin to confirm the roles of these

compounds in furanocoumarin biosynthesis. 1In each case there was



- 39 -

good conversion to the analogous unsubstituted furanocoumarin and a
lower degree of tritium incorporation into the oxygenated furanocoumarins.

Umbelliferone was known to occur in Ruta graveolens and in

Heracleum lanatum. Therefore, it can be regarded as a natural inter-
mediate in furanocoumarin biosynthesis in these species. The
formative route to marmesin proposed by Steck, El-Dakhakhny and Brown

can be envisaged as the following (Figure 16).

N
(20) HO
. | HO | AN
HO
0
. ~HO —

(35)

t

Figure 16. Proposed scheme for the biosynthesis of marmesin.

There was an analogous sequence leading to columbianetin, but there
was no firm experimental evidence to support this hypothesis. The
nature of the reactions leading on to psoralen and angelicin and
ultimately to the substituted furanocoumarins, however, remained

unclear.

As the above discussion reveals, the biosynthetic pathways leading
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to the furanocoumarins, in contrast to those of simple coumarins are
indeed in é state of confusion. None of the results are internally
consistent with any general poétulate and there was question in our
minds about the real meaning of a substantial porgion of the experi-
mental data. For this reason wevdecided to investigaﬁe the-biosynthesis

of several furanocoumarins isolated from Thamnosma montana.

Furthermore, the eventual goal of studying the biosynthesis of
the novel dimeric thamnosin system required an initial, careful,
investigation 'of the appropriate monomeric wunits which would be visualized

as the biosynthetic templates for the dimeric natural product.
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 DISCUSSION

The discussion within the Introduction section of this thésis haé
revealed that a considerable amount of work has been done on the
bidsynthesié of some of the simpler monomerié éoumarins: Uﬁfortunately?
céreful analysis of a large poftion of the published data leads one
" to conclude that much still remains to be done in this area; In many
instancés the.incqrporations reported are very low; thereby leading

to the isolation of naturai products possessing low levels of activity.
Furthermore, the eventual cﬁaracterizatién‘and, in particular,

sufficient dégradation to isolate the relevant carbon atoms is incomplete
in a numﬁer of instances. ‘It was our feeling thgt some of the
confusioné already mentioned in the Introduction are simplyvdue to the
incompleteness of the investigatipns; In order to try and es£abliéh
more firmly tﬁe various postulétes in the literature and also to
provide an internally consisﬁent picture of the yarious coumarins

within the same plant system, we decided to initiate investigations in

turpentine-broom, Thamnosma montana Torr. and Frem. As already
mentioned, this plant possesses a wonderful array of monomeric and

dimeric coumarins.
B ( ) )
In effect these aims required investigations in several different

areas. These are the following:
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(a) Detéiled investigation of suitable isolation procedures to
allow isola£ion and characterizétiqn of small quantities of the
natﬁralléoumarins,

(b) Development of appropriate chemical degradation pathways
which aliow isolation of rélevant carbon atoms in the coumarins,

(c) 'Incorporatioh studies with appropriately labelled (14C and 3H)
precursors.

For this purpose; R.N. Young, A.K. Verma, and ﬁjself became
involyed iﬁ separate. but Complementary areas of the research. I will
now discuss'thbse areas with which I was directly involved but wish
to émphésize ﬁhat a great deal of'relatéd work which strengthens
some of the conclusioné ma@e later is available from the efforts of my
collaboratofs.

FOr_the sake of clarify; I propose to diécuss my work in the
order ofAresearch aréas (a-c). mentioned above.

01d living plants of' the turpentine-broom; Thamnosma montana Torr.

énd.Frem., containing rather thick woody roots, were obtained in the
deserg rggion near Morongo Valley,'éalifornia with the help of Dreyer
and his associafes at the Fruit and Vegetable Chemistry Laboratory,
Pasadena, Califérnia. From the whole aefial péft of the plant
including the crown as well as the roots,.it was considered desirable
to isolate all the compounds'previéusly found in the plant as well as
any new ones wﬁich might be present. In addition to the plant material,

Dreyer'and his associates also provided us with an acetone extract of

. ' "
Thamnosma montana, Torr. and Frem. Both of these were used to develop

a suitable isolation procedure.
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(a) 1Isolation of Natural Products from Thamnosma montana Torr. and Frem.

The plants were air dried thoroughly and gfound to a course
powder in a high speed Waring blender. Using a Soxhlet extractor,
the pqlp.was extracted witﬁ acetone. The resulting solution was filtered
and the clear acetone solution was evaporated to prévidé a dark heavy
tar. The latter was now e#tfacted with chloroforﬁ,'fiitered, and
evaporated as before leaving é dark ﬁea&y oily residue.

| The crude exfract was sepérated into numerous fractions using

column chromatﬁgraphy oh deactivated alumina. A typical isolation scheme
is port;ayed’in'Figure 17 with a ﬁypical thin layef silica gel chromato-
plate of the.isolated fracti&ns illustrated in Figure 18.

For purposes of compérison. the appropriate colour characteristics
under ultraviolef light of previously characterized cémpOunds found in

Thamnosma montana Torr. and Frem. are shown on the silica gel

chromatoplate in Figuré 19.

The compounds of ﬁarticular interest for our initial biosynthetic
work were umbelliprenin, alidimperatorih methyl ether, and isopimpinellin.
It Qas.desirable, tﬂerefore, ;Q.initially accummulate sufficient quantities
of'the.abgve mentioneé compounds along with allgimperatorin methyl
ether diol-forlpurposes.of subsequenthdilutioﬁ and degradative work in
the biosynthetic invéstigations.

. For thisﬁpurpbse the various fractions from the initial column
chromafography were combined in an appropriate manner .and subjected to
additiqnal colﬁmn chrématography, thin layer chromatography, and

finally crystallization to yield the desired produéts as i1llustrated

in Figure 20.
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Ground

Plants

Soxhlet Extraction
(acetone)

Crude Extract

Extraction
(chloroform)

Column Chromatography

Fraction : Solvent

Compounds
A petroleum ether (30-60) ~-unidentified non-polar
A components such as
B petroleum ether (30-60):benzene hydrocarbons and waxes
. (3:1) '
C petroleum ether (30-60) :benzene
(2:1)
D petroleum ether (30-60):benzene
‘ (1:1)
E benzene -
: . benzene
G benzene:chloroform (1:1) primarily umbelliprenin
H chloroform umbelliprenin, isoimpera-
' torin, alloimperatorin
I chloroform methyl ether thamnosmin,
and isopimpinellin
J chloroform isopimpinellin, N-methyl-
acridone, and alloimpera-
K chloroform torin methyl ether
' epoxide.
L chloroform N-methylacridone, and
e alloimperatorin methyl
ether diol
M chloroform primarily unidentified
polar components
N acetone
0 acetone
P methanol

Figure 17. Typical purification sequence of components from Thamnosma

montana Torr. and Frem.
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Fraction
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Figure 18. A typical thin layer chromatoplate of isolated fractions

obtained from the chloroform extract. Characteristic colours

observed on the chromatoplate under ultraviolet light are
!
presented:

(1) purple; (2) blue; (3) yellowish-brown;.

(4) brown; (5) yellowish-green.
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Figure 19. A thin layér chromatoplate of some authentic samples of

compounds in Thamnosma montana Torr. and Frem. The

'légend indiﬁating the names of the compounds and their
typical colour uhder ultraviolet light follows:
(1) umbelliprenin - blue; (2) isoimperatorin - yel}owish-broan
(3) alloimperatorin methyl ether:— yellowish-brown;
(4) thamnosmin - purple; (5) isopimﬁinelliﬁ - brown;
(6) N—meth&lacridone - blue; (7) alloimpefatorin methyl -
ether epoxide - yellowish-green; (8) alloimperatérin methyl

ether diol - yellowish-brown,
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Fraction Fraction Fraction Fraction

G ‘ H and I J and K L

Column Chromatography
and/or -
Thin Layer Chromatography
: ' and ° : :
o Crystallization SN
umbelliprenin °©  umbelliprenin, isopimpinellin, N-methylacridone
isoimperatorin, N-methylacridone and alloimpera-
" alloimperatorin and alloimpera- torin methyl
methyl ether, ~  torin methyl ether diol
thamnosmin, and ether diol
isopimpinellin '

Figure 20. Purification of Fractions G, H. and I, J and K, and L of"

the initial column chromatography..

®) De?elopment of Appropriate Chemical Degradation Pathways.

The coumaf%ns of interest primarily for the development of
degradative réaCtions‘were umbelliprenin (11), isoﬁimpinellin (2), and
alloimperatorin methyl ether (8)f From these reactions it was
thought possible to isoléte relevant carbon atoms in the above mentioned
coumarins.b-Beforev these degradative reagtiqns coﬁld be performed
on any active material, isolated from the incorporation experiments, it
was necessary to perfect them on the inactive compounds previously
isolated from the plant. R.N. Young, A.K. Verma and myself, consequently,
became involved in thé rather extensive research on the chemistry of

the appropriate coumarins. For the sake of clarity I will summarize all
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of the pertinent reactions which were studied. However, experimental
details of only those reactions which were performed by me aré recorded

in the thesis,

(3) Degradation of Umbelliprenin
The degradative reaction employed for umbelliprenin involved
_ - 4
acidic cleavage of thé farnesol side chain to yield umbelliferone (20) 4

(Figure 21). Umbelliprenin (11) was treated with glacial acetic acid to

which a catalytic amount of concentrated sulfuric acid had been

3 o HZSO4

Cc=[= CH-CHZ—CHZ-C ]Z-CH—CH

added.

~(CHy) 2

(11) - (20)

Figure 21. Conversion of umbelliprenin' to umbelliferone.

By the above degradative procedure the relevant carbon atoms in the
- cyclic portion of umbelliprenin could be separated from the iso-
prenoid side chain in'the molecule.

(ii) Degradation of Isopimpinellin

There were two degradative sequences devélopéd in connection with
isopimpinellih (2) (Figure 22), In one sequence isopimpinellin was
demethylated by heating it with anhydrous aluminum chloride to'yield_
5,8~dihydroxypsoralene (38) which in turn was acetylated by treating
it with acetic anhydride and pyridine to yield 5,8-diacetylpsoralene
(39). This latter substance was more easily handled than the former

product. In the other sequence isopimpinellin underwent ozonolysis in
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1)0,,HOAc

2) Zn

(CH3CO)20

A\

o Cstist

(38)

Figure 22. Degradations of iéopimpinellin.

glécial acetic acid solution. The resulting ozonide was then reduced
by using zinc dust to yield 5,8-dimethoxy-6-formylumbelliferone (40).
"Another degradation attempted with isopimpinellin was to convert

it to 5,8—diméth0xyumbelliferone—é—carboxylié acid (41). It was felt

0 OCH
Il
o™ © X

HO

(41)
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that this compound could in turn be decarboxylated and hence this would

provide a technique of isolating the carbon'atom attached to position-
7 of the coumarin system. In one experiment isopimpinellin was heated

with dilute sulfuric acid and potassium dichromate to try and obtain
’ 45,46 hy . t
the desired product. 1In the other case isopimpinellin was subjected to

ozonolysis iﬁva glacial acetic acid solution, followed by an oxidative
work-up using hydrogen peroxide. However, neither procedure produced
substantial amounts of the desired carboxylic acid and further attempts

s
to obtain it were abandoned.

(iii) Degradations of Alloimperatorin Methyl Ether

There were two dggradétivg sequences develoéed‘in connection with
élloimperatofid methyl ether'<8) (Figufe 23). Alloimperatorih methyl
ether in both cases was converted first to alloimperatorin ﬁethyl ether
diol [5—(3';methy1—2',3'—dihydréxybutanyl)—8—methoxypsora1én] (3) via
the eboxide (13). This latter compouﬁd was obtained by figst t;eating
'the metﬂyl ether with m«jﬂénpeﬂxméoic acid in chloroform at 0°C and fhen
heating the résulping alloimperatorin metﬁyl ether epoxide with dilute
oxalig acid. | |

| In one sequenée alloimperatoriﬁ-methyl ether diol was first treated
with acetic anhydride in pyridine to yield 5-(3"-methyl-3"-hydroxy-2'-
acéﬁoxybutanyl)—8-methoxypsoralene 42) which in turn was ozonized and
reduced, resbectively; uéing'ozéne in glacial aéefic acid followed by
reduction with zinc dust to yield 5—(3'—methyl—3'—hydroxy—2'—acefoxy—
, :

butanyl)-6-al-8-methoxyumbelliferone (43).

In the other sequence alloimperatorin methyl ether diol was

treated with periodic acid in a mixture of acetone free methanol and



(COOH) 95

H,0,A

(CH,C0) ,0,

CSHSN

BrC,_H,6 SO NHNH

6 4°%
(46)
HOAc,
H,0
2y O 1)03,HOAc
2) Zn
OH ?
0 O———J-CH
% .
n N I M3
 S—NH-N=C
Ho~ 07~
‘ : (47)
OCHs (43

Figure 23. Degradations of alloimperatorin methyl ether.
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water to yield the aldehyde, compound (44), and acetone (45).

The acetone was distilled into p—bromobeﬁzenesulfonhydrazide (46),
present in a mixture of glacial acetic acid and water, to yield
acetone p—bromobenzenesulfonhydrazone (47).47 Tﬁe aldehyde, compound

(44),was treated with sodiumvborohydride in a mixture of methanol and

chloroform, followed by hydrolysis with water to‘yield the alcohol,

compound (48),

'

(c¢) Biosynthetic Investigations with Radioactive Mevalonic Acid

DL—Mevaldnic—S—BH acid as its dibenzylethylenediamine salt (49)

was utilized in the various experiments discussed in this thesis. The

. OH
. 5 '
4H.OC HZ—CHZ_—(':—CHZCOOH(C L5 CH NHCH ) CH NHCH,C H ) )
CH, :
(49)

free acid is unstable and readily lactonizes, therefore, the DBED
(dibenzylefhylenediamine) salt is normally emﬁloyed, In preparation

for the plant feedings the methanoi solution of tﬁe radioactive compound
was diluqéd to a known volume (25 ml) aﬁd aiiduots of this solution
were then used iﬁ the experiments described.

Similar experiments were conducted by R.N. Young and A.K. Verma
using the following possible biosyntheqic precursors: giycine—l—l4c,
glycine—Z%lAC, DL-mevalonic acid—Z—IAC, DL-mevalonic acid—4—14C,
DL-mevalonic acid—243H, aﬁd DL-mevalonic acid—4-3H.

In the area 6f research with which I was directly'involved, that

is with the biosynthetic investigations of DL¥meva16nic—5—3H acid as

its dibenzylethylenediamine salt (49), Thamnosma montana plants of

about 19 to 22 months of age were utilized for the various feedings.
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In a typical biosynthetic feeding an aliquot of the previously mentioned
solution of the radioactive compound (49) was fed to a small number

of the young plants (6 to 8) for a total exposure time of about ten

days. The whole plant was used for the feeding experiments conducted,
the radioactive compound being incorporated through the roots with the
feeding being hydroponic in nature.

After the biosynthetic feeding was completed umbellipreniﬁ,
alloimperatorin methyl ether, thamnosmin, isopimpineilin, and allo-
imperatorin methyl ether epoxide were isolated by the procedure
discussed under section (a) of the Discussion and summarized brigfly
in Figures 17 and 20. The activity of the combined residual aqueous
solutions in which the plants were fed was determined as was the‘activity
of the acetone and chloroform extracts. Before crystallization was utilized on
each of the isolated coumarins, the amount obtained was determined and then
diluted with a weighed amount of cold material previously isolated from the
plant. Following this procedure, attempts were made to obtain, by crystallizatim
techniques, constant radioactivity .counts for each coumarin (Figure 24).
Subsequent degradation of these compounds provides an indication of
the location of the label, and, hence, allows some conclusions to be
drawn concerning the biosynthesis of these compounds.

(i) Degradation of Radiocactive Umbelliprenin

After radioactive umbelliprenin (11) had been’recrystallized to
constant radioactivity (Figure 24), the compound was degraded to
umbelliferone (20) as described under‘Section (b) (1) of the Discussion
for inactive umbelliprenin. The umbelliferone obtained was
recrystallized to constant radiocactivity frém ethyl acetate as shown in

Figure 25 after partial purification by preparative thin layer chromato-



Figure 24. Recrystéllization of various coumarins to torstant radioactivity.

Coumarin - Weight Weight Recrystallization Weight after Radioactive Counting Time

Isolated Isolated after Number Recrystallization Counts after (minutes)
(mg) Dilution - - (mg) Recrystallization
(mg) ' (dpm/mg)
umbelliprenin 24.6 40.8 1 28.6 50,900 40x3 (no blank)
2 24.5 19,610 40x3(no blank)
3 22.2 ) 31,750 40x3(no blank)
4 20.6 26,790 40x3
5 18.7 ' 35,400 40x3
.6 . 17.7 25,700 40x%x3
7 14,2 26,650 40x3
(Rediluted 8 61.1 ] 3,710 ~ 100x3
to 64.2)
: ) 9 55.8 3,445 100x3
10 ‘ 53.5 : 3,335 100x3
alloimperatorin 18.1 40.1 1 29.3 : 24,000 40x3(no blank)
methyl ether 2 ‘ 24.7 5,770 40x3(no blank)
3 . 22.2 1,152 : 40x3(no blank)
4 19.1 343 : 40x3
(Rediluted
to 68.8)
thamnosmin 21.3 31.9 . 1 18.7 21,600 ) 40x3(no blank)
‘ ' 2 16.1 13,450 40x3(no blank)
3 11.5. 1,542 " 40x3(no blank) -
4 10.2 1,155 40x3
5 6.7 368 40x3

_f7g_



Figure 24.(Continued)

_g‘g-

Coumarin’ Weight Weight Recrystallization Weight after Radioactive Counting Time
Isolated Isolated after Number Recrystallization Counts after’ ' (minutes)
(mg) Dilution ) ' (mg) Recrystallization
(mg) _ v ~ (dpm/mg)
isopimpenellin 32.8 49.5 1 36.3 1,130 40x3(no blank)
2 - ' 30.2 650 : 40x3(no blank)
3 28.5 . 596 40x3(no blank)
4 27.6 - 349 40x3
5 19.3 186 40x3
-6 16.8 175 40x3
7 15.6 171 40x3
(Rediluted 8 45.4 - 37.3 40x3
- to 50.4) )
9 43,3 23.3 40x3
) . 10 : 38.7 13.4 40x%3
alloimperatorin 17.8 -34.7 1 29,2 1,812 . 40x3(no blank)
methyl ether ’ 2. 22.4 2,035 40x3(no blank)
epoxide 3 19.4 01,405 40x3(no blank)
4 14.6 - 266 40x3
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graphy.

Recrystallization Number  Radioactive Counts after Counting Time

Recrystallization (minutes)
(dpm/mg)
1 122 ~100x3
2 100 ' 100x3
3 113 ' 100x3

Figure 25. Recrystallization of umbelliferone to constant radio-

activity.

(i1) Degradétion of Radioactive Isopimpinellin

Radioactive isopimpinellin (2) was not subjected to degradative
reactions due go the fact that recrystallization to constant radio-
activity was very difficult and that DL—mevalonic—5-3H acid was
incorporated apparently only to a very limited extent into this

furanocoumarin (Figure 24).

"(iii)=Degradations of Radioactive Alloimperatorin Methyl Ether

Since difficglties were encountered in attempting to recrystallize
alloimperatorin methyl ether (8) té constant radioactivity ‘(Figure
24), this furanocoumarin was first partially>degraded to alloimperatorin
methyl ether diol [5-(3'-methyl-2',3'-dihydroxybutanyl)-8-methoxy-
psoralen] (3) as described under section (b) (iii) of the Discussion.
It was hoped that this latter compound could be recrystallized to
constant radioactivity more easily than alloimperatorin methyl'ether
(8). After isolation the diol was then recrystallized to constant

radioactivity from ethyl acetate as shown in Figure 26 after pértial
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‘Recrystal- Weight After Radioactive Counts Counting Time
lization Recrystallization After Recrystallization (minutes)
Number (mg ) (dpm/mg) -

1 37.0 - 32.8 100x3

2. 33.0 18.95 100x3

3 25.4 o 19.85 100x3

4 22.6 17.30 100x3

Figure 26. Recrystallization of alloimperatorin methyl ether diol to

constant radioactivity.

purification by preparative thin.layer chromatoraphy.

Alloimpératorin methyl ether diol (3) was subjected to degradation
to the aldehyde, gompound ‘ _(44),and acetone (45) which in turn
were converted to the.alcoﬁol, compound (48)s and acetone p-bromo-
benzénesulfonhyd;azone 47), respectively,aé described under section
(b) (iii) of the Discussion. Both compodnds were partially purified
by preparative thin layer chromatography and then recrystallized to
constant aCfivity. An insigﬁificant amount of radioactivity was
obtained in éhe‘acetohe'derivative; The“alcohol, compound (48),

however, had significané radiocactivity (Figure 27).

Recrystal- Weight After Radioactive Counts Counting Time

lization - Recrystallization After Recrystallization (minutes)
Number (mg ) . (dpm/mg)

1 8.9 15.4 100x3

2 7.3 12.6 100x3

3 6.8

12.9 100x3

Figure 27. Recrystallization of the alcohol, compound (48), to

constant radioactivity.
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Conclusions

From the degradation of radioactive umﬁelliprenin (11) to
umbelliferone (20) as described under sectioﬁ (;) (i) of the Discussion,
it is worthy to note that most of the radiocactivity present in
umbellip;enin (> 95%) was lost. This indicated.in turn that moét of
tﬁe original radioactivity present in umbelliprenin musf have been
present in the farnesyl~side chain. Therefore this information would

suggest that mevalonic acid is not a direct precursor of the coumarin

nucleus or aromatic portion of umbélliprenin in Thamnosma montana

Tofr. and Frem. However,as ekpeqted, the results do indicate that
mevalonic acid is the precursor of the farnesyl.uhit._ The well known
conversion of mevalonic'acid into isopentenyl(pyrophésphate and
subéequently ian)Kgﬁgdiﬁethylallyl pyrophosphate, followed by head-
to-tail condensation of three of these S5-carbon units,is 6bviously the
pathﬁay inyolved.

| Ffom‘the degradation of radioactive alloimperatorin methyl ether
(8) to alloimperatorin methyl ether diol (3) and subsequent degradation
and convérsion to | the alcohol,'coﬁpound : (48);and ace£one p~bromo-
benzenesulfonhydrazone (47), respectively, as described under section
(c) (iii) of the Discussion, it is worthy to note that most of the
radioactivity present in compound (3) (> 70%) was retained in compound
(48). On the other hand, only a trace of radiocactivity was found in
compound (47). This result waslin.accordance with othér experimental
data by other research workers and by Verma and Young in our laboratories.
That is, in aﬂoimberatorin methyl ether, it was believed tﬁat the two
carbon atoms (4' and 5') in the furan ring were derived from carbon

atoms 4 and 5 of mevalonic acid and that the 5-carbon side chain at
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position 5 was defived also from mevalonic acid by condensation with
carbon atom 5 of mevalonic acid (Figure 23). Consequently, if DL-
mevalonic acid—5-3H is incorporated into alléimperatorin methyl ether

as described, no appreciable loss in radiocactivity should occuf in

the conversion to compound (48) from compound (3) as the original carbon:
5 of mevalonic acid is not lost in such a sequence. The data thus

described under Section (c) (iii) supports this theory.
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EXPERIMENTAL

‘Throughout.this wo;k column chfomatograpﬁy was usually performed
on Woelm neutral alﬁmina. This adsorbent was déactivated to activity 1V
by the addition of water as dirécted by the manufacturers. On occasion
silica gél for chrdmatographic adsbrptipﬁt(B.D.H. reagent) was used
for column'chromatographfﬁf'In columﬁ éhromatography of the crude
extract Qhere lafge quantities of adsorbent-wgre used, the adsorbent
- uéed.was Shawinigén Aluminum oxide, deactivated by the addition of 6% of
'a>102 acetic-acid'solution. " Except in large scale column chromatography,
the solvents were distilled before use. _'

For analytical and preparative £hin iayer chromatography (TLC),
Woelm neutral alumina and silica gel G (éccording to Stahl), containing
27 by weight of General Electric ketma.p—l,.Type 188-2-7 electronic
phosphor,were used. ‘The chromatograms,lO.B mm in thickneés, wére air
dried ana activated in an o§en ét 100°C for three hours. For preparative
thin layer chromatography a thicker laye£ (0.5 mmj of adsorbent was
used. Detection of’bands.in both cases was possible with ultraviélet
light. |

ﬁelting points wefe determined on a Kofler Block and are uncorrected.

Radioactivity was measﬁged with a Nuclear-Chicago Mark 1 Model 6860

’ Liquid Scintillation countér in counts per minute (cpm). The radio-

activity of a sample in disihtegrations per minute (dpm) was calculated
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using the counting efficiency which was determined for each sample by the

external standard technique48

utilizing the built—in barium 133 gamma
source. The radioactivity'of the sample was determined using an organic
scintillator solution made up of‘the following components: toluene

(1 liter);2,5-diphenyloxazolé (4 gm ); and l,4—bié[2—(5—phenyloxazolyl)]
benzeﬁe (50 mg ) or an aqueous scintillator soiution made up of the
following components: toluene-(3$5 ﬁl); dioxane (385lm1); methanol (230
ml); paphthalene (80 gm ); 2,5~diphenyloxazole (5 gm ); and 1,4-bis[2-
(S—phenyloxazolyi)]benzene‘(62;5 mg ). ‘In practice énlorganic sample
wasldissoived.in beﬁéene a ml) iﬁ a couﬂting viél or, in the case of a
water séluble sample, the saﬁple was dissolved in methanol (1 ml) in a
counting vial. Then, in both cases, tHe,volumé Qas.made up to 15 mls
with the aboverrgaﬁic and aqueous scintillator solutions, respectively.
For each sémple éounted the béckground activity was determiﬁed for the
counting vial to be used by filling the vial with one of fhe above
sEintillator éolutidns and counting to determine the background in cpm.
The counting vial was emptied, refilled with sample to be couﬁted and
thé scintillator soluti;n, and counted again. The difference in cpm

between the background count and the sample count was used for subsequent

calculations.

(a) Isolation of Natural Products from Thamnosma montana Torr. and Frem.

(i) Extraction of Thamnosma montana Torr. and Frem.

‘The plants for this sfudy were obtained in the desert region near
Morongo Valley, California with the help of Dreyer and his associates

at the Fruit and Vegetable Chemistry Laboratory, Pasadena California.
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An acetone extract of thé plant was also obtained from the same source.
‘The plants wefelair dried and_g#ound to a powder in a Waring blender.
The air drjed ground powder (393 gm ) was e*tracted with a;étone for

6 1/2 hours in a large glass Soxhlet eﬁtractor. Filtration and evapora-
tion of the solvent géve a crude extract (26.3 gm ) as a dark heavy tar.

Extraction of the residue with chloroform and subsequent filtration

and evaporation gave a dark heavy oily residue (23.8 gm').

(ii) Column Chromatography of Chloroform Extract

The crude extract (67 gm ) was applied in chloroform to the top
of a column of deactivated Shawinigan alumina (2,000 gm , deactivated:
by the addition of 6% by weight (120 ml ) of 10% acetic acid). Elution

of the column was performed with the various solvents as illustrated.

Fraction Solvent (volume, ml ) wt (gm ) ' Compounds
A petroleum ether (2,000) 0.28 unidentified non-polar
‘ ‘ : : components such as
B 25% benzene in petroleum 0.02 hydrocarbon or waxes

ether (1,000)

C 33 1/3% benzene in petroleum 0.10
ether (1,000)

D 50% benzene in petroleum 0.37
ether (1,000)

E benzene (1,000) . 0.30
F benzene (2,000) ' 0.86
G 50% chloroform in benzene 1.82 'pfimarily umbelliprenin
(1,750)
H chloroform (750) \ 0.92 ‘umBelliprenin, iso-
. imperatorin, alloimpera-
I chloroform (1,125) 1.76 torin methyl ether,

thamnosmin, and iso-
pimpinellin

o e e s e e e S . e o s e —— e —— o 04 e o s i st o it et -—
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Fraction "~ Solvent (volume, ml ) Wt (gm ) ' Compounds
J chloroform (875) | 6.42 isopimpinellin, N-
' methylacridone and -
K chloroform (500) 6.93 alloimperatorin methyl
‘ ether epoxide
L chloroform (500) : 2.45 N-methylacridone and
' : alloimperatorin methyl
_ _ ether diol
M . chloroform (1,000) 1.40 primarily unidentified
polar components
N acetone (1,000) , ' 0.77 '
0 acetone (1,000)' o 3.43

P methanol (1,000) 0.24

The numerous fractions obtained from column chromatograbhy were
examined under ultraviolet light on a thiﬁ>1ayer silica gel G chromato-
‘plate. Authentic sampleé of umbelliprenin (11), isoimperatorin.(12),
alloimperatorin methyl ether (8), thamnosmin (145, isopimpihellin,(Z),
N-me;hylacridoﬁe (5), alloimperatorin methyl ether epoxide (13), and
alloimperatorin methyl ether diol (5) were examined in a similar.manner
for purposes of comparison. The chromatograms were developed in an
ether-hexane mixture (1:1).

Fractions A to F:

A portion of fractions A to F when examined by TLC showed only the
presence of unidentified non-polar components such as hydrocarbons and
waxes. Since these fractions had none of the desirable coumarin

components, further examination was not conducted.
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Fraction G:
A portion of fraction G when examined by TLC showed the presence
of at least five compounds with one component being predominant. When

compared with authentic samples, this compound proved to be umbelliprenin

(Rf 0.88).

Fractions H and I:

A portion of fractions H and I when examined by TLC indicated the
presence of at.least seven compounds. When compared with authentic
samples, umbelliprenin (Rf o.ssf, isoimpefétorin (Rf 0.85)? allo-
imperatorin methyl ether (Rf-0.75), thamnosﬁin (Rf 0.67), and isopimpinellin
(Rf 0.50) were foﬁﬁd present.

Fractions J and K:

Afportioh of fractions J and K when examined by TLC'indicated the
', presence of at least eight compounds. ‘When compared with authentic
samples, isopimpinellin (Rf 0.50), N-methylacridone (Rf 0.45), and
alloimperatorin methyl ether epoxide (Rf 0.44) were present,
Fraction L:

A portion of fraction\L when examiﬁed by TLC indicated the presence
of at least three éompounds. When compared with authentic samples, N~
methylacridone (Rf 0.45) and alloimperatorin methyl ether diol (Rf

0.37) were present.

Fractions M to P:

A portion of fractions M to P when examined by TLC showed. primarily

unidentified polar components and these were not examined further in

‘
i

this study.

The compounds of particular interest, namely,umbelliprenin (11),
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alloimperatorin methyl ether (8), isopimpinellin (2), and alloimperatorin
methyl ether diol (3) were isolated from the various fractions of the
column chromatography by additional chromatographic purification and/or

crystallization.

(iii) 1Isolation of Umbelliprenin from Fraction G

Umbelliprenin (11), was obtained from fraction G (1.82 gm ) primarily
by direct crystallization from hexane. Further amounts werevobtained
by preparative thin layer chromatography on the mother liquors, using
thin layer silica gel G chromatopates developed in an ether-hexane (1:1)
mixture; The combined total was then recrystallized several times from
hexane té yiéld a pure white product (0.210 gm ) which was found to be

umbelliprenin when compared with an authentic sample previously isolated

and characterized in our laboratories by R.N. Young.

(iv)

Isolation of Coumarins from Fractions H and I

Fractions H and T (2.68 gm ) were combined and adsorbed on about
10 grams of alumina. This portion was then added to a column of alumina

(activity IV, 100 gm ) and eluted with various solvents as illustrated.

Fraction Solvent (volume, ml ) Wt (mg ) Compounds
A petroleum ether (150) 36 unidentified non-polar
components
B 20% benzene in petroleum 249 primarily umbelliprenin
ether (150)
C 25% benzene in petroleum 564 umbelliprenin, and
ether (150) isoimperatorin
D 33 1/3% benzene in 339 umbelliprenin, isoimpera-

petroleum ether (80)

torin, alloimperatorin
methyl ether, and thamnosmin
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Fraction Solvent (volume, ml ) ~ Wt (mg ) Compounds
E 50% benzene in petroleum 447 ' isoimperatorin, allo-
ether (100) : imperatorin methyl ether,
thamnosmin, and iso-
pimpinellin
F benzene (80) 315 isoimperatorin, allo-

imperatorin methyl ether;
thamnosmin, and iso-
pimpinellin

G chloroform (140) 315 . isoimperatorin, allo-~
‘ ' - imperatotrin methyl ether,
thamnosmin, and iso-
pimpinellin

H chloroform (45) ' 27 primarily unidentified

: polar components
I chloroform (200) ' 48 '

Thevfractions from the column dhromatography were examined under
ultraviolet ligﬁt on a thin layer silica gel G chromatoplate, developed
in an ether-hexane (1:1) mixture. Preparativé thin layer chromato-
graphy, using similar piates and solvent mixture, was used to obtain the
desiraBlg ppumarins from fractions B to G, inclusive, Furtﬁer amounts
of ﬁmbelliprenin (0:323 gm ) were obtained from fractions B,'C; and D
by érépazative tﬁin layer chromatography, followed by crystallization
froﬁ hexane. ' Preparative thin layer chromatography on fractions C to G,
inciusive, yiélded isoimperatorin't0.258 gm ) which was grystéllized
from a mixture of hexang énd ethyl acetate. Preparative thin iayér
chromatography on fractions D to G, inclusive,yielded alloimperatorin
methyl ether (0.238 gm ) and -thamnosmin (0.158 gm ) which were both

crystallized from a mixture of hexane and ethyl acetate. Preparative
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thin layer chromatography on fractions E, F, and G yielded isopimpinellin

(0.203 gm ) which was crystallized from a mixture of hexane and ethyl

acetate. The coumarins isolated were identified by comparison with

authentic samples previously isolated and characterized in our

laboratories by R.N. Young.

(v) Isolation of Coumarins from Fractions J and K

Fractions J and K GQlO gm. ) were combined and adsorbed on about

1

40 gm of alumina. This portion was then added to a column of alumina

(Activity IV, 400 gm ) and eluted with various solvents as illustrated.

Fraction Solvent (volume, ml ) wt . (mg ) Compounds
A 33 1/3% benzene in petro-
leum ether
B . 507 benzene in petroleum
ether
-.C 33 1/3Z'petfoleum ether
in benzene
D benzene (300) 288 unidentified non—ﬁolar
components
E benzene (200) 577
F . benzene (125) 519
G benzene (300) 2,035 ' isopimpinellin and N-
methylacridone
H benzéne (250) 2,690 primarily N-methylacridone
1 chloroform (250) 211 primarily N-methylacridone,
but some alloimperatorin
R — — —- __methyl ether epoxide _
J chloroform (1,000) 264 ' N-methylacridone and
. . ’ unidentified polar
K acetone (1,000) 98 components
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The fractioﬁs from the column chromatography were examined under
dltraviblet light on\a thin layer silica gel G chromatoplate, developed
in an ether-hexane (i{i)_mixture. IsoPimpinellin was crystallized

~directly out of fraction G and alloimperatorin methyl ether epoxide was
crystallized direétly out of fraction I, using a hexane-ethyl acetate
solvent mixture in both caseé. Further amounts of the two'combounds were
obtained by preparative thin iayer chromatography on the mother liquors
of the respective'crystalliz;tions. The combined total of each compound
was pﬁen recrystallized from an ethyl acetate-hexane mixture to yield pure
isopiﬁpinellin (0.692 gm ) and pure élloimperatorin methyl ether epoxide
(0.057lgm‘). The couﬁarins were identified by comparison with authentic
samﬁleé‘previously isolated and characterized in our laboratories by

R.N. ngng.

(vi) 1Isolation of Alloimperatorin Methyl Ether Diol from Fraction L
Alloimperatorin methyl ether aiol (3) was obtained from fraction L

(2.45 gm ) primérily by direct crystailization from ethyl acetate.

Further amount's weré obt;iped by preparative thin layer chromatography

on ‘the mother liquors, using silica gel G chromatoplates:developed in

an ether-hexane (1:1) mixture. The combined total was then recrystallized

from ethyl .acetate to yield a pale yellow product (0.772 gm ) which was

found to be alloimperatorin methyl ether diol when compared with an

authentic sample previously isolated and characterized by D.L. Dreyer.4

'
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(b). Development of Appropriate Chemical Degradation Pathways

(i) Degradation of Umbelliprenin (11)

Umbelliprenin (49;8 mg ) was dissolved in glacial-acetic acid
(1.5 m1 ) and concentrated sulfuric acid (4 drops). The reaction
mixture was stirred at room temperature for 50 hqﬁrs. The mixture
was treated with sodium hydroxide (5%, 50 ml ) and extracted with
ether to remove unreacted matérial. The aqueous solution was acidified
with hydrochloric acid (20%, 50 mi ) and éxtracted with ether. The
ether extract was dried over aphydrous sodium sulfate, filtéred, and
evaporated to dfyness. Preparative thin layer chromatography, using
a silica gel G chromatoplate developeq in an ether-hexane mixture (3:1),
'wés used to obtain the product which appeared as a bright blue band
near. the baseline. The compound was crystallized from ethyl acetate
to yield 18.6 mg of the desired product. Coﬁparison of the latter
by mixed melting point and TLC with.a commercially available authentic
sample of umbelliferone (20), m.p. 230-231°C, indicated the identity
of these compounds.,

(ii) Degradations of Isopimpinellin (2)

Degradation of Isopimpinellin (2) to 5,8—Dimethoxy;6—formylumbelliferone(40)
An ozonolysis of isopimpinellin (2) was conducted, using

an ozonolysis medium prepared by passing ozone from a Welsbach . Ozonator

througﬁ acetic acid (170 ml1 ) for 1 1/4 hours. Iéopimpinellin (120 mg , 0.5

-mmole) was dissolved in a small amount of acetic acid and added to the

solution containing ozone (O.9lmm01e),fhe reaction mixture was stirred

for 3 3/4 hours followed by reduction with zinc dust (492 mg , 7.6 mmole)

for several hours. The solution was filtered, evaporated to small volume
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(~25 ml ) and finally taken to dryness in vacuo. The residue (131 mg )
was dissolQed in chloroform and subjectéd to column chromatography,

using silica gel (25 gm ) and the various solvents as illustrated.

Fraction Solvent (volume, ml ) wt (mg ) ‘Comgounds
A benzene (125) : 10 unidentified non-
- "polar components
B 33 1/3% chloroform in '
benzene (125) 1
C 50% chloroform in benzene _
(125) : 1
D 33 1/3% benzene in chloro-
form (125) : 2
.E chloroform (125) 25 primarily 5,8-
dimethoxy-6-formyl-
F chloroform (125) o 34 umbelliferone
G ~ chloroform (125) | 10 unidentified polar
‘ _ components and
H chloroform (125) 12 possibly some 5,8-
dimethoxyumbelli-
I ~acetone (125) 15 ferone—6-carboxylic
acid
J .~  acetone (125) . 17
K acetone (125). i'5
L methanol (250) 30

‘Fractiops C to K, inciusive, from the column chromatography were
examined under ultravidlét light on é thin layer silica gel G chromato-
.plate, developed in an ethyl acetate-chloroform (2:1) mixture.
Preparative thin layer chromatography on fractions E and F yiéldédAa
light yellow product (24.8 mg ). Crystailization'from acetone gave an

analytical sample, m.p. 214-216°C, which was identified as 5,8-dimethoxy-
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6-formylumbelliferone (40) when compared with an authentic sample
previously isolated and characterized in our laboratories by R.N.

Young. IR (KBr) 1758, 1730 (-CO-0-C=C-, aldehyde carbonyl); 1640,

1593 (aromatic ring). UV xﬁzgﬁ 226 my (sh, log ¢ 4.02), 275 my (log
e 4.43); xgsgﬁ (NaOH added) 238 my (log € 4.26), 269 my (log e 4.20),

MeOH

299 my (log ¢ 4.08), 360 my (log € 4.16); A oo (HCL added) 226 my

(sh, log € 4.17), 263 mu (log e 4.08), 320 mu (log e 4.16). NMR (100
MHz).-2.03 (1H, singlet, phenolic OH), -0.23 (1H, singlet, =-CHO),

2.15 (1H, doublet, J = 9.5 Hz, H-C, coumarin), 3.72 (1H, doublet, J =

4

9.5 Hz, H-C, coumarin), 6.00 (3H, singlet, OMe), and 6.02 (3H, singlet,

3

OMe).
Anal. Caled. for C,,H (O.: C, 57.60; H, 4.00. Found: C, 57.38;
H’ 4.07.

Degradations of Isopimpinellin (2) to 5,8-Dimethoxyumbelliferone—6—

carboxylic Acid (41)

Isopimpinellin (56 mg ) was reacted with sulfuric aéid (3%,

10 ml.) and potassium dichromate (169 ng ) dissolved in water (2 ml )
for 6 hours under reflux. The reaction mixture waé extracted with a‘
wide variety of solvents, but no stablé product wés oEfaihed from
these or the residual aqueous reaction mixture.

An ozonolysis of isopimpinellin was attempted,ﬁsing an
ozonolysis medium prepared by passing ozone through acetic acid (140
ml ) for 1 hour. Isopimpinellin (120 mg , 0.5 mmole) was dissolved in
a small'amount of acetic acid and added to the solution congaining’

ozone (0.75mmole). The reaction mixture was stirred for 4 3/4 hours
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followed by oxidation with 30% hydrogen peroxide (0.17 gm , 1.5 mmole)

for 1 hour. The solvent was removed in vacuo and the residue (139 mg )

dissolved in chloroform and subjected to column chromatography, using

silica gel (12 gm ) and the various solvents as illustrated.

Ffaction Solvent (volume, ml ) wt (mg ) Compounds
A benzene (100) 13 unidentifiéd non-
polar components
B 33 1/3% chloroform in '
benzene (50) 3
C 50% chloroform in benzene g
(50) 3
D 33 1/3% benzene in chloro-
form (50) ' ' 2
E chloroform (15) 2
F chloroform (25) 29 primarily 5,8-
: dimethoxy-6-formyl=-
umbelliferone
G chloroform (25) 15 5,8-dimethoxy-6-
. formylumbelliferone
H chloroform (50) 21 and possibly some
5,8-dimethoxy-
umbelliferone-6-
e ____carboxylic acid
I 50% acetone in chloro- A
form (25) 21 possibly 5,8-dimethoxy~
- umbelliferone—-6~
carboxylic acid
J acetone (125) 30 unidentified polar
. components
K acetone (125) 13
L methanol’ (250) 31
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The fractions from the columﬁ éhromatography were examined under
‘ultraviolet light on a thin layer silica gel G chromatoplate,
developed in an ethyl.acetate—chloroform (1:1) mixture. Preparative
thin layer chrométograéhy onvfractibns F, G, and H yiélded some of the
éldéhyde (27.6 mg ); 5;8—dimethoxy—6-formylumbelliferone (40). However,
no significanp amounts of the carboxylic‘acid, 5,8-dimethoxyumbelli-
fefone—6-carboxylic écid (415 was obtained either by preparative TLC
on‘fractions G gnd H:followed by sublimation or by diregt»sublimation

of fraction I.

(iii) Degradations of Alloimperatorin Méthyl Ether (8)

Conversion of Alloi@peratorin Methyl Ether (8) to Alloimperatorin

Methyl Ethér Diol (3):

Alloimperatorin methyl ethef (67.8 mg , 0.239 mmole) and m-chloro-
perbenzdié acid (4?.8 mg,,0-284Hka9 were dissolved in separate
portiéns‘(é 1/2 ml1 ) of chlorofo;m. The solu£ions were cooled to 0°C,
mixed, ‘and stirred for 11 hours at ice bath temperature. The reaction
mixture Was‘washea with 5% sodium bicarbonate and watef, respectively.
Evaporation to dryness and crystallization from an ﬂiwl'acetate—hexane
mikture yieided a pale yellow solid>idéntified as alloimperatorin
methyl ether époxide (13), m.p. 103-104°C, when compared with an authentic

sample previously isolated and characterized in our laboratories by

MeOH

max 221 my (log

R.N. Young. IR (KBr) 1717 (C=0), 1588 (C=C). UV A
¢ 4.40), 244 my (sh, log € 4.30), 251.5 mu (log € 4.36), 266 mu (log

€ 4.31), 305 mu (log ¢ 4.11). NMR (100 MHz) in CDCl,, TMS lock, 1.82

3’
(11, doublet, J = 10 Hz, H—-C4 furanocoumarin), 2.33 (1H, doublet, J =

24z, H-C furanocoumarin), 3.11 (1H, ‘doublet, J = 2 Hz, H-C, furano-

7 6



- 74 -

coumarin), 3.64 (1H, doublet, J = 10 Hz, H-C furanocoumarin), 5.78

3
(3H, singlet, OMe), 6.5-7.2 (3H; ABC multiplet; J,p = 14.5Hz, J, . =
3 Hz, J_ ., = 7.5 Hz; benzylic methylene and epoxide protons), 8.51 and

BC

8.70 (6H, two singlets,:C£L>C(Cﬂ3)2).

(M-15), 271(M-29), 257(1-43), 229(M-71), 201, 199, 186, 171, and 158.

Mass spectrum (m/e). 300(M), 285

Anal Calcd. for Cl7H1605 c, 67.99; H, 5.37. Found: C, 67.91;

H, 5.98.

Alloimperatpfin methyi ether epoxide Was treated with oxalic acid
(5%, 25 ml ) for 2 hours under reflux.. The reactionlmixture was
extracted with chlofoform which QaS'washed with 5% sodium carbonate and
water, respectively. The chioroform solution was dried with anhydrous
maénesium.sulfate and evaporatéd to dryness to yield a pale yellow
solid (75.5 mg ). Preparative thin layer chromatography, ;using silica
gel G chromatoplates developed in a.chloroform—ethylzmeune .(1:1)
mixture yielded a pale yellow solid.(65.8lmg ); Crystallization from
eﬂﬁﬂaacetate gave an anaiytical‘sample, m.p. 174—176;C, identified as
alloimperatorin metﬁyl ether diol (40.7 mg ) when compared with characteriza-

tion data previously acquired for the compound by D.L. Dreyef.4

[a ]%3 -30.6° (95% EtOH) - IR (nujol) 3410 (hydroxyl) 1713 (C=O) 1592
(C=C). UV xEtOH 220 my (log € 4.46),m 244 mu (log € 4.19), 251 mu (log

€ 4.23), 266 mu (log € 4.19), 309 my (log € 4.06). NMR (60 MHz) in CDCL 5~

deuteriodimethylsulfoxide, TMS lock, 1.75 (1H, doublet, J = 10 Hz, H—C&

furanocoumarin), 2.25 (1H, doublet, J = 2Hz, H-C_ furanocoumarin), 3.00

\ 7

(lH? déubiet, J = 2Hz, H-C_ furanocoumarin), 3.73 (1H, doublét, J = 10 Hz,

6

H—C3 furanocoumarin), 5.83 (3H, singlet, OMe), 6.53 (1H, triplét, J = THz,

H—CT furanocoumarin), 6.87 (ZH,.doublet, J = 7 Hz, benzylic protons),
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8.70 (6H, singlet, C-methyls).

Degradation of Alloimperatorin Methyl Ether Diol (3):

Aceténe free chlorbform was prepared by passing éhloroform through
a célite column impregnated with 2,4-dinitrophenylhydrazine and distilling
the élﬁant. Acetone free methanol was prepared by.the addition of.
iodine (25 gm ) fo‘methaﬂol‘(l,OOO ml ), followed by:addifion of the
mixture to sodium hydroxide (SQO ml , 1 N) with constant étirring.
Water (150-ml(> was added to precipitatg_iodoform. The‘mixture was
filtered, refluxed to remove the iodéform odours, and finally distilled.

Allaimperatofin methyl‘ether‘diol (21.3 mg , 0.0671 mmole) was
.dissolvéd in acétone free methanol (3 ml ) and periodic acid (47.8 mg
0.215mnole)nmsdissolved in water (3 ml ). The solutions were mixed and
sti?red for~24 hours. Nitrogen was flushed slowly‘through thé reaction
mixture, which waslmaintéined atf“ 50°C, in order to disfill over any
acetoﬁe formed during the course of the reaction. The acetone wasv
collected as a derivative (47) by distillation into p-brqmobenzénesulfon—
hydrazide (150 mg ),diséolved in a mixture of water (5 ml )anq glacial
acétic acid (5 ml ). Prior to this distillation a blank was distilled
into the reagent in a similaf manner, Both the blank and the |
reaction mixture were extracted with acet&ne free cﬁloroform; The
extracts were washed with water, dried with ahhydﬁous sodium sulfate,
filtered, and evaporated to dryness. Preparative thin layer chromato-~

. i
graphy, using Woelm neutral alumina chromatoplates developed in a
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chloroform-methanol (20:1) mixture was used to isolate the derivative,

acetone p-Bromobenzenesulfonhydrazone (R_ 0.62), separate from the

f
reagent, p-bromobenzenesulfonhydrazide (Rf 0.76). The blank was

discarded as no significant'amount of derivative was apparent when the :
chromatoplate was analyzed undef.ultraviolet light. Crystallizatiaﬁ

from chloroform yielded a white‘analytical sample (10.4 mg), m.p. 146-
148°C, idéntified as the dérivative, acetone p-brémobénzenesuifon—
hydtazone (47) when compared -with an authentic sample previously isolated

and characterized in our labdratories by R.N. Young. IR (KBr) 3220

(SN-#)3 1343, 1180 (350,). 0V xMeOH 235 my (log ¢ 4.15). MR (100

MHz) in CDC1 TMS lock, 2.1-2.6 (4H, A,B,. multlplet, aromatic protons),

3’
3,24'(1H, broad singlet, _~N-H), 8.12 and 8.24 (6H, two 51nglets,

—N=C—(Q§ ) ). Masé'spectrum (m/e) 292 and 290 ).

Anal. Calcd. for C9H11N2023Br c, 37.18; H, 3.81; N, 9.62. Found:

C, 36, 86 H, 3 88; N 9. 40

The aqueous non-volatile portionﬂof thé reaction mixture was .
extracted with chloroform. ?he extfact<was washed with wafer,
dried with anhydrous sodium sﬁlfafe, and evaporated to dryness to yield
an éldehyde,compound (44), as a crude residue, idéntified by TLC compari-
son to avsample previously isolated and partially charagterizéd,in our

1aboratqries by R.N. Young. NMR (100 MHz) in CDC1 TMS lock, 0.19

3,

(14, singlet; -CHO), 1.83 (1H, doublet, J = 10 Hz, H-C, furanocoumarin},

4

2.02 (14, doublet, J = 2 Hz, H—C7 furanocoumarin), 2.87 (1H, doublet, J =

6 furanocoumarin), 3.65 (1H, doublet, J = 10 Hz, H—C3 furano-

coumarin), 5.62 (2H, singlet, benzylic ﬁrotons), 5.82 (3H, singlet, OMe).

2 Hz, H-C

Mass spectrum (m/e) 258(M), 229(M-29), 214(M-44), 201, 186, and 158.
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The residue was dissolved in a mixture of chloroform and methanol
(1:1) and cooled to 0°C. Sodium borohydride (41.6 mg )was dissolved

in methanol ¢~1 ml) and added to the solution of the aldehyde. The

reduction was conducted for'l hour with_stirring followed by hydrolysis
with water (~10 ml1 ) for 1 hour with stirring. The reaction mixture

was extraqted with chlorofﬁ;m. The extract was washed with water,

dried witﬁ anhydrous sodium.sulfa;e, filtered, and‘evaporated to dryness

to yield the crude product. Preparative thin layer chromatography,

using silica gel G chromafoplafes developed in an ethyl acetate—chloroform;
(2:1) mixture yieldéd ghe desired product. Crystallization from ethyl
acetate gave a‘pale yeliow analytical sampie (5.6 mg), m.p. 167-167.5°C,
identified as the alcéﬁol, compound (48),when compared‘with an

authentic sample previéusly isolated and characterized in our labora-

tories by R.N. Young. IR (KBr) 3450 (OH), 1705-1690 (C=0), 1585 (C=C).

uv EEOH 220 my (log ¢ 4.39), 251 my (log € 4.32), 265 my (log e 4.24),

306 my (log e 4.11). NMR (100 MHz) in CDc13 D,0, TMS lock, 1.92 (IH,

. doublet, J =10 Hz, H-C furanocoumarln), 2.32 (1H, doublet, = 2 Hz,

4

H—C7 furanocoumarln), 3.12 (1H doublet, = 2 Hz, H-C

3.66 (1H, doublet, J = 10 Hz, H-C

6 furanocoumarin),

3 furanocoumarin), 5.78 (3H, singlet,

OMe), 6.08 (2H, triplet, J = 6 Hz, ~CH ,0H), 6.74 (3H, triplet, J = 6 Hz,
benzylic protons). Mass spectrum (m/e) 260(M), 229(M—31), 214 (M-46),
201, 186, and 158. |

Anal. Calcd for C14H1205 C, 64.62; H, 4.62. Found: C, 64.66;

H, 4.61., Mol. Wt., Calcd. for C14H1205 260.068. Found (high resolution

mass spectrometry): 260.070.
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(c) Biosynthetic Investigations with Radioactive Mevalonic Acid

DL-Mevalonic—5—3H acid és its dibenzylethylenediamine salt (49)

was obtained frém the New England Nuclear Corpor;tion for the purpose

of conducting the biosynthetic investigation; The radioactivity of the
DL—mgvalonic—S—BH acid (DBED salt) was 1.0 milliéuries(Z.Z X 109 dpm)

and the speéific activify was 221 millicuries per millimole. The radio-
aétive compound (1.21 mg )was obtained dissolved in ﬁethanoi (1.0 ml).

In prepération for the biosynthetic feeding the methanol soiution of the
fadioactive compéund(was diluted with distilled,wéter to a known volume

(25 ml )in a volumetric flask.

(i) Feeding of DL-Mevalonic—5- H Acid (DBED Salt)
In a typical biosynthetic feeding an aliquot (6.4060 ém , 6.4060/25 x
2.2 x 109 dpm = 5.64 x 108 dpm) of the solution of the radioactive

compound was fed to six young Thamnosma montana plants (~ 19 months old)

for a total exposure time of about 10 days. ‘The aliquot was divided

up approximately into three equal portions, each portién to be fgd to
two plants contained in a test tubé.l Thefwhole plant was usedlfor the
feeding which was hydroponic in nature with the radioactive coﬁpound
being incorporated through the roots. After the plants had‘taken up the
initial radioactive éolution, the test tubes werejmaintained,full with

distilled water to a level just near the top of the roots.

(ii) Isolation of Coumarins from the Biosynthetic Feeding

The six plants. from the biosynthetic feeding were gfound to a powder
in a Waring blender. The ground powder (11 gm ) was extracted with

acetone (750 ml’) for 9 3/4 hours in a Soxhlet extractor. Filtration
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vaﬁd evaporation of the solvent yielded a dark residue (779.4 mg ).
Extraction of the residue with chloroform and subsequent filtration
and evaporation yielded a further dark residue (549.3 mg ). The total
radioactivity of the combined residual aqueous solutions in which
the plants were fed was determingd (7.41 X 106 dpm) as was the total
gadioactivify of the acetone extract (23.2 x 10? dpm) and'the,chlorqform
extract (14.6 x 107 dpm). From the total ra&ioactivity recovered from
outéide the plants, the corrected radioactivity fed was established
(5.64 x 108 dpm—b.074l X 108.d§m = 5,57 x 108 dpm).

| The crude extract (549.3 mg ) was adsorbed on about 3 grams of

alumina. This portion was then added to a column of alumina (Activity

Iv, 30 gm_)and eluted with the various solvents as illustrated.

Fraction "~ - Solvent (volume, ml ) Wt (mg ) >Comgounds
A petroleum ether (125) 63 unidentified non-
‘ : o ’ polar compounds such
B petroleum ether (125) 11 as hydrocarbons

. and waxes
C 257 benzene in petroleum 24
ether (125)

D 33% benzene in petroleum 56 " umbelliprenin, allo-
ether (125) ‘ imperatorin methyl
o ether, and thamnosmin
E 50% benzene in petroleum 26 ‘
ether (125)

——— e e o e 2t o i S e S o

F . benzene (75) I 16 umbelliprenin, allo-
' imperatorin methyl
ether, thamnosmin,
and isopimpinellin

G benzene (50) 15 isopimpinellin and
: ) N-methylacridone
H benzene (50) 9

——— e e e e U O T S e S L S e . v e it St At it ek o e P e B P S e ke ey At S e e A o At S S S o S i Mt s e S St et e S S
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Fraction Solvent (volume, ml ) Wt (mg ) Compounds

1 benzene (125) - 28 chlorophylls,  iso-
' pimpinellin, allo-
imperatorin methyl
ether epoxide, and
N-methylacridone

J chloroform (125) . 16 "primarily unidentified
' polar components

K chloroform (125) - : 19

L ,  chloroform (125) . 11

The‘fractibns from the qolumn chromatography were examined under
ultravioiet"iight'on a thin layer silica gel G chromatopléte, déyelqﬁed
in'én ether—hexéne (1:1) mixture. Autﬁentic samples of ﬁmbelliprenin
(ll), isoimperatorin (12), alloimperatorin methyl ether (8),,thamnosmin
(14), isopimpinellin 2, N—methylacridone ), glloimperatorin methyl
ethervepo#ide (13), and alloimperatorin methyl ether diol.(3) were
examined iﬁ a simi;ar manner for purposes of comparison. Preparative
thin‘léyer chromatography was used to obtain umbelliprenin (24.6 mg ),
alloiﬁperatorin methyl ether (18.1 mg), thamnosmihv(Zl.B mg), isopimpinellin
(32;8 mgj; and alloimperatorin methyl ether eﬁoxide (i7.8 mg), identified
by compérison to authentic samples previously isolated and characterized
in our laboratoriés.

In preparation -for degradative work to be performed on some of the
coumarins isolated; each coumarin was diluted with a weigheq amount of
cold matefial prev10qsly isolated from tﬁe plant. Attempts were
made to obtain by crystallization techniques, consiant radioactivity

counts for each coumarin as illustrated.



Coumarin Weight Weight Recrystalliz- Weight After Radioactive Radioactive
Isolated Isolated  After ing Solvent Final Recryst- Counts After status of
(mg) Dilution ' allization Final Pecryst- Coumarin
- (mg) (mg) allization
(dpm/mg)

umbelliprenin 24.6 40.8 hexane 53.5 3,335 constant
- : (first : (incorporation

dilution) 0.032%)

64.2

(second .

dilution)
alloimperatorin 18.1 40.1 hexane and 19.1 343 not constant
methyl ether ethyl. acetate '
thamnosmin 21.3 31.9 hexane and 6.7 368 not constant

. ethyl -acetate

isopimpinellin 32.8 49.5 hexane and 38.7 13.4 not constant

(first ethyl acetate

dilution)

50.4

(second

dilution) .
alloimperatorin 17.8 34.7 hexane and 14.6 266 not constant

methyl ether
epoxide

ethyl acetate
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(iii) Degradation of Radioactive Umbelliprenin

.Radioactive umbelliprenin (53.5 mg ,3.335 dpm/mg) was dissolved
in glacial gcefic acid (2 ml )énd concentrated sulfuric acid (5 drops).
The reaction mixturelwas treated with sodium hydroxide (5%, 50 ml )and
extracted with eﬁher. The aqueous solution was acidified with hydrochloric
aéid (20%, 50 ml )and extracted with ether. The ether extract was
dried over anhydrous sodium suifate; filtered, and evaporated to
dryness. Preparative tﬁin layer chfomatography, using a silica gel G
chromatoplate He&eloped:in an efher—héxane (3:1) mixture was used to
obtain_éhe product (21.5 mg ),identified as meelliferong (20) by
_ compérison with a commerciélly available authentic sgmple. Umbelliferone
was‘recrystallized several times from ethyl acetate to constant radio-

activity (14.0 mg ,122 dpm/mg; 12.2 mg ,100 dpm/mg; 10.4 mg ,113 dpm/mg).

(iv) Degradations of Radioactive Alloimperatorin Methyl Ether
| Since radioactivé alloiﬁpefatorin methyl ether (19.l'mg ,
343 dpm/mg) was not récrystéllized to constant radioactivity efficiently,
it wasldiluted again (to 68.6 mg )with cold material and converted
to alloimpgratorin methyl éther diol which was recrystallized to

constant radioactivity.

Conversion of Radioactive Alloimperatorin Methyl Ether (8) to Radioactive

Alloimperatorin Methyl Ether Diol (3):

Radioactive alloimperatorin methyl ether (68.8 mg ,0.243 mmole) and
m-chloroperbenzoic acid (47.6 mg ,0.278mmale) were dissolved in separate

portions (6 1/2 ml )of chloroform. The solutions were cooled to -0°C,
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mixed, and stirred fer 12 1/2 hours at ice bath temperature. The
reaction mixture was washed with 1% sodium bicarbonate and water,
respectiyely. The chloroform extract was dried with anhydrous
sodium sulfate, filtered, and evepdrated to dryness to yield crude
radioactive ailoimperatorin methyl ether epoxide (13), identified by'TLC
comparisen to an authentic sample.

Radioactive alleimperatorin methyl ether epoxide was treated
with oxalic acid (5%, 26 ml )for 3 ﬁours under reflex. The reaction
mixture was exerecte& with chleroform.‘ The chloroform extract was
washed with 5% sodium earbonatekand water, respectively, followed by
drying with anhydfous sodium sulfate and evaporatioe to dryness to
yield the crude product (62.8 mg ). Preparative thinllayer chromato-
graphy{ using silica gel G ehromatoplates developed in a chloroform-
ethyl acetate (1:1) mixture yielded e pale yeliow solid (46.1 mg ),
identified as alleimperatorin meth&l ether diol (3) by TLC comparison
fo an authentic sample. Alloimperaterin methyl ether diol wes
recrystallized several eimes from ethyl acetate to constant radioaetivity
(37.0 mg‘,32.8ldpm/mg; 33.0 mg ,18.95 dpm/mg; 25.4 mg ,19.85 dpm/mg;
22.6 mg ,17.30'dbm/mg). This ;epresented an incorporation of 0.00007%

into the original alloimperatorin methyl ether.

Degradatioﬁ of Radioactive'Alloimperatorin Methyl Eeher Diel (3):
Radioactive alloimperaedrin methyl ether diol (22.3 mg ,0.0704 mm)
was‘dissolved in acetone free methanol (3 ml )and periodic acid (47.4
mg ,0.213mmole)was dissolved in water (B.ml ). The selutions were mixed
and stirred for~/24 hours. Acetone, formed dering the course of the

reaction was isolated as a derivative (47) in a similar manner as it
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was during the reactioﬁ previously conducted on cold material.
Crystallization from chldroform yielded the purified derivative (8.0 mg ),
identified as acetone p-bromobenzenesulfonhydrazone (47) by TLC
comparison to an authentic sample. The derivative when counted,
however, displayed insignificant radioactivity.

The aqueous non-volatile portion 6f the reaction mixture was worked
up as in the regction previously conducted on cold material to .yield .
crude aldehyde, compound (44), identified by TLC comparisoq with an
authentic sample; Reductioﬁ with sodium borohydrideb(42.5 mg ) and
subsequent hydrolysis and workup as before yielded crude alcohol
(9.1 mg), compound (48), identified by_TtC cémparison with an autheﬁtic
sample. This degradation product was recrystallized several times from
ethylacetate to constant rgdioacfivity (8.9 mg ,15.4 dpm/mg; 7.3 mg |,

12.6 dpm/mg; 6.8 mg ,12.9 dpm/mg).
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