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RBSTRACT

A three-step conversion of asperuvloside tetraacetate (34)
to the 11-deoxy-1ll-hydroxymethyl analog 7la of the Corey

lactone aldehyde has been developed.
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The key intermediate, dilactone 3%, was formed from as-
peruloside tetraacetate in one step by treatment with iod-
ine/pyridinium dichromate followed by washing with sodium
thiosulfate solution. This was then converted to aldehyde
71a by hydrogenation over rhodium on carbon and hydrolysis
in refluxing aqueous acetic acid. Wadsworth-~Emmons reaction
of 71la with dimethyl 2-oxoheptylphosphonate gave 73 1in ex-

cellent overall yield (from 34).

Since previous workers have converted 71b to PGE,, PGF,q
and their 11-hydroxymethyl homologs, application of similar

procedures to 7la should produce the same prostaglandins.
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Extensive investigation of the chemistry of asperuloside
resulted in the preparation of the previously unreported di-
bromide (£5) and tertiary alcohol (64) as well as other de-

rivatives of thils iridoid.

_iv-



TO MY PARENTS



ACKNOWLEDGEMENTS

I wish to express my sincere gratitude to the members
of the Queens College Chemistry Department for their help

throughout the cocurse of this work.

In particular, I thank Professor Willliam Berkowitz
for his guidance and encouragement through the years.

I also thank Professor George Axelrad for his firiend-
shlp, encouragement and advice throughout my undergraduate
and graduate education.

Thanks also to my fellow graduate students at City
University for making life in the lab. and classrocm both
painless and enjoyable. In particular, I thank (now Dr.}

Satish Choudhry for hlis help and friendship.

- 7l -



ABSTRAC

ACKNOWL

Chapter
I.

I1.

III.

Iv.

vIi.

CONTENTS

T L] - - L] L] - L] L] > [ ] - [ ] - L] - L ] L] . - » L - L

EDGEMENTS L L] - - L » - L] L] - L - - L] L] L] L] L] L ]

INTRODUCTION TO THE PROSTAGLANDINS . ¢ « « » o+ =

Early History of the Prostaglandins .
Nomenclature of the Prostaglandins .
Occurrence, Biosynthesis and Activity
Synthesis of Prostaglandins . « « « &

[ ] . ] L]
a & & @&
L L ] L L]
. ® 9 8

INTRODUCTION TO THE IRIDOIDS . « o« o o s o o o »

History, Occurrence, Structure and Isolation
Rsperuloside . « « ¢ o o ¢ = ¢« o o s 2 & o o

PROPOSAL AND SYNTHETIC STRATEGY . ¢ « « o o + o
CONVERSION OF THE ENOL ETHER SYSTEM TO A LARCTONE

PREVIOUS WORK ON OBTAINING PROSTANOIDS FROM
IRIDOIDS - [ ] L - - L] . L L ] - L L) - - L - .

RESULTS AND DISCUSSION o o ¢ « o o o o 2 s o » &

Isolation of Asperuloside . ¢« o « o ¢ o = o @
Synthesis of Asperuloside Tetraacetate Lactone
Hydrogenation of Asperuloside Tetraacetate
Lactone and Compound X . « ¢ « o o «
Hydrolyses of the Dihydrolactone and the
Dihydro Tertiary Alcohol + « + « &
Wadsworth-Emmons Reaction of Rldehyde 71a
Identification of Products <« « « ¢ « &+ o
Asperuloside Tetraacetate
Lactone,Bromolactone and Iodolactone
Compound X (The Tertiary Alcohol) and its
DihYdro Product e ® % ¢ o o & =& 8 @
Dihydro Asperuloside Tetraacetate Lactone
The NBS/DMSO Reaction of Asperuloside
Tetraacetate Unravelled « ¢« ¢ ¢ ¢« ¢ o =«
Suggestions for Future WOrkKk « « » o o s o » =«

- vii -

111

11
17

27

27
32

38

4

62

62
69

90
93
98
99
99

102
106

108
113



VII. SUMMARY AND CONCLUSION & + o o » s o » & » » « » 115
VIIIC EXPERIMENI‘AL L] L] - . L ] L » L ] L ] . » » " L ] L » » [ ] 118
Isolation of Asperuloside Tetraacetate . . . 120
From Leaves and Iwigs by the Procedure of
DUff - L ] [ ] » L] L ] [ ] L ] L] L [ ] L ] L} - - L ] 120
From Leaves and Twigs Without Partition
Chromatography e & & & & 8 B ® * ® @ 124
From Twigs with Acetone Extraction . . . . 120
Preparation of Asperuloside Tetraacetate
Bromolacton® « o« o + o« o« » o o o o &« «» 125
Isolation of Oxidation Product 59 « ¢+ ¢ » « « 127
Preparation of Asperuloside Tetraacetate
Lactone and Tertiary Alcohol . . . . » 127
Preparation of Asperuloside Tetraacetate
Dibromide (-si’ - L ] [ ] L J - - - L4 - L d - Ll 130
Preparation of Asperuloside Tetraacetate
Brompacetoxylate (28) « o ¢ ¢ o » » « « 132
Preparation of Asperuloside Tetraacetate
Lactone with Iodine/PDC + « o o s o o 132
Isolation of Asperuloside Tetraacetate
Iodolacton® « o « s o« « o« o » ¢ = ¢ +» « 133
Preparation of Dihydro Asperuloside
Tetraacetate Lactone .« + ¢ « & s o o o« 13U
Preparation of Dihydroasperuloside Tetraacetate
Tertiary Alcohol (6B) ¢« « o o o« « « o« « 136
Preparation of Dihydro Asperuloside
Tetraacetate Lactone Agqlucone . . . « . 138
Preparation of Dihydro ATA Tertiary Alcohol
Aglucone {_1_2_) 5 e 8 s & B 8 ¥ & & 3 e = 139
Preparation of the Corey Aldehyde Analoq (71a).iu0
Wittig Reaction of Aldehyde 7138 « « ¢« & « « o 1U1
Appendix paag
a. PARTIAL LIST OF ABPREVIATIONS =« « o » « o » s o 1lu3
B. SELECTED CURRENT CHEMICAL ABSTRACTS INDEX NAMES 1uy
c. SELECTED IUPAC NAMES L] L] - - L] L] - [ 3 - L] L] - [ ] E ] 1“5
D. IR, NMR AND CMR SPECTRA OF ASPERULOSIDE
TETRARCETATE « 2 + o o ¢ ¢ » o » « s = = &« 1U6
E. IR AND NMR OF IODOLACTONE (66) ¢ « o« o « o » » o« 150
Fe IR AND NMR OF BROMOLACTONE (S57) + ¢ « o« &« ¢« o » 153
G. IR, NMR BND CMR OF ATA LACTONE (35) . « o « « » 156

- viii -



He IR, NMR AND CMR OF ATA TERTIARY ALCOHOL (64%) . . 160

I. IR, NMR AND CMR OF DIHYDRO ATA TERTIARY ALCOHOL

{6B) ¢ « o« o o o o o &« o s s o o s o o = « 16U
Je IR AND NMR OF DIHYDRO ATA LACTONE (36) « « o« « « 168
K. IR AND MMR OF ALDEHYDE 71A o« = o o o & o o « « o 171
L. IR AND NMR OF WITTIG PRODUCT 73 + + o s o ¢« « o 174

REFER&JCES » - - » L] - - - L] » - [ ] L] L} [ » L] L ] L] L] - L] 177



LIST OF SCHEMES

Scheme Ragge
1. Degradation of PGE s e B & B & 8 8 & e & ° w8 & ° @ 5
2. Biosynthesis of the Prostaglandins . . « . + « « « « 1U
3. The First Synthesis of Racemic Prostaglandins (Corey

1968) - L] [ ] [ - » [ ] [ ] ) [ ] . » L] L] » L ] L] [ ] -» » L] [ ] 19
4, The First Synthesis of Optically Active

Prostaglandins " & B & # 8 ® B " ® ® ® 8 8 s =8 » 21
Se Corey's Lactone-Aldehyde Synthesis « « ¢ ¢« o ¢ o « « 23
6. Elaboration of the Lactone-nldéhyde to

Prostaglandins « & s 8 ® e 8 w e & 8 » w s s s s 20
7. Degradation of Asperuvloside .+ o« 4 ¢« o ¢ & o ¢ o 2 o 33
8. Conversion of Asperuloside to Loganin Pentaacetate

BromomethOXide - L ] L ] [ ] a4 » - L L] - L L] - - - L ] - 35
9. Planned Conversion of Asperuloside to Prostaglandins.idl
10. Ohno's First Synthesis of Intermediates for PG's

from Aucubin s & & » ® 8 & & s * s = = = =« s » o 53
11. Ohno's Synthesis of {+)-ll-deoxy-l1l«~hydroxymethyl

PGFz » » L - L] - - [ ] L] - L] L] L] [ ] L] » L ] - L ] L ] [ ] L] Su

-

12. Prostanoids From Ohno's First Route .« o « « o« o » « 56
13. Ohno's Synthesis of a Corey Aldehyde Rnpalog .« « « « 57
i4., Prostanoids From Ohno's Corey Aldehyde Analog . . . 59
15. Prostanoids From Ohno's Monothioacetal Intermediate 60
16. The Prostanoid Intermediate of Berkowitz et. al. . . 61
17. Possible Mechanism to Explain the Formation of 57

and i'a-‘ [ ] L L] L] L - L J L L] - » L] - L} - L » - » - L] -’1



Suggested Mechanism for the Formation of ATA Lactone

18.

Hith IodinE/PDC - L » - [ ] » L ] L - L L ] » - a L ] - [ ] 88
19. The Reactlon of Rsperuloside Tetraacetate with

NBS/DMSD L] - L ] L ] - - - - - [ 4 L3 - - L ] - * . [ ] L] 113
20. Synthesis of Prostaglandin Intermediates Developed

by This Research . « o ¢ o o o ¢ ¢ s « o = « o 116

LIST OF FIGURES

Elgure page
1. Structures of Some Representative Iridoids . . . . « 29
2. Proton NMR Shifts of Asperuloside Tetraacetate

Todolactone .« 4« 2 s + o « o o o s ¢ s + o o & s« 100
3. Proton NMR Shifts of Asperuloside Tetraacetate

Lactone [ ] - » L] - L ] L] - - . - [ ] * L ] L 3 - [ ] L [ ] L] 101
4, Proton NMR Shifts of ATAR Tertiary Alcohol (68) . . 103
S5« Proton NMR Shifts of Dihydro ATA Tertiary Alcohol

(-6-2) - L 2 - L d L] L] - L J - - » - » L] L] L ] » » » » L 10""
6. Proton NMR Shifts of Dihydro ATA Lactone (36) . . . 107

- xi -



Chapter 1
INTRODUCTION TO THE PROSTAGLANDINS

The story of the prostaglandins is now widely known. It
stands as the classic example of the benefits to be derived
from scientists®' oursuit of explanations for what might at
first seem to be only trivial curiosities. It also shows the
merit of conducting scientific research over the entire
spectrum of natural phenomena rather than concentrating the
effort in only a few areas which might seem most promising
at any one moment in history. The following account is not
intended to be all-inclusive and the interested reader is
encouraged to seek out the other prostaglandin histories

which are avallable [1].

1.1 EARLY HISTORY OF THE PROSTAGLANDINS

In 1930, two gynecologists observed that fresh human semen
induced strips of uterine tissuve to relax or contract and
noted that the type of response depended upon whether or not
the tissue donor had borne children [2]. Shortly thereafter,
Goldblatt [3) and von Euler ([4] reported that extracts from
sheep vesicular glands and human seminal plasma exhibited
powerful physiological effects. Specifically, the extracts

caused a significant fall in Dblood pressure when injected



into various animals and stimulated a variety of smooth mus-~
cle segments to contract. This effect was at first attribut-
ed to some combination of substances already known (adrena-
line, histamine and acetylcholine) which had previously been
shown to exhibit similar biological activity [S5]). Intrigued
by the unparalleled potency of the new extracts, von Euler
applied the then new technigue of using specific inhibitors
to differentiate between biologically active substances and
showed that the activity of the extracts was a result of
some as yet unknown substance rather than an exotic mixture
of the already known materials ({6]. Von Euler also noted
that the amount of this new substance found in any of the
other organs of the sheep was always less thanh one percent
of that found in the prostate gland and he named the new
substance "Yprostaglandin" in the mistaken belief that it was
produced only in this gland. He was able to convert the
chloroform extract of the sheep vesicular glands into a wa-
ter soluble barjum salt which could be isoclated as a stable
amorphous powder. This material exhibited potent biclogical
activity but was still a mixture of substances and resisted
further analysis by the admittedly inadegquate technigues

available at that time [7 ).

Af ter these pioneerinoc studies, very 1little was done to
extend prostaglandin research for over twenty years. This
was undoubtedly due to several factors acting 1in concert.

The scarcity of material and 1lack of suitable methods for



purification and characterization certainly played a large
role in delaying further work. Another contributing factor
was undoubtedly the great promise shown by the early re-
search in the areas of the antibliotics and steroid hormones

which were discovered at about the same time [8].

Interest in ‘“prostaglandins® revived in the early nine-
teen sixties after Bergstrom and co-workers had shown Ypros-
taglandin" to be an entire family of closely related com-
pounds. They were able to isolate the two predominant
compounds from the extracts of the sheep vesicular glands as
colorless needle-shaped crystals and to show that they were
twenty-carbon acids differing by one unit of unsaturation
{9,10,11). They also showed that the biclogical activity of
von Euler's amorphous solid was due mostly to the presence
of these two compounds. These workers also laid the founda-
tion for the prostaglandin nomenclature still used today
when they decided to call the ether solukbtle prostaglandin
PGE and the other PGF since it was soluble in a "fosfate"
(the Swedish word) buffer. By the mid-sixties, Bergstrom and
co-workers had 1isolated over a dozen different prostaglan-
dins from human seminal plasma and had determined their
structures by an ingenious combination of instrumental and

chemical methods (12].

Structure work on the prostaglandins began immedlately

after the isolation of several milligrams of pure crystal-



line PGE and PGF (later to be known as PGE1 and PGF1‘). In-
frared spectroscopy and microhydrogenation showed that both
contained one trans double bond and that PGE contalned a cy-
clopentanone whereas PGF did not. Borohydride reduction of
PGE produced two isomeric compounds which were given the
was shown to be identical to

names PGF,a and PGF PGF

18 ° 1«
the PGF isolated from sheep vesicular glands. The structures
were then deduced by studying the products of the oxidative
ozonolysis of PGE, (1), dihydro-PGE, and thelr methyl esters
as shown in Scheme 1. Reaction products were jdentified by
a combination of gas chromatography and mass spectrometry.
After the structure was known, the stereochemistry was de-
duced from an x-ray analysis of the halobenzoates of PGF,;
[13,14] and the correct absolute configuration determined by
relating the configuration of L-2-hydroxyheptancic acid to
that of the corresponding acetate (2 in Scheme 1) obtained
from the ozonolysis of acetylated PGE,. The structures of
the other prostaglandins have likewise been deduced through
chemical interconversion and liberal use of modern instru-
mental technigues. The tremendous diversity of the natural
variations of the basic twenty-carbon skeletal uvnit of the

prostaglandins will be obvious from a discussion of the no-

menclature which has come into general use in thils field.
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1.2  NOMENCLATURE OF IHE PROSTAGLANDINS

As soon as the diversity of the prostaglandéins became appa-
rent, it was recognized that a systematic but communicable
nomenclature system was necessary. Such a nomenclature sys-
tem would have to convey the vast amount of structural in-
formation needed to unigquely specify any one prostaglandin
in a way that made it useful to scientists from many differ-
ent disciplines with many different goals in mind. A stan-
dard Chemical Abstracts type nomenclature would not only be
too cumbersome but would also obscure the details most nec-
essary 1in developing the structure-activity relationships
necessary for the medicinal applications of the prostanoids.
Although most chemists would acknowledge that such a rigidly
systematic system of nomenclature is necessary for efficient
information storage and retrieval, few would question the
need for a second more humanistic method. Such a practical
system has developed based on the saturated, unsubstituted

twenty-carbon carboxylic acid called prostanoic acid (3) and

the ahalogous hydrocarbon, prostane (4). Although the natu-
ral prostaglandins known to date all have the same side
chain configuration as these two reference compounds, syn-

thetic prostanoids have been produced which have differing



stereochemnistries at these positions. These are named after

the other three stereoisomeric hydrocarbons ent-prostane

YT
N -CH, CH,
6

5

WIS N-CHy

”""ﬁ N\/\/ c H 3
7
(S5), isoprostane (6) and ent-isoprostane (7). Note that the

prefix *ent¥ 1is used to denote the enantiomer (at C-8 and

C-12) of the named compound.

The prostaglandins are then grouped into families based
upon the nature of the substituents of the cyclopentane
ring. The names of these families still reflect the original
assigmments by von Euler based on solubillties and reactivi-
ties. Thus, PGE is ether soluble, PGF is phosphate soluble,
PGR {s formed on acid treatment of PGE and PGB is formed on
base treatment of PGE. The other designations simply fill in
the alphabet. The number of double bonds in the rest of the
molecule exclusive of any in the ring is then designated by
a subscript after the letter abbreviation. Those prostaglan-
dins designated by a subscripted "1" have only a trans dou-
ble bond between carbons thirteen and fourteen of the pros-

tanoic acid system., Prostaglandins designated by a
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subscripted 2" also contain a cis-double bond at the 5,6
position and those designated by a subscripted Y3" have an

additicnal cis~-double bond at the 17,18 position.

The stereochemistry of the cyclopentane substituents, 1if
variable, 1is designated as an additional subscript. The
Greek letter “"alpha" is used if the substituent is below the
ring plane and "beta" is used if it is above. Obviously,
this system only works if the structures are all drawn with

the side chains extending to the right. Thus, PGF, and E-‘Gl-"a

OH

lllllllo
o
2

“‘\\\ R
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o

HO" R HO" R

are as shown and the subscripts refer to the hydroxyl at C-9



since this is the one which varies in nature. The structures

and designations of PGF,, . PGF

and PGE3 shown here should

e
OH
\\l"‘“\=/'\/\COOH
& CH,
OH
PGF,,

QO Oum
X

serve as useful examples. Note that this system relles heav-
ily on the user's knowledge of the natural configurations of
the prostaglandins since it does not designate these. If it
is necessary to designate a conflguration other than natu-

ral, this is usually done in one of two ways using prefixes.

0
]

\\“"\\—_——/\/\COOH
CH;,

O @

H

3
For example, compound 8 would be called either 15-epi-PGA,
or (15R)—PGA2 since it does not have the usuval (155 or «)

hydroxy configuration.



This system has served well for the natural
prostaglandins but as research 1in synthesis produces many
variations of these basic structures, the number of prefixes
used to desjignate these prostanoids may very well become
cumbersome. Each change in the basic prostaglandin is de-
noted by a prefix conslisting of a number giving the position
of the <change followed by the appropriate designation for
the change. Thus, the prefixes dihydro If one Qouble bond
is absent, deoxy if a hydroxy is removed, oxo if a carbonyl
is inserted, oxa if a carbon is replaced by an oxygen, aza
if by a nitrogen, nor if it is removed with no replacement

and homo if a carbon is inserted, have been used (among oth-

o 0
NSNS CO0H I SN e N~ COO0H
Ul
W\/\/CH 3 o CH 3
OH OH
3 10
ers ). As examples, note 10-nor-il-deoxy PGE (9) and

11-deoxy-11-oxa PGE2 (10). Nevertheless, this nomenclature
system has many advantages when compared with the wusual

Chemical Abstracts designations. For example, the Chemical

Abtstracts systematic name for PGF,, (structure shown earli-
er) is (52,9«,11«,13E,155)-9,11,15-trihydroxyprosta-5,13-
dien-~1-0ic acid and it is not easy to see the key differenc-
es between this and (5Z,13E,15R)-15-hydroxy-9-oxoprosta-

5,10,13-trien-1-oic acid (the CA designation for compound 8;

-—10...



(ISR)-PGAZ) at a quick glance! Extensive discussions of the
prostaglandin nomenclature system as it relates to synthetic
analogs have been given by Nelson [15) and Anderson [16]) and

will not be repeated in detail here.

Two anomalies which have recently arisen in this nomen-
clature system deserve mention. First, the astute observer
will note that the prostaglandin endoperoxides, despite hav-
ing the same ring substituents, are designated by two series
(PGG and PGH). Actually, PGG is the precursor to PGH and as
such has a 15-hydroperoxy group which 1s reduced to give the
ultimate 15-hydroxy of PGH and the other prostaglandins.
Since the nomenclature that has developed has no provision
for easily accommodating these two variations in the same
series, they were given the different designations. Second,
PGI (alsc known as prostacyclin) does not have the usval
side chain arrangement. It is the newest member of the pros-
taglandin family having been discovered only in nineteen
seventy six [17]. It was originally known as PGX since it
was obviously different from all other prostaglandins but it
took some time for the actual structure to be determined.

PGX is no longer used as a designation for this system.

1.3 QCCURRENCE, BIOSYNTHESIS AND ACTIVIIX

Since the initial work with human seminal plasma, prosta-
glandins have been detected in many tissues and cell types

(including brain, kidney, lung, ovary, uterus, intestine,

- 11 -



stomach, pancreas and eye) from virtually all mammals. The
richest known mammalian source is still human seminal fluid
which contains about 300 micrograms of prostaglandins (mix-
ture of 13 types) per milliliter. The concentrations in
other mammalian tissues are generally less than one micro-
gram per gram. Detection 1s hampered by the fact that the
prostaglandins are not stored in the cells but are synthes-
ized as needed 1in response to various stimuli and are then
rapidly metabolized. In addition, they are so potent it is
estimated that an adult human produces no more than one or
two milligrams per day {18] and most other animals produce
less than this. Nevertheless, it 1is belleved that prosta-

glandins are produced by all mammalian cells (19].

Prostaglandins have also been found in various lower ani-
mals such as mussels, corals, lobsters, frogs and some fish
(8]. Recently, the first isolation of prostaglandins (PGE2
and PGcm) from a plant (the red alga Gracilaria liche-
noides} has been reported [20). Unfortunately, this plant
only contains approximately 0.02% (wet weight) of these
prostaglandins. The richest source of prostaglandins is the
soft coral Plexaura homomalla (Esper) which is found in the
Caribbean and contains as much as one percent by welght of a
mixture of prostaglandins (mostly PGAZ. PGE,, 15-epi PGA2
and 15-epi PGEz) which varies 1n composition with the source
of the coral {21]. To date, this is the only natural source

of prostaglandin precursors which has been intensively stud-

...12-



ied as a practical means of supplying the large gquantities

needed for pharmaceutical purposes.

Prostaglandins are known to be synthesized in cell mem-
branes from simple fatty acids. Although not all the bilosyn-
thetic pathways have been traced in detail, the E and F se-
ries are known to form from the essential fatty acid
linoleic acid (11; 9E,12E-octadecadiencic acid) as shown in
Scheme 2. Note that the prostaclandin endoperoxides (PGG and
PGH)} are intermediates in these pathways. They have also

been implicated as key Iintermediates in the synthesis of

HO\“\\ x CH,
OH
T)(Bz

prostacyclin (PGI) and the thromboxanes (TXA2 and TXBz) from
arachidonic acid (12; 5,8,11,1U-eicosatetraenoic acid).
These pathways have been deduced by the usual methods using

radioactive label incorporation (see [8,12]).
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SCHEME 2

Biosynthesis of the Prostaglandins
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Since the prostaglandins are rapidly metabolized, it is
not surprising that their principal function 4is considered
to occur in the cell membrane where they are synthesized.
They are thought to play a key role as regulators of intra-
cellular metabolism throuagh control of the cellular activity
caused by the arrival at the cell membrane of hormone-mes-
sengers from other parts of the body [22]. In this respect,
they have been implicated 1in tissue auto-defense mechanisms
which result in such manifestations as fever, vomiting, pain
and inflammation. Indeed the anti-inflammatory agents indom-
ethacin, phenylbutazone and aspirin are believed to act by

inhibiting the synthesis of certain prostaglandins [23].

Prostaglandins have been found to stimulate smooth muscle
contraction, open bronchial tubes, control pituitary hormone
release, block the breakdown of fats, 1inhibit stomach acid
production and constrict the pupil of the eye (24 ]. In addi-
tion, varlous series have been shown to affect the normal
functioning of the respiratory, gastric, digestive, renal,
reproductive, nervous, endocrine and cardiovascular systems
[8). They also play key roles as inhibitors and promotors of
platelet aggregation and as intermediates 1in thyroid re-

spronse to hormenal stimulation.

The wide range of effects exhibited by the natural pros-
taglandins at such extremely low concentrations and in so

many diverse types of tissues makes them prime targets as a
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source of new medicinal compounds. In fact, prostaglandins
have bzen investigated for use in abortions and artificial
inseminations as well as to contrcl asthma, ulcers, high
blood pressure, arthritis and various central nervous disor-
ders. Unfortunately, the very characteristics which have
prompted the intense study of these compounds also make such
study incredibly difficult. The natural prostaglandins occur
in such small quantities that even they must be synthesized
“Yartificially" if medicinally wuseful amounts are to be
available. Even then, researchers have found such broad ac-
tivity that synthetic analogs which exhibit greater specif-
icity must be found if prostaglandins are to become routine
clinical medicines. Thus, synthesis of prostaglandins and
their analogs (called "prostanoids") has develcoped at a rap-

id pace.

1.0 SYNTHESIS QF PROSTAGLANDINS

The prostaglandins present a formidable synthetic challenge.
OH

ot \—:/\/\ COOH

CH,

The two main series, PGEz and PGFz“, contain four and five
chiral centers respectively as well as two side chain double

bonds. Many of these compounds contain sensitive function-
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alities such as the f-ketol function of PGE, (acid and base
labile) and the less stable enone of the PGA family (subject
to double bond migration). In addition, stereochemical con-
trol at carbon fifteen (usually bearing a hydroxyl) 1is dif-
ficult since it is so far removed from the other rigid parts

of the molecule.

Given these complications, it 1s surprising that less
than ten years elapsed between the isolation of the first
pure crystals of PG81 and the first wunambicuous total
synthesis of a prostaglandin (racemic PGEi) by E. J. Corey
in 1968 [25]. This synthesis centers around the Dlels-Alder
reaction of compounds 13 and 148 which must themselves be
prepared from cyclooctene (6 steps gives 13 in 60X yield)
and 2-bromomethyl-1,3-butadiene (reaction with 2-lithio-2-n-
amyl-1,3-dithiane; 70%). The synthesis is long, not stereo-
specific, and proceeds in low overall yield. In addition, it
is limited to the synthesis of the one prostaglandin and
those which c¢an be made from it (reduction of the 9-keto

group yvields racenmic PGF1¢ and PGF, ). The formation of ra-

J
cemic mixtures and the subsequent need for resolution is the
main reason that most of the syntheses designed since these
first attempts have started either with cyclic starting ma-
terials or various chiral acyclic precursors found in nature
(l.e. sugars). It is worth noting, however, that the first

synthesis of an optically pure prostaglandin (again PGE1 and

again by Corey [26]) involved resolution by recrystalliza-
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SCHEME 3

The First Synthesis of Racemic Prostaglandins (Corey 1968)
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tion of the diastereomeric salt formed from 15 (Scheme U4)

and (-)~«x~bromocamphor-w-sulfonic acid [ 27 ].

Although this synthesis was significant at the time
(1969 ) because it was the first, it also served to push re-
search in other directions since it could obviously not pro-
vide the vast amounts of material needed for study. At about
this time, Weinheimer and Spraggins discovered that the soft
coral Plexaura homomalla (f£sper} contained large amounts of
prostaglandins [21,28) of the A type, as mentioned earlier.
This stimulated extensive research on the conversion of this
type to the more active E and £ types. Unfortunately, the
ylelds for these interconversions are not incredible (ca.
50%) and while work with this coral still continues, it now
appears that its range 1is s0 small that it would be an ex-
pensive source even if fully developed. In any event, the

number of prostanoids available in this way will be limited.

Fortunately, syntheses from cyclic precursors have yield-

ed more encouraging results than elther method above. The

_20-



SCHEME 4

The First Synthesis of Optically Active Prostaglandins
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OTHP OH
(-)-PGE,

nost dramatic of these 1is Corey's bicyclcheptane approach
which has been widely acclaimed for its versatility and po-
tential industrial applicability (29,30,31). This synthesis
is perhaps the ultimate solution to the problem of generat-
ing the four contiguous asymmetric centers of the cyclopen-
tane ring in the F prostaglandins. The cyclopentane nucleus
is embedded, along with its key chiral centers and the nec-
essary latent functionality, in a bicyclo{ 2.2.1 ]Jheptane sys-
tem, Cleavage of one bond then generates, in the correct
stereochemistry, the functiocnality necessary for further
elaboration. Although other syntheses have been based around
this general approach, the Corey route shown in Schemes S
and 6 is nothing short of miraculous. By formation of car-
boxylic acid 16, he has provided an early means of resolu-
tion via the (+)-amphetamine or (+)-ephedrine salt of this
compound and at the same time provided a way to introduce
the fourth ring chiral center through iodolactonization.
Further elaboration results in the formation of the now-fa-

mous Corey lactone-aldehyde (l17), an intermediate which al~
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SCHEME 5

Corey's Lactone-Aldehyde Synthesis
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SCHEME 6

Elaboration of the Lactone-Aldehyde to Prostaglandins
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lows the selective introduction of both side chains by modi-
fied Wittio reactions. Using this method, Corey synthesized

PGE, in 23X overall yield and PGF,, 1in 27% overall yield

2
{from cyclopentadiene).

This synthesis is so practical that it has been extended
by workers from other unjiversities as well as from industry.
Several of these extensions have been modifications of the
original bicycloheptane itself but most have involved alter-
nate approaches to the lactone-aldehyde since it may be con-
verted into a wide variety of side chain altered prosta-
noids. Corey has even gone so far as to determine that if
the p-biphenyl urethane group is used to protect the hydrox-
yl at carbon eleven, compound 18 can be reduced selectively
by thexyl limonyl borohydride to yield 92% S alcohol at lig-
uid nitrogen temperature. He has alsc formed the bicyclohep-
tane precursor using a Lewis acid-catalyzed asymmetric
Diels-Alder reaction with (S)-(-)-pulegone acrylate as the
dienophile so as to avoid the need for a resolution. Howev-
er, this is considerably more costly than the original route
since the pulegone is first synthesized from (-)-citronel-

lol.

The thought of starting with a natural resclved compound
as a means of avoiding the resolution step is attractive and
prostaglandins have been produced starting frem L-rhamnose

{32), D-glyceraldehyde [33], D-glucose [34]), (+)-D-tartaric
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acid [35) and S-malic acid [ 36]). Prostaglandin intermediates

have even been synthesized from a metabolite (terrein) of

0O O
HO I Il
Y 5 steps g 8 steps | PGF
< a3% 7 % 7 2
HO" AcO'
Terrein

the fungus Aspergillus fischerii (37,381 although in an
overall yield of less than three percent. In fact, 1low
yields have plagued all of this type of work with the possi-
ble exception of Johnson's synthesis of the Corey lactone-
aldehyde from S-malic acid which proceecds in 30% overall
yield. We believe that we have discoversd a class of opti-
cally active natural products which clc ely resembles the
Corey lactone-aldehyde and may give high ylelds of many dif-
ferent prostaglandin intermediates without need for optical
resolution or expenslve reagents and without the need to de-

velop a new strategy for each change in ring substitution.
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Chapter II

INTRODUCTION TO THE IRIDOIDS

The iridoids are a group of naturally occurring cyclopenta-

noid terpene derivatives having the cyclopentano{clpyran

Jou
OR

ring system {(19) as the common structural feature.

2.1 HISIQRY, QCCURRENCE, STRUCTURE AND ISQLAIION

There are now over forty 1iridoids of known structure. Most
are B-D-glucosides (19; R = p -D-glucose) but some have no
glucosz (19; R = H or R) and recently several diglycosides

(19

R = B8 -D-glucose, another sugar attached as a cyclopen-

tane ring substituent) have been reported [39,40]. The name

CH, CH,
oo o
( 1," f.f,,"'
H,C “CHO H,e”
2 29 OH

“iridoid” is used to show the relationship of these com-
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pounds to iridodial (20) which exlsts as the hemiacetal (21)
and 1s considered the parent compound of the group [81].
Some of the structural variations presented by the iridoids
are shown in Figure 1 on the feollowing page. Those iridoids
which possess the 8-glucosyloxy group on C-1 are referred to
as iridoid glucosides and these are the main subject of this

wOIke

The iridoid glucosides have been known since the early
nineteenth century although not usually by their current
names. They first attracted the attention of chemists and
botanists because of the intense blue color formed when
plants containing them are exposed to acidic conditions or
allowed to dry after collection. This instability is charac-
teristic of the aglucones which are formed under acidic con-
ditions and by enzymatic degradation. Neither the mechanism
of the formation of the blue polymeric material nor its
structure is known even though this 1s the characteristic
used to distinguish the iridoids from other plant products
and has been widely employed in the search for new members

of the group.

Well over a century passed between the isclation of the
first crystalline iridoid (verbanalin isolated in 1835 [(42])
and the first structure elucidation (plumieride in 1958
(43)). This was largely due to the complexity of these

struoctures, their instabllity and the lack of instrumental
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Structures of Some Representative Iridoids
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techniques in this time period. The structure proofs rely
heavily on chemical degradation but also involve the inter-
conversion of several iridoids of similar structure. More
recently, the usual modern instrumental methods have veri-
fied proposed structures and allowed rapid determination of
new ones. A detailed discussion of the structure proofs for
many iridoids has been given elsewhere {884 ], After the cor-
rect ring system was recognized, the correct structures of
many of the then-known iridoids were determined in a rela-
tively short period of time and studies of the botanical oc-
currence, bilosynthesis and biosynthetic roles of these com-

pounds were begun.

The iridoids have been found to be amazingly widespread
in the plant kingdom. They have been isclated from all
types of plant tissue (leaves, seeds, fruit, bark, twiags and
even roots) from hunidreds of species of dicotyledonous trees
and shrubs. Isolation is done by extraction with hot solvent
followed by various purification methods as discussed later
for asperuloside, the specific iridoid of interest in this
work. Yields are generally in the range of 0.1 to 1.0% based
upon the weight of fresh (undried) plant parts and have been
foynd to vary with the time of harvest. Although the plants
have generally been freshly harvested, several isclations
from preserved leaves have been reported. Column chromatog-
raphy is sometimes (but not always) regquired either as a

preliminary or final purification step.



Isclation and degradation of iridoids from various plants
fed a number of radiocactive precursors has led to a general
outline of the biosynthesis of these compounds although the

exact routes to most are not well understood. As shown ap-

OH _ on
OH LX< _ cooH
H

—_—>

HOOC  CH,OH HoocwH
22 u .

COOMe
H o\ \\\“‘
(YY) <
”’f 'y — o H
H,C "‘/
24 Oglu 23

plied to loganin (24), the iridoids are formed from two mol-
ecules of mevalonic acid (22) by way of geraniol (23). Addi-~
tional carbons are supplied by L-methicnine and sodium

acetate [U9,501.

Similarly, the use of radiocactive (carbon-14) 1labelled
loganin has shown that this iridoid is the origin of parts
of the carbon skeleton of several of the alkaloids [47,48].
When plants were fed labelled loganin, radicactive catharan-
thine, serpentine, ajmalicine, cordifoline and quinine were

isplated. Other alkaloids are also believed derived from lo-
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ganin by still-to-be determined pathways. Thus, the
iridoids obviously play an important role in plant defense
since in addition to serving as alkaloid precursors, many of
these compounds have a very bitter taste as well (although
admittedly some iridoid-containing plants are used as food

for zoo animals).

Although iridoids are present in a number of folk medi-
cines (44 ] and several were investigated as antibiotics in
the nineteen fifties (49,50], they do not at present have

any practical medicinal value.

2.2 ASRERVLOSIOE

Asperuloside (25) has been known since 1848 under such names

,}0

win)

o

P \

‘2, 0
{/
’l;, /

i
AcO OQIU

23
as chlorogenin, rubichloric acid and alstonin [44]. It was
given its current name by Herissey in 1925 after he had iso-
lated it from Asperula odorata and shown that his material
was the same as all the previous materilals [51]. Although
Herlssey recognized the glycosidic nature of the compound, a
dozen years passed before 1t was shown to be a glucoside

[52] and it was not until fifteen years after this that the
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SCHEME 7

Decradation of Asperuloside
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correct formula was deduced by Briggs and Nicholls [53].
These workers also carried out the chemical degradations
{Scheme 7) that eventually led to the correct structure of
asperuloside although they were at first wmisled by the ul-
traviolet absorption of the compound and 1its tetraacetate.

The correct structure (25) was first proposed by Grimshaw
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[S4] in 1961 after the structure of aucubin had been eluci-
dated (these two compounds had been considered closely re-
lated for many years). Briggs then reexamined the compound
[41]) and published the conclusive structural evidence [55].
This included the degradation to the known diacid 26 proving
the cis ring fusion but not definitively establishing the
absolute configuratjon at C-5 and C-9. It alsoc included the
preparation of the standard derivatives of enol ethers,

namely, the bromomethoxide 27, bromoacetoxylate 28 and me-

i i
OgluAc, OAc OgluAc,
28 29

thoxymercurlacetate 29. Noticeably absent from this paper is

any mention of the corresponding bromohydrin since it had
been used so effectively in the structure work on aucubin.
Final proof of the absolute configuration of asperuloside is
based upon the absolute configuration of 1loganin pentaace-
tate which was established [S56)] by X-ray crystallographic
analysis of its bromomethoxide. Since asperuloside has been
converted to looganin pentaacetate (57 ] having an coptical ro-
tation identical to that obtained from naturally occurring
loganin, 1its absolute configuration at the ring junction

must be the same and is as drawn (see Scheme 8).

- 34 -



SCHEME 8

Conversion of Asperuloside to Loganin Pentaacetate
Bromomethoxide
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Asperuloside is widespread 1n nature. It has been found
in over a hundred species of 1land plants (mostly shrubs and
bushes) 1in concentrations ranging from 0.1 to 12% by weight
of fresh plant material [U4]. The actual isoclated yield has
been found to vary with the time of harvest as well as the
age of the plant parts {young new leaves and stems have a
higher content) [ S8 ]. Although fresh (undried) plant samples
seem to give the highest yields, samples of Copresma solan-
dri collected by Captain Cook 1in 1769 still gave positive
results almost two centuries later (44 ). The application of
modern freeze-drying methods would seem to hold great prom-
ise for improved vyields but no attempts at such iscolations
have been reported to date. The methods of isolatlion that
have been used include extraction with boiling water, ace-
tone, alcohol and ethyl acetate either directly or with a
Soxhlet apparatus [59,60]. The solutlons are frequently
treated with calcium carbonate to neutralize acids present
in the plants and with a hydrocarbon such as toluene to pre-
vent formation of mold and fungus during the work-up since
the major part of the extracts consists of various sugars.
Purification of the crude extracts varies widely depending
on the plant source but dgenerally involves concentration in
vacuo (this results in a water solution since the water from
the undried plants remains) followed by one of three purifi-
cation methods. The iridoid may be extracted into an oreanic

splvent, washed with water or diiute base to remove the sug-
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ars and tannins and then be isolated by crystallization from
wet acetone or ethanol. It may also be isolated by adsorp-
tion onto charcoal, washing with water and eluting with 71X
ethanol fcllowed by concentration and recrystallization.
Still another method {(and the method we have chosen}) 1is to
use either partition chromatography and/or regular column
chromatography to separate the asperuloside from other iri-
doids and plant sugars fellowed by recrystallization to re-
move the last traces of chlorophyll and other plant pig-

ments.

Due to the sensitivity of asperuloside to both acids and
bases, it is not surprising that very little chemistry (oth-
er than that needed for the structure proof) of this com-
pound has been investigated. The only additional work with
asperuloside has involved its conversion to 1loganin as a
means of interrelating the structures of the two iridoids as
pfeviously discussed. The goal of cour work in this area has
been to elaborate the chemistry of asperuloside (and thereby
that of the other, less sensitive, iridoids) so that a syn-
thetically useful transformation to prostanoids would be

achieved.
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Chapter III
PROPOSAL AND SYNTHETIC STRATEGY

The iridoid glucosides are optically active and have the
same absolute configquration as the prostaglandins. In par-

ticular, asperuloside (25) has the skeleton of the Corey

o 0 o)
Y /4 4
0 0 7 o—
e PO CHO o CHO
OA A
c Oglu OAc
23 17 30

lactone-aldehyde (17) embedded in its aglucone although oth-
er iridoids (see Figure 1) do not show as obvious a resem-
blance. We believe that the conversion of asperuloside to
the 1l-hydroxymethyl analog (30) of the Corey intermediate
could well be the best source of supply of the 1ll1-hydroxy-
methyl analogs of PGE2 and PGF,... These analogs are consid-
erably more stable than the natural materials and have thus
been the subject of intense study. In addition to providing
an important source of these compounds without the need for
resolution, a synthetic scheme for this conversion should be
designed so that it is readily applicable to the majority of

the other iridoid systems, thus providing a source of ring
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altered prostanoids. HWe believe that we have developed such
a synthesis and in this chapter a broad overview of our

strategy is discussed.

Any manipulation of the iridoid glucosides must take into
consideration the general instability of the group toward
even weak acids. In addition, asperuloside is also sensitive
to base. Previous workers have overcome these problems by
using two distinct methods, one oxidative and one reductive,
to remove the double bond of the aglucone which apparently

causes the instability.

Ihe reductive route involves catalytic hydrogenation of
all doubl< bonds present. Unfortunately, since most of the
work was Jdone at least twenty years ago, the catalysts used
also ofte caused hydrogenolysis of any allylic acetate or
lactone groups in the compounds studied. Thus, none of this
previous chemistry would be of much value in the types of
syntheses contemplated. Nevertheless, we could foresee a
study to search for suitable hydrogenation conditions since
it would be necessary to reduce the cyclopentene regardless

of the route chosen.

In contrast, the oxidative route was used guite success-
fully by Schmid {61 ] as part of the structure proof of aucu-
bin hexaacetate (31) although he gave no information about
the yields. This proved that the bromohydrin (32), bromolac-

tone and lactone (33) of at least one iridoid were stable
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compounds and showed an important method for stabilizing the

enol ether system commonh to all iridoeids.

Stabilization is not the only problem involved in the
conversion of asperuloside to the desired intermediates. One
will observe that asperuloside has an extra carbon (C-3)
which must be removed and that the orientation at C-9 must
be changed to reflect the trans orientation of the prosta-
noid side chains. Also, the hydrogenation of the 7,8-double
bond must occur from the beta face (and without hydrogenoly-
sis as mentioned above) to give the correct stereochemistry
at C-8 (throughout this thesis, the iridold numbering system
is used 1in referring to any compound which still has the
glucose attached and the prostanoid system is used once the
glucose is removed). OQur initial plan to solve these prob-

lems centered upon the oxidation route for several reasons.
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SCHEME 9

Planned Conversion of Asperuloside to Prostaglandins
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First, it was more intensively studied in the literature
althouah not for asperuloside. Second, as shown in Scheme 9,
the oxidation of C-3 to a carboxyllic acid, which is a deriv-
ative of malonic acid, enables 1its removal by decarboxyla-

tion. Third, we had doubts about the ease with which we

could convert the tetrahydro derivative (37) to the desired
aldehyde and at the same time remove C-3 as the carboxylic
acid. Finally, we desired a method applicable even to iril-

doids which do not have the carbonyl at C-11 and, at least

QAc
i o— 40
\\“\‘“ / W E
gy Q“ g g
‘ i ¥ o ~CHO
OAc OgluAc, OTHP
38 OTHP

in theory, oxidation of C-3, hydrolysis and then subsequent
lactonization is an excellent way to form Corey-l;ke inter-
medlates from these iridoids as shown for dihydro aucubin
lactone (38). This has actually been accomplished 1in our

laboratory (see Chapter V and Scheme 156).
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We based our optimism for the successful hydrogenation of
asperuloside tetraacetate dilactone 35 to dihydro asperulo-
side tetraacetate dilactone 36 (Scheme 9) on the previous

success in our laboratory in the hydrogenation of aucubin

?Ac
\\“\\‘ o o 0 “‘\ 0
) Rh c 3 \
4, Et OA W I, l"’l'
“T/’ 95% |N n ”
OAc OgluAc, OAc OgluAc4 OgluAc
33 38 39

lactone (33) to a mixture of two epimeric dihydrolactones
{38 and 39) in high yield without hydrogenolysis of the al-
lylic acetates [62], We were not concerned about the predo-
minance of hydrogenation from the alpha face since asperulo-
sjide is so much more hindered on this side than aucubin that
we expected to get at least a majority of the product with
the correct sterecochemistry. Evidence that the lactone would

survive also comes from the reported high vyield hydrogena-

tion of 40 (63 ] using rhodium on carbon. Similarly, we were
not concerned about the epimerization of C-9 since there is

ample evidence that this would assume the more stable
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trans-trans arrangement once it became epimerizable. Exam-

?IIOH haou
«+(CH,) coOMe «(CH,) COOMe
13 M eo H 8
\\\‘\\‘ ”,'ff, K 2c 03 \\“\\\ ‘c OoOM
HO COOMe HO e
M

ples of this are the epimerization of compound 841 in basic

solution [64] and the epimerization of 42 in acetic acid
[65]s Nor were we concerned with the final steps from the
lactone-aldehyde to the prostanoids since we expected our
analog to mimic the behavior of Corey's (see Scheme 6). Thus
we felt that 1t was the formation of asperuloside tetraace-
tate lactone (35) which was the key to the success of the

synthesis.

Since this conversion 1is the most important of the
synthesis, it is enlightening to present a brief survey of
the methods available for achieving this result. Throughout

this section it must be kept in mind that not all the meth-
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ods discussed are directly applicable to asperuloside since
the conditions may be prohibitive (too acidic or basic), the
reagents too expensive and the reglioselectivity may be gues-
tionable. Specific methods that have been chosen for testing

can be seen in the section covering the results of our work.
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Chapter IV
CONVERSION OF THE ENOL ETHER SYSTEM TO A LACTONE

As previously mentioned, the first procedure applied to the
conversion of the enol ether system of the iridoids to a
lactone was the Schmld preparation of auvcublin hexaacetate

lactone via the bromohydrin. Unfortunately, work in our lab-

OAc A r
! s ? : A OH
N __BuMojTHE Y
Vd
f;,,,,” /0 36% ﬂ,"',‘ /o
i
OAc OgluAc, OAc OgluAc .
3t CrO,|HOAC; 65%
OA OAc Br
. o R
‘Wé y Zn/HOAc ﬁ*
N
5 90 3
l/o % " 0
OAc °g|I.IAC‘ OAc OgluAc4
33

oratory has shown this to be a low yield (about 20% overall)
sequence. Work in our laboratory improved the yield substan-
tially through use of the Dalton (66) bromohydrin procedure
(NBS/wet DMSO, 61%) and the Jones oxidation (Cr03/H2504/H20,
90%) and subseguently, through the use of dry DMSO, a two

step conversion o©f aucubin hexaacetate to its lactone was
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developed which proceeded in better than 80X yleld ([62].
This was the most promising method for effecting this con-
version when we began our work on asperuloside but there are
others worthy of mention which had not yet been applied to

the iridoids.

The number of one step conversions of alkenes (and thus
enol ethers) to ketones (thus lactones) 1s severely limited
since most methods reguire the 1isolation of an intermediate
compound. In fact, there has been only one example reported

in the literature of a direct conversion of an encl ether to

O Pcc/cmzm2
o

a lactone. This was the oxidation of 43 to § -valerolactone

with pyridinium chlorochromate [67]. While this procedure
does not work for olefins of normal nucleophilicity {(i.e.
simple double bonds), there are several examples of oxida-
tions of olefins which should be easlily applicable to enol

ethers. These include the mercury (II) catalyzed oxidation

- 47 -



Jones' Reagent
86%

with Jones®' reagent (Eg. 1) as developed by Whitesides [68],

M tulocockon,), ></ (Ea. )
0

OAc
(o]

| Oz/PdC COOMe (Eq.2)

MeO H/CL(NOa AcO
C

OAc Ac

AcO

a variation of the Wacker oxidation developed by Gaudemer

and Deslongchamps (Egq. 2; {69,70]) and the analogous reac-

i
0,/DMF
Pacl, JCucl 7 Q/\‘u’/ (Ea.9

68%

P

tion with cuprous chloride in DMf (Eq. 3; [71]). Also in-

cluded in this category is the procedure developed by Brown

R R
20

1)BF.-Et, O/ LiBH
) 3 2/' N (Eq.4)

2JH,CrO, & 80%

and Gara {72] for in-situ oxidation of the borane (Eq. 4) as
well as the epoxidation procedure of Hart and Lerner (Eq. 5%

[73]). In addition, two methods of effecting an oxymercura-
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(6Fic0),0/H,0, -0
BF,-Et,0/CH,CI,”

(Eq.5)

tion-demercuration so as to achieve a carbonyl rather than

the usual hydroxyl are known although the yields are not

JHoso mo o 0

Eq.6
2OR a ” RCCH,R + Rcﬁ—\CHR (€a.¢)

RCH=CHR

1)AgOAc/H,0/ THF 0
oAk 5 (Ea.7)

good. These are shown in Egquations 6 {74) and 7 [75]. Ole-
fins have also been oxygenated directly to the ketones using
oxygen and rhodium tris(triphenyliphosphine) chloride but in
low yield (20%) [76]. One additional method, but one which
would most likely suffer from low yield, would be to hydro-
genate the enol ether and then oxidize the ether with ruthe-
nium tetroxide either directly [77] or catalytically using

sodium metaperiodate [78].

In addition to the method (above) develcoped in our labo-
ratory, there are several two step sequences which might be
used t0 achieve this conversion. The most obvious is hydro-

boration-oxidation to yield the alcchol followed by oxlida-
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tion to the ketone but this would obviously not give the

desired product in our scheme. However, the solvomercura-

1Hg(OAC), /THF/H,0
2)NaBH, /NaOH  96%

OH (Eq.8)

tion-demercuration reaction (Eg. 8) developed by Brown and
Geoghegan [79] might prove useful as the source of alcohol
which would then be oxidized in a second step with Jones re-
agent. Mercuric nitrate has also been used in this reaction
[80]. Other methods Include the reaction of the alkene with
cyanogen azide to give the cyanoiminoketone followed by acid
hydrolysis to the ketone [B1], reaction with nitrosyl chlo-
rides/acetic anhydride to aive the «-chloroketoxime followed

by reduction with chromous acetate to give the ketone [82)

1)AQN0§/ I s
A HCZJRC : (Ea. 9)
) 9,0 oN cf?

and nitration with iodine-silver nitrate-silver oxide (Egqg.
9) to give the nitroalkene which could then be reduced to
the ketone [83]. Still another two step method is the con-

version of the alkene to the methoxymercurliacetate followed

Hg(OAC LiPdCl. _~_~

by oxidative demercuration [BU4] as shown in Eguation 10. It
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is worth noting that the methoxymercuriacetate of asperulo-
side tetraacetate is a known compound although it has only

been prepared in moderate yield.

One final example of a two step conversion, which proved
to be extremely important to this project, appeared recent-

ly. It is the formation of «-iodoketones from alkenes in one

»l

l,/PDC/CHCI, o
50% o

step as shown [85). Zinc and acetic acid reduction may then
be used to complete the sequence. This is actually just a
less expensive version of the same reaction which had previ-
ously deen achieved in comparable yield with icdine and sil-
ver chromate { 86] and in lower yield [87] with chromyl chlo-

ride (to give the x-chloroketone).

The reaction sequences of longer than two steps which
could pe devised to convert an alkene to a ketone are too
numerous to cover completely and in any event this would not
be very enlightening. Several of the three step methods do
deserve mention. The "usual" sequence as given for the iri-
doids above may be varied substantlally. The bromohydrin of
the first step may be a hydroxy-mercuriacetate, the oxida-
tion may be done with any of dozens of reagents {see results
and discussion section) and the reduction can use chromiunm

acetate [88], sodium cyanoborohydride [B9) or tributyltin
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hydride [ 90} instead of zinc and acetic acid. Another wide-~
ly-used three step procedure involves the epoxidation of the
olefin using a peracid followed by epoxide opening and oxi-
dation of the resultant alcohol. In the case of asperulo-
side, this would certainly fail, 1if not due to the other
(cyclopentene) double bond then certainly due to the likeli-
hood of forming the wrong (tertiary) =alcohol. One other
three step procedure is conceivable. This is the conversion
of the alkene to a dihalide followed by oxidation of the
less hindered secondary halide (at C-2) via 2 nucleophilic
displacement with trimethylamine-N-oxide (91}, chromate ion
[92] or even possibly DMSO [93]1 to give the haloester which

could then be reduced as above.

Thus, there are a considerable number of methods whlich
might accomplish the cenversion of the enol ether system of
the iridoids to a lactone (ester) and the prospects for
finding a method applicable to the majority of 1iridoids

seemed good,
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Chapter V

PREVIOUS WORK ON OBTAINING PROSTANOIDS FROM IRIDOIDS

Other work on this type of conversion has been conducted si-

multaneously with our own by Ohno and co-workers of Toray

Industries in Japan. They have converted aucubin to varlous

prostanoids by twoe methods, both guite different from the

route proposed above and based upon the stabilization of the

iridoid by reduction of the double bonds.

SCHEME 10

Ohnot's First Synthesis of Intermediates for PG's from
Aucubin
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Chno's Synthesis of

SCHEME 11
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The first route [98] involves the synthesis of a key in-
termediate 4§ by titanium tetrachloride promoted aldel con-
densation (Mukalyama reaction) of acetal 45 with the appro-
priate enol acetate {2-acetoxy-l-heptene) as shown in Scheme
10. As in all of Ohno's syntheses, aucubin was stabilized by
reduction with Raney nickel and subsequently hydrolyzed in
agqueous phosphoric acid to produce tetrahydroanhydroaucu-
bigenin (4u) in unstated yield. The conflguration at C-6 was
then inverted, the alcohol protected and the aldol condensa-
tion carried out to give #6. These workers have converted
this intermediate to 1ll-deoxy-lle-hydroxymethyl analog of
PGF as shown in Scheme 11 and have also synthesized pros-

2
tanoids 47 and 48 from this material (Scheme 12; [95,96]).

The second route (Scheme 13) devised by these workers
{97] involves conversion of the same cyclic acetal 44 to a
monothicacetal 49 which was then converted to the protected
{benzoate) 1ll-hydroxymethyl analog (50) of the Corey alde-
hyde. This was then converted to the natural prostaglandins
(PGE2 and PGFz«’ as well as analogs as shown 1in Scheme 14
(p- 59). This route has also been adapted so that the ¥Ytop
side chain® (C-8) can be added first {98). This produced the

prostanoid 52 as shown in Scheme 15 (p. 60).

In addition to this Japanese group, one other team of re-
searchers has been working on the synthesis of prostanoids

from iridoids. Welinges and co-workers jin Germany [99] have
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SCHEME 12

Prostanocids From Ohno's First Route
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SCHEME 13

Chno's Synthesis of a Corey Rldehyde Analog
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converted catalpol (53) to the keto enol ether 54, an inter-

H
? \ 1) Ac,0/pyr. ?H
BT 2
>
l ‘ A0 JLAH/TH A 86% S X
OH Oglu 4NalO,/H,0 78%
53 34

mediate from which they hope to synthesize prostanoids and
other natural products. However, they have not reported any

further results.

Previous work in our laboratory [(62,100) has been direct-
ed at the conversion of aucubin to prostanoids (Scheme 16,
p. 61) but has followed the oxidative route rather than a
route similar to either of the above. Unfortunately, the
highest yield 1leads to the 1l-epi intermediates since the
hydrooenation occurs (predominantly) from the wrong side,
Never theless, the final product (55 in Scheme 16) is a valid
prostanoid precursor similar to those derived by Chno's sec-

ond route.
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SCHEME 14

Prostancids From Ohno's Corey Aldehyde Analog
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SCHEME 15

Prostancids From Chno's Monothioacetal Intermediate
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SCHEME 16

The Prostanoid Intermediate of Berkowitz et. al.
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Chapter VI
RESULTS AND DISCUSSION

The conversion of asperuloside to prostaclandin intermedi-
ates that has actually been developed is even shorter and
more convenient than originally visualized. The detailed
discussion of our results appears in this chapter and a sum-
mary of the actual synthesis developed 1is given in the fol-

lowing chapter.

6.1 ISOLAIION OF ASPERULOSIDE

In any 1large scale synthetic work, the aim is to find a
“readily available" starting material and a suitable suppli-
er. In this case, asperuloside (the starting material) 1is
widely available (see Chapter II) but the location of a
sultable bulk supplier (i.e. plant species) was a consider-
able challenge. The perfect source would be common, inexpen-
sive, high in irtdoid content, 1low in sugars, available
year-round and fast growlng. The isclation procedure select-
ed must be amenable to large scale work thus eliminating
from consideration those methods (see Introduction) which

employ volatile and/or toxic solvents or clarifying agents.

With these considerations in mind, the procedure devel-

oped by Duff and co-workers [101 ] was used for the initial
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survey and isolation of asperuloside. He first selected
plant species readily available in our climate. Thus, we
first surveyed lLiguidambar styracifluva which grows in abun-
dance in the parks of New York City and is known as the
sweet gum tree. The fresh plants were separated into batches
of leaves, stems and frult (called “sweet gum balls"). The
stems and fruits were broken open as well as possible and
each batch was then covered with water. These were then
boiled for varying lengths of time (between 15 min. and se-
veral hours) and filtered crudely to remove the bulk of the
piant mass. Comparison of the TLC behavior of these extracts
(using various developing solvents) with a known sample
(kindly provided by Dr. J. M. Bobbitt, University of Con-
necticut at Storrs) did not show any material exhibiting the
characteristic brioght blue color of asperuloside on heating
with sulfuric acid. Further purification of the extracts by
various chromatographic methods also failed to rroduce any
asperuloside-l1ike material. Similar results were ¢obtained

with samples of the leaves and stems of Escallonia rubra.

The crude extracts from Escallonia fradesi (known as the
"oink princess") leaves and twigs did show some asperuloside
and these were concentrated to a thick brown sludge which
was then stirred with about twice its weight of Celite. This
brown paste was further dried in vacuo for three days to
yield a brown powder which was then extracted with acetone.

Since most of the plant tannins and sugars are water scluble
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but not acetone soluble, they remained on the Celite and
concentration of the acetone extract gave a light brown oil
which showed a strong blue spot for asperuleoside on TLC.
This oil could not be induced to crystallize and so the
crude material was acetylated (acetic anhydride/pyridine)
and chromatographed on silica gel (1:1 ethyl acetate:hexane
eluent). This procedure resulted in the 1isolation of a
small amount (less than 0.005% by weight of fresh plant) of
asperuloside tetraacetate which was Jidentical to an authen-
tic sample from the laboratories of L. H. Briggs (generous-

ly provided by The University of Auckland, New Zealand).

More promising results were shown by the aguecous extracts
of the leaves, stems and fruits of Coprosma repens (also
known as Coprosma baueri). This is a rather large evergreen
shrub which is used as a hedge in many of the southern
states and is grown in California as food for the primates
at the world-famous San Francisco Zooc. Although the intense
blue color formed on treatment of asperuloside with sulfuric
acid makes quantitative evaluation of thin layer chromatog-
raphy data impossible, our qualitative observations suggest
that the fruits (red berries about one centimeter in diame-
ter) have the highest content. Of course, the fruit is not
available on a year-round basis and so cannot provide the
desired source of material. Several isolation methods in-
volving the twigs and leaves both separately and together

have been developed and applied to large scale (as much as
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840 kg. of plant at one time) extraction. Coprosma repens
has been the only source uvsed for the present work and from
here on, any reference to plants or plant parts should be
understood to refer exclusively to this species unless ex-

plicitly stated.

As discussed earlier, Iisolation technigues used for any
iridoid vary with the plant source. The first method we de-
veloped for this situvation was very similar to the method
used by Lemieux to purify other plant extracts [102]. The
filtered aqueous extracts (typically about a hundred liters
of solution per 10 kg. of plant) were concentrated onto Cel-
ite and purified by liquid-ligquid partition chromatogqraphy
using water saturated with 1-butanol as the stationary phase
and l-butanol saturated with water as the moving phase. The
brown o0il thus obtained was hygroscopic and proved to be a

mixture of asperuloside {25) and the known product of hydro-

OAc Oglu
56

lysis of the ¥-lactone (56, asperulosidic acid). This mix-
ture was acetylated without further purification to yield a
tan powder which could then be cleaned up using silica gel

chromatography. Using an eluting solvent of 1:1 ethyl ace-
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tate:hexane, the plant tannins remained nearly motionless at
the origin and concentration of the fractions followed by
recrystallization gave pure asperuloside tetraacetate (34)

in 0.2% yleld based on the weight of fresh plant parts.

Rlthough this procedure is a general one which we have
also used in the isolation of aucubin from Aucuba japonica
[100], it is long and requires two column chromatographies
one of which {is very large-scale. The main reason that so
much chromatographic purification is required is that water
extracts so many materials from the plant. Briggs has re-
ported successful isolations using ethyl acetate and acetone
(53] without the need for chromatography. The key to these
methods is that asperuloside is only partly soluble in these
solvents while other plant compounds are either totally in-
soluble or extremely soluble. Thus, on concentration and
cooling of the extract, the iridoid precipitates and most

other impurities remain in the plant parts or in solution.

We have taken advantace of this to eliminate the first

{partition) chromatography while still using water for the
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initial (large scale) extraction. The filtered brown agueous
extract was concentrated onto Celite and dried in vacuo to a
free-flowing brown powder which was then extracted with ace-
tone. Concentration of the acetone afforded a thick brown
oil which was acetylated and then purified as before on a
silica gel column to give pure asperuloside tetraacetate in

yields comparable to those of the "two column" method.

Direct extraction of the plant parts with refluxing ace-
tone held the promise of eliminating all need for chromatog-
raphy and this was easily accomplished on a pilot-plant
scale thanks to Dr. WNilliam Schrieber (IFF in Union Beach,
N.J.) and Dr. Vaskin Paraganian (McNeil Labs. in Washington,
Pa.). The acetone extracts thus obtained were dark green and
unfortunately still contained significant amounts of water
since the plants could not be dried before use. Concentra-
tion of this extract (which turns brown in the process) and
cooling resulted in the precipitation of a brown sludge rich
in asperuloside. This was filtered, rinsed with hexane to
remove remaining chlorophylls and then acetylated. Purifi-
cation by silica gel chreomatography was still necessary and
again resulted in pure asperuloside tetraacetate in compara-

ble yield.

The use of fresh undried plant parts would thus seem tO
constrain us to procedures using at least one chromatograph-~

ic separation. Since alr drying of Coprosma repens leaves
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results in formation of healthy colonies of mold and oven
drying destroys the iridoid (the leaves turn black), vacuum
drying is indicated. It proved impossible to dry huge batch-
es of plant material in this way although this would not
present any problem on an industrial scale (as 1s shown by
the many types of freeze-dried coffee on the market). Even
so, a one kilogram batch of leaves was dried at room temper-
ature under high vacuvum for two days (58% reducticon in
wejight) and then extracted with acetone. Concentration of
the acetone, cooling, flltration and washing with hexane af-
forded a good yield (0.3% of undrlied plant weight) of asper-

uloside as a light green powder.

It should be noted that the acetone extracts of undried
leaves are very "dirty" due to the huge qguantity of water
present and on several occasions, a second column chromatog-
raphy was required to purify this material. Extraction of
just the twigs 1is much cleaner and gives ylelds comparable
with those from leaves alone or mixed parts while requiring
only one chromatography. Twig extractions also give material
which is easier to handle and less bulky than extractions of
leaves. They alsc require less time, smaller apparatus and
use less solvent. Thus, at least on a non-industrial basis,
it is actually more expedient to discard the leaves and work
only with the twigs and stems. Indeed, it is probably for
this reason that other workers [53] have used only the bark

of the plant as theilr source.

_58_



6.2  SYNTHESIS QF ASPERULOSIDE TETRAACETATE LACTONE

Our first synthetic goal was the conversion of asperuloside
tetraacetate (34) to asperuloside tetraacetate lactone (35)
in high yield. The methods available for this conversion

have been reviewed in Chapter 1IV.

Previous experience with the NBS/dry or wet DMS0O reaction
led us to choose this method for our preliminary studies.
Application of the NBS/dry DMSO reaction to asperuloside
tetraacetate afforded a mixture of two compounds (Rf values
0.53 and 0.32 developed with U:1 ether:ethyl acetate) which
co-precipitated as a white amorphous soclid when the reaction
mixture was poured into water. Attempts to recrystallize
this material resulted in decomposition to a thick brown tar
which then showed only one mobile compound on TLC (precocated
silica gel plates with #:1 ether:ethyl acetate developing
solvent, visualized by spraying with 10% sulfuric acid in.
methanol) and a large amount of decomposition product at the
origin. Similarly, any attempt to separate the two compounds
by column chromatography resulted in the decomposition of

the slower-movinog material and although the faster-moving
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compound survived intact, 1t was so hopelessly contaminated
by the decomposition products that purification seemed im-

possible.

The fact that we were obtaining a mixture of two products

did not really disturb us since it is reasonable to expect

that in addition to the expected asperuloside tetraacetate
bromolactone (57), some of the corresponding bromohydrin
{(S8) could form if the system was not rigorously dry. Howev-
er, even when extra precautions were taken to exclude mois-
ture, the unstable (slower) compound was the major product
(although guantitative results were not possible). Even more
puzzling was the fact that when the Dalton bromohydrin pro-
cedure ([61], wet DMSO) was used, there seemed to be only a
small change in the ratio of the products. The wet reaction
afforded a slight increase in the amount of the unstable
product but a significant amount of the fast compound was

still formed.

If indeed the two products from this reaction are 37 and

58, it would be possible to rationalize this result on the



SCHEME 17

Possible Mechanism to Explain the Formation of 57 and 58

N~ OAc

A
OAc OgluAc,

57

basis of the accepted mechanisms of the Dalton reaction
[103] and of the DMSO-mediated oxidations [104] as shown in
Scheme 17. This mechanism features a competition between at-
tack of the sulfoxonlum intermediate (59) by water (at the

sulfur) and attack by succinimide ion (at either the methyl
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or the "acetal™ hydrogen). The formation of large amounts of
bromohydrin S8 even in the initial absence of water could be
explained if the sulfoxonium intermediate was stable enough
to survive until the reaction was poured into water for the
work-up. This 1is qguite plausible since succinimide is a
large base and steric hindrance might prevent it from rapid-
ly attacking the intermediate. Our confidence in this expla-

nation was bolstered by the fact that the «-bromosulfoxonium

ad Bl’ \\\“\Br
NBS ; H;0 ‘
o= OH
“CH,

intermediate expected from treatment of cyclohexene with
NBS/DMSO has been 1isolated as a stable tetraphenylboride
salt [105). This salt decomposed to bromohydrin upon addi-
tion of water and to bromoketone upon addition of trimethyl-
amine (106 ). We attempted to add this base in our reaction
even though the asperuloside system is not stable to basic
conditions and the expected decomposition to brown tar oc-

curred rapidly.

It seems appropriate to mention the stereochemistry of
these reactions at this point. The Dalton reaction has been
found to give exclusively trans products {103] resulting
from the backside attack of an iInitially formed bromonium
ion. Asperuloside is so "folded" that it is reasonable to

expect that the bromine will attack exclusively from the
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less-hindered side which is the side above tﬁe plane of the
paper in all drawings used here (also Xnown as the vB-face"
of the molecule). Furthermore, since this is an enol ether,
the bromonium ion should suffer attack at only the carbon
alpha to the ether linkage. However, the ether oxygen may so

stabilize the free carbonium ion that a bridged ion is not

present. If this iIs true, the stereochemistry of addition to
the double bond would be syn since the nucleophile would un-
doubtedly also approach from the far less hindered beta face
(note that the bromomethoxide of loganin was found to be cis
by X-ray}). The presence of the lactone carbonyl would seem
to ensure this mode of attack. Thus, we are reasonable 1in
our expectation that only one bromohydrin and one bromolac-
tone should form (with stereochemistries as shown for 57 and

s8).

Thus, since we had good reason to suspect that the two
compounds were indeed the desired bromolactone and bromchyd-
rin (and we had every reason to suspect that the slower {(un-
stable) compound was the latter), we attempted the oxidation

of the amorphous s¢lid with Jones' reagent. This resulted in
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the disappearance of the unstable {(slower) compound, no
change in the faster compound and the appearance of a new,
very polar material which remained at the origin in the usu-
al TLC solvent but could be moved if an alcohol-based sol-
vent was used for developing. These compounds differed suf-
ficiently in polarity so that they could be separated by
fractional crystallization from methylene chloride/ether.
Upon standing, fairly pure fast compound crystallized while
only slightly impure “polar compound" remained in the mother
liquor. Recrystallization of the fast compound from ethanol
afforded crystalline asperuloside tetraacetate bromolactone

57 in 18% yield. The polar compound was recrystallized from

H COOH

|ll|||o
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OAc OgluAc,
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1:3 ethyl acetate:hexane and appears to have structure 59

(yield 25X%X). Structure 59 is supported by several facts:
1. Elemental analysis shows the absence of bromine.
2. That same analysis is correct for this structure.

3. The proton NMR shows a broad peak at 8.3§ with an
area of slightly less than two hydrogens. This van-

ishes upon addition of deuterium oxide.
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The formation of this compound may be rationalized 1if one
visualizes initial elimination of HBr from the bromohydrin

followed by oxidation of the now perhaps more readily acces-

ft”,”' / o

A
OAc OgluOAc,

sible lactol. This lactone (£0) might then be sufficiently
more stralined than the desired bromeclactone 57 to underge
hydrolysis in the agueous sulfuric acid formed when the
quenched Jones' oxidation mixture was poured into water. Of
course, it is impossible to explain why a bromine alpha to
two carbonyls would be less labile than one which is alpha
to a single carbonyl. Nevertheless, we continued this line
of research since the fast material (unchanged on oxidation)

was definitely the desired bromolactone.

Treatment of bromolactone (57) with zinc and acetic acid

fﬂ', ”" /0

A
OAc OgluAc,
35

OAc

afforded an excellent vyield of asperuloside tetraacetate
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lactone (35). Unfortunately, treatment of the mixture
obtained from the NBS/DMSO reaction resulted in a dark blue
solution which contained only traces of lactone and no other
identiffable compounds. If this reaction was run in the
cold, asperuloside tetraacetate could be identified as a

transient intermediate by TLC.

Since we still believed that the unstable compound was
the bromohydrin, we attempted to oxidize the mixture using a
wide variety of reagents and conditions. It must be remem-
bered that the starting materlal for this work is not avail-
able commercially and it was thus necessary to use it spar-
ingly. For this reason, the oxidations were followed by
thin-layer chromatography and high pressure 1ligquid chroma-
tography but were not performed on a large enough scale to
enable the 1isolation and thorough characterization of each
product., Even so, the results seemed to fall neatly into two
categories. There were those reagents which simply did noth-
ing to the mixture until it decomposed (with “decomposition
times" varying from less than five minutes to over a week)
due to its instability, and those which seemed to leave the
bromolactone intact (or increase its amount very slightly)
but converted the other material to wvarious highly polar
products (arising from hydrolysis of the ¥$-lactone and vari-
ous degrees of oxidation). The former included the Pfitzner-
Moffatt reagent (DMSO/DCC/PTFA, [107}), DMSO/acetic anhy-

dride (108], CrD_,‘/DME‘/HZ,SO4 {109} and activated manganese
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dioxide [110}. The 1latter included chromiuvm trioxide 1in
glacial acetic acid [111], pyridinium chlorochromate (112]),
pyridinium dichromate (113} and nitrogen tetroxide [114].

The failure of the chromium trioxide/DMF complex was espe-

OAc Br
PAc B QAc Br
\“\\\‘ No H \\\\\‘ P 0
* CrO,LDMIVCHZCk% ) \/
1drop H,SO, /o
i i
OAc N OquAc4 OAc OquAc‘

cially surprising since we had applied this method to aucu-
bin as a model system and had obtained excellent yields
(>90%) by varying the original procedure so as to use methy-
lene chloride as the solvent rather than dimethylformamide.
In addition to these methods, oxidation by the Ratcliffe
modification [115] of the Collins procedure [116] for use of
the Sarett reacgent (Cr03-2 pyr. [117])) resulted in the for-
mation of significant amounts of asperuloside tetraacetate

which then decomposed iIn the usual manner.

At this time, it appeared that the major source of insta-
bility in our mixture was the bremine. Since removal with
zinc and acetic acid produces the desired lactone only at
the expense of the major product, this method obviously
could not be tolerated. We thus began a search for a more
suitable reducing agent. Catalytic hydrogenation of the pure
bromolactone (S7) at -20°C produced the lactone (35) in

gquantitative yield. However, the mixture as obtained from
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the NBS/DMSO reaction turned deep green under these
conditions and none of the desired product could be detect-
ed. Presumably, the hydrobromic acid which is generated not
only poisons the catalyst but also decomposes the less sta-
ble of our compounds. Since we knew that wunlike previous
workers [118], it was not practical for us to start with
some base present to capture the acid as formed, it did not

seem useful to pursue this type of reduction further.

The use of chromous acetate [119,120] resulted in the
formation of a small amount of the lactone from this mixture
but it too did not successfully stabilize the other material
(which seemed to remain unchanged until decomposition in the

work-up J»

Treatment of the amorphous solid obtained from the
NBS/DMS50 reactlon plus the light brown oil obtained on ex~
traction of the mother liquor (methylene chloride) with so-
dium cyanoborohydride [84 ] resulted in a mixture of stable,
crystalline compounds. Separation by HPLC resulted in the

isolation of asperuloside tetraacetate lactone (20% from as-
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preruloside tetraacetate) and a stable derivative of the oth-
er material (#7%) which we named “compound X". Preliminary

analysis of "X" showed:

i. Elemental analysis was correct for asperuloside tet-

raacetate plus the elements of HzO.
2. A single hydroxyl (by IR and NMR).
3. ARAll the acetates remained (by C-13 NMR).

4, The cyclopentane double bond (between C-7 and C-8)

was still present (by C-13 NMR).
5. The B-lactone remained intact (by C-13 NMR).
These facts further enhanced our belief that we did indeed

get the bromohydrin (S8) from NBS/DMSO and that removal of

H
NaBHCN
THF & 7

i
OAc Oglu Ac‘ OAc

38

the halogen afforded asperuloside tetraacetate lactol (61).

Unfortunately, treatment with sodium cyanoborchydride re~
sulted in only modest yields of these materials accompanied
by two very polar side products which we believe to result

from reduction of the ¥-lactone to the diol forming 62 and
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63. While cyanoborohydride has not been used for this
purpose, the use of borohydride to reduce lactones is wide-
spread [121,122]. These side products were not purified for

full characterization.

Now that the apparent source of instability had been re-
moved, "X" was oxidized under a wide varliety of conditions.
Results were indeed at variance with those obtained earlier
for the unstable precursor of YX", After lengthy exposure,
Jones' reagent, pyridinium dichromate and pyridinium chlo-
rochromate caused hydrolysis of the ¥-lactone with no forma-
tion of the desired product. No reaction or decomposition
was observed with DMSO/DCC/PTFA (107), manganese dioxide
[110], barium manganate [123], NCS/DMS [124]) and gaseous oOx-
ygen over platipum {125). It no longer seemed probable that

"compound X" was the desired lactol 61. Indeed, the best

OAc



guess at this point was that it was the tertiary alcohol é6u.
Detailed studies of the structure of this compound have ver-
ified that it is this tertlary alcohol. This analysis was
conducted after the hydrogenation of the remaining double

bond and will therefore be discussed in a later section.

Rlthough we could not do anything to improve the yield of

1JNBS/dry DMSO
2NaBH.CN/THF _

3)Col. Chrom.
20,

OAc

desired lactone 35 at this time, it was reasonable to expect
that this could be done eventually and our operating plan
was to proceed with the rest of the synthesis while attempt-
ing various other routes to the lactone. 1In the interest of
clarity, our various attempts to obtain this key intermedi-
ate in higher yield are all summarized here first. However,
it must be remembered that most of the actual synthetic work
discussed later was done on a very small scale with lactone

obtained as in Equation 11.

Various other procedures were investigated in an attempt
to prepare bromohydrin S$8. Included among these were “known"
methods such as bromine in wet tetrahydrofuran (61] and NBS

in wet dimethoxyethane [126] as well as more speculative
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methods such as NBS in a wide range of solvent not consid-
ered conventional for this purpose (ethyl acetate, dioxane,
1:1 DMSO:THF and acetone; wet and dry solvents used). The
only promising reaction was the use of NBS in dry dioxane in
the presence of traces of butylated hydroxytoluene {a widely
used antioxidant). The reaction required the use of a large
excess of NBS and did not proceed in the same way if shield-
ed from the light of the room. So much bromine was present

in the mixture that it was immedlately submitted to column

o—7"
H C,Br
NBS/THF TN
A s |
i 96% !%"f/o
i
OAc OgluAc4 OAc OgluAc4
34 63

chromatography as the only work-up. This afforded an excel=-
lent yield of asperuloside tetraacetate dibromide (65) as a
white crystalline material. The stereochemistry of the halo-
gen~bearing carbons is not certain but 1is drawn as expected
for this system. This material 1is stable for several weeks
in a refrigerator but turns dark blue if left several days

at rooa temperature.

Selective bromination of asperuloside tetraacetate had
previously eluded Briggs and Cain (60] so we had not consid-
ered it as a viable alternative to bromohydrin formatioen.

After it was in hand, the nucleophilic displacement of the
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halide at C-3 was attempted (see Chapter IV). Unfortunately,
the system does not withstand the basic conditions resulting
from the use of trimethylamine-N-oxide and only a brown tar
results. Heating in dry DMSO did give some reaction after 24
hours. Interestingly, the product resembled (TLC) the mater-
ial isclated from the NBS/DMSD procedure described above.
Nothing further was done to 1identify the products of this
reaction since it was slow and thus consliderable decomposi-
tion occurred before all starting materlial vanlished. When
the dibromide was refluxed over polymer-supported chromate
ion [127), no reaction was observed until decomposition oc-
curred. These attempts were abandoned at this point since,
although the yield is excellent, the dibromide-forming reac-

tion is messy.

Equally unsuccessful was an attempt to synthesize the

lactone in one step wusing pyridinium chlorochromate {67].

o
Q o—
E F \\\‘\ o
PCC =N
CH,CI, .
OAc OAc C‘)gluAc

This oxidation 1is reported to be quite specific for enol
ethers (see Chapter IV). However, although we were able to
duplicate the original work, our system did not react at all

with thils reagent.
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The preparation of asperuloside tetraacetate bromoacetate

Br,/HOAc
NaOQAc 4
78%
A
OA OgluAc‘

28
(28) has been reported [Ul]. We were able to duplicate this

procedure without difficulty and were also able to effect

o—or’ o— "
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OA g 80% g
c OgluAc, OAc OgluAc,
34 28

the same conversion 1in comparable yield using NBS in place
of elemental bromine without the need to add sodium acetate.
The fact that no bromohydrin (by HPLC) is formed even in the
presence of water concentrations as high as $0% is certainly
amazing and is one indication of the strange behavior of the
asperuloside system. Rttempts to remove the halogen with
zinc in acetic acid resulted in the formation of asperulo-
side tetraacetate which was slowly converted to the blue
polymer. Reduction with sodium cyanoborohydrlde reformed a
small amount of the starting material, small amounts of two

other products and two major products apparently resulting
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from reduction of the lactone. Similarly, reduction using
chromium {II) acetate produced a mixture containing at least
five substances. This conversion was thus not straightfor-
ward and, given the moderate yleld of bromoacetoxylate, was

soon abandoned.

Since aucubin hexacetate (3]1) was more readily available
to us than asperuloside, several of the more speculative
conversions were tried with this material but were never ap-
plied to asperuloside since they showed little promise. They
are mentioned here in the last paragraph before the success-
ful route simply as a matter of record. Pyridinium hydro-
bromide perbromide has been reported to be more desirable
than bromine [128] as a brominating agent. Our attempts to
replace NBS and elemental bromine by this reagent 1in the

various bromohydrin reactions went without success. Also

OAc
i sylc
a §§] ‘3a/Pﬂch N ‘NNW\CCKHWe
o, O CulNOJ) [MeOH [ 7
A ‘CHO
OA c og ] u A c ] OA [ o]
3

unsuccessful was an attempt to apply the Wacker oxidation to
aucubin as shown here (compare to Eg. 3 in Chapter IV). This
process gave only slow reaction and showed no less than
eight products after one week. Similarly disappointing was
the mercuric propionate catalyzed Jones' oxidation of aucu-

bin (again, see Chapter IV) hexaacetate. After several days,
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HPLC analysis showed mostly unreacted starting material plus
a small amount of the desired 1lactone with small amounts of
a number of other products. Since asperuloside would never
survive in the presence of Jones' reagent for this length of

time, the use of this method was also abandoned.

The much sought after lactone (35) was finally synthes-

ized in excellent yield 1in one step by combining the then-

—
34—
,%}//0
QAc OgluAc,
66
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new method for the preparation of iodoketones and the stan-
dard reaction of iodide icon with thiosulfate. Although the
Italian workers (B0 ] obtained only a 50X yield of lodoketone
from cyclohexene (see Chapter IV), application of this reac-
tion to our compounds gave an overall yield ef 91X for the
two-reaction process. Unlike these workers, we used a rela-
tively large excess of iodine and pyridinium dichromate. It
was also found to be beneficial to add crushed molecular
sieves to the reactlion rather than the pellets recommended
previously. Even though the iodine is alpha to two carbonyls
and is thus easily removed by washing the filtered reaction
mixture with thiosulfate solution, the iodolactone (§6) |is

sufficiently stable to allow isolation and recrystalliza-
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tion. It gave a satisfactory analysis and 1its spectra (IR
and NMR) were identical to those of the bromolactone ispolat-
ed previously. Mixed melting point of the lactone obtained
in this way with that prepared by the NES/DMSO method veri-
fied that they were indeed identical. In addition to the ob-
vious advantages of this one-step procedure, the main advan-
tage 1is that the product crystallizes directly from the
concentrated reaction mixture (combined with the back ex-
tracts of the thiosulfate solution) without the need for

further purification.

Some comment concerning the mechanism of this reaction is
necessary. Plancatelli and co-workers [ 80 ) suggest that the

intermediate "olefin-iodine complex™ is a bridged iodonium
Cl

P cc ’f,,” ”’h
J iy '
61

ion because they obtained trans l-chloro-2-iodo-cyclohexene
(61) as the main product when PCC was used in place of PDC.
This is consistant with back side nucleophilic attack of the
chromate ion on a cyclic todonium ion. However, this is not
the same reaction and is in conflict with cur observations.
These workers may not have prepared the diiodides of the
compounds they studied. The dibromide of asperuloside tetra-
acetate had been prepared in our laboratory and would be ex-

pected to have properties similar to the diiodide. When the
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SCHEME 18

Suggested Mechanism for the Formation of ATA Lactone with
Iodine/PDC
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reaction of asperuloside tetraacetate with iodine/PDC was
monitored by TLC, a transient intermediate was observed (Rf
value 0.35 developed with t:1 ether:ethyl acetate) which be-
haved as expected for the diiodide. This was also the prod-
uct formed in the absence of PDC although no attempts at {ts
isolation have been made. We thus believe that, at least in
the case of asperuvloside tetraacetate, the reaction proceeds
via initial formation of a diiodide and subsequent nucleo-

philic attack on the iodine-bearing carbon by dichromate to

- B8 -



yield the product as shown in Scheme 18. The stereochemis-
try of the dilodide intermediate cannot be given as definite
and obviously, {if this is the intermediate in the simpler
cases reported in the original paper, it would have to be a
cls additicon of icdine to glve the reported products. In
fact, the generation of a ¢is diiocdide would explain the
relatively low yvields reported for simple cycloalkenes since
this intermediate can presumably undergo simultaneous “dou-
ble replacement® by dichromate followed by oxidative ring
cleavage. However, note that diiodide formation is not nec-
essary to explain these low yields since once the iodclac-
tone has formed, the alpha halogen is extremely susceptible
to nucleophilic displacement! This same line of reasoning
explains why the yield in our case is s¢o dramatically im-
proved over the simple cycloalkenes since our tertiary iod-
ine is on a highly hindered carbon. It also explains why the
reaction would fail entirely for simple linear olefins (as
has been reported)} since the key requlirement for success
would be that there be some difference in the reactivity of
the two iodine-bearing carbons toward nucleophilic displace-
ment., Studles with linear olefins which are highly hindered
at one of the olefinic carbons would be useful in determin-
ing the role of steric hindrance versus electronic effects

in this reaction (both are favorable in our case).

In further defense of the nucleophilic substitution mech-

anism, we note that such reactions have been used previously
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to form carbonyls from halides with chromate 1ion in the
presence of crown ethers [129]. The only problem encountered
was the relative insolubility of the inorganic chromium com-
pounds and this was of course the major impetus for Corey's

development of pyridinium dichromate.

6.3 HYDROGENATION OF ASPERULOSIDE IEIRAACETAIL LACTONE AND
COMPOUND X

Attempted hydrogenation of both asperuloside tetraacetate
lactone and the tertiary alcohol {(which we still refer to as
compound X) under conditions identical to those used with
aucubin (Rh/C, ethyl acetate; see Chapter III) gave exten-

sive hydrogenoclysis. Since the resulting polar products

still contained all five acetates, they undoubtedly resulted
from cleavage of the allylic lactone as shown for asperulo-
side tetraacetate lactone (35). Only one hydrogenation prod-
uct formed and at this point 1t was assumed to have the
stereochemistry shown based upon addition of hydrogen to the
least hindered side of the alkene. The ratios of these prod-
ucts did not vary with temperature so a search for a more

suitable solvent was conducted.
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Hydrogenolysis is generally avolded by a combination of

four methods [130 ]:

1, Use of dilute solutions which are well stirred.

2., Use of rhodium or ruthenium catalysts.

3. Changing to a solvent of lower dielectric constant.

4, Reducing the temperature of the hydrogenation.

Since varying the temperature d4id not help and ruthenium ca-
talysts require high pressures, we were restricted to trying
various soslvents at high dilution. HWe tried mixtures of
ethyl acetate/hexane, chloroform/hexane and tetrahydrofu-
ran/hexane. Fach was better (less hydrogenolysis) than the
one before but still unacceptable. Thls was also the case

with pure tetrahydrofuran, chloroform and t-butyl alcohol.

Commercial p-dioxane gave no reaction but when it was pu-
rified by passage through a column of basic alumina and dis-

tilled from lithium aluminum hydride it gave outstanding re-

sults. Asperuloside tetraacetate lactone (35) was converted
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to dihydro asperuloside tetraacetate lactone (36) in
virtvally guantitative vyield at room temperature and pres-
sure. Careful chromatographic purification of this material
revealed the presence of less than 1% of one other hydrogen-
ation product, probably the result of hydrogenation from the

hindered side of the molecule.

The stereochemistry of the product was verified by high
field proton NMR (400 MHz.). With the aid of double irradia-
tion, every proton of dihydro asperuloside tetraacetate lac-
tone could be assigned with certainty {(see the section on
identification of products below). The four contiguous cis
protons of the cyclopentane ring all showed eqgual coupling
to each other with a coupling constant of 8 Hz. as expected

for an all c¢is structure.

Hydrogenation of the tertiary alcohol in the same way af-

forded an excellent yield of dihydro product 68 which was
positively identified by high field proton (400 MHz.) and
carbon (67 MHz.) HNMR with the aid of double irradiation and

off-resonance decoupling techniques.
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These hydrogenations proceeded in only two hours and
despite the use of very dilute solutions, they could be done
on a multi-gram scale using a closed-system mechanical stir-
rer. Since recently manufactured rhodium on carbon tended to
give inconsistent results (ylields varying from 75% upwards),
the use of rhodium on alumina was investigated. This modifi-
cation gave yields of 83% of pure dihydrolactone after re-
moval of the hydrogenolysis products by a short silica gel

column chromatography.

Dioxane which had only been passed through a c¢olumn of
alumina (which had been dried in an oven under vacuum unless
it was recently received) worked just as well as material
distilled from lithium aluminum hydride. Solvent which was
distilled from sodium metal gave iInferior results for un-
Known reasons. This was true even if it had been passed
through alumina before distillation. Presumably the purifi-
cation not only removes water and peroxides but also the so-
dium diethyldithiocarbamate used as a preservative by the
manufacturers. This is important since sulfur compounds are

severe polisons for rhodium catalysts.

6.6  HYDROLYSES OF THE DIHYDROLACIONE AND THE DIHYDRO
IERIIARY ALCOHOL

The most desirable conditions for the hydrolysis of these
glucosides are those which are mild enough to leave the ace-

tate on the agluconhe and yet allow its easy separation from
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the various possible glucose products (there are seventeen

glucos2 mono-, di- and triacetates possible).

While hydrolysis with potassium carbonate in methanol is
the most common method, it suffers from the fact that it is
non-selective. When this was tried with dihydro asperulo-
side tetraacetate lactone ft proved impossible to isolate

any substantial amount of product. Hydrolysis with potassi-
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um acetate in methanol afforded a 1low yield of the aldehyde
ester 69 after purification by column chromatography to re-
move remaining glucose tetraacetate and various other glu-
cose acetates. The aldehyde is drawn in its more stable po-
sition (Yup") based upon the work of Ohno [97) who used this
procedure to epimerize the aldehyde which his synthesis pro-
duced. This intermediate was not further pursued due to the

low yield and non-trivial chromatography required.

Hydrolyses using potassium hydrogen sulfate or concen-
trated hydrogen chloride in refluxing acetonitrile afforded
very low yields of aldehydic products but caused much decom-

position and were also not pursued.
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Treatment of the dihydrolactone with refluxing 5:1 acetic
acid:water or 80% formic acid gave much more promising re-
sults, Hydrolysis for 30 minutes in BOX formic acid afforads

aglucone 70 in excellent yleld after purification by column

o
5 % HCOOH | Q
110°C |

chromatography on silica gel to remove the glucose tetraace-
tate., Very minor amounts of three other glucose derivatives
were also present (by HPLC) but were polar enough to cause
no problem 1in the separcerion. This reaction also formed
traces of the desjired 11~ eoxy-l1l-hydroxymethyl analog (71)
of the Corey aldehyde. Longar reaction times caused an in-
crease in the amount of aldehyde and glucose with a corre-
sponding decrease in the amounts of glucose tetraacetate and
aglucone 10. However, this reagent was too vigorous to allow
isolation of the aldehyde after a lengthy heating period
since {t began to decompose. Of course, aglucone 70 is a vi-
able intermediate in 1its own right but experiments with
acetic acid gave 71 in improved vyield so work with 70 was

deferred.

Hydrolysis of 36 in refluxing (c. 115°C) 5:1 acetic

acid:water for 15-18 hours in dilute sclution afforded alde-
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4
O 5 HOAc
1 H,0 ) 71a R=Ac
& 7 b R=Bz
° “CHO

hyde 71a in 61% yleld. The majority of the glucose
tetraacetate 1is completely deacetylated In the course of
this reaction and the work-up does not regquire chromatogra-
phy since glucose is so water soluble it is separated in the
extraction. Actually, for analytical purposes, cclumn chro-
matography was used since this aldehyde is an o0il and thus
even trac2 impurities cannot be removed by other means. The
yield of this reaction is only moderate due to the lenath of
time thi_: sensitive system must be exposed to hot acidic
conditions. Even so, it is remarkable if one considers the

fact that four reactions are actually occurring:

1. Hydrolysis of the glucoside to yileld an agluccone

hemiacylal, probably 70.

2. Decomposition of the hemiacylal to the parent alde-

hyde acid.

3. Decarboxylation of the resulting malonic acid deriva-

tive.
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4. Epimerjization of the ald
form.

and at least three undesirable re

1. Hydrolysis of the one rema

2. Hydrolytic opening of the

3. Dimerization or oxidation

Since Chno and co-workers have
both natural PGE‘2 and PGqu and
ll1-hydroxymethyl analogs, use

Scheme 13) should give similar
(7la). The next step toward this
bottom side c¢chain by
Wittig reaction and we decided to

a means of verifying the stereoch

As a means of simplifyina the

tertiary alcohol was also hydroly
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of the aldehyde.

converted benzoate 71b to
their synthetic 1ll1-deoxy-
of their procedures (see

results with our aldehyde
goal is the addition of the
Emmons modification of the
undertake this reaction as

emistry of the aldehyde.

low-field proton NMR, the

zed as above. This gave low




yields of the aglucone (72) with no aldehyde present. As ex~-
pected, the NMR of 72 4id not show two virtually identical
hemiacetal protons but 4id show a sharp singlet of two pro-

tons at the expected position for an ether.

6.5 WADSWORIH-EMMONS REACTION OF ALDEHYDE 71A

The Wittig reaction of 7la with the sodium derivative of
2-oxoheptylphosphonate was done as previously described by
Corey [131] except that granules of sodium hydride were used

instead of a dispersion in mineral oil. This afforded a good

o
7
o]
Witti
1a —
87% l\“‘\\ CH3
OAc (';I)
73

vyield (87% as opposed to Ohno's reported 868X yield) of enone
J3. This product was optically active (rotation similar to
that of the benzoate reported by Ohno) and showed the appro-
priate trans coupling constant (15 Hz.) for a trans double
bond. It was ldentical {(by IR, NMR and HPLC) to a sample of
the same material produced by an entirely different route

{132] in our laboratory.
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6.6 [DENIIFICATION QOF PRODUCTS

Since in this type of work the identification of the various
glucosidic intermediates 1is far from a trivial matter, a
special section to discuss briefly the data supporting se-
veral of the key structures seems relevant. All new com-
pounds gave satisfactory elemental analysis but it must be
recognized that with compounds of this molecular weight,
this does not pinpoint accurately the number of hydrogens in
the molecule. Thus, spectroscopic techniques become even
more important as a means of tracking unsaturation. In addi-
tion to the data summarized here, actual copies of many of
the spectra are included in the Appendices at the end of the

text and detailed data is in the Experimental Chapter.

6.6.1 Asperuloside Tetraacetate Lactone.,Bromolactone angd
Lodolactone

The wverification of these structures rests first on the
chemical evidence that they survive oxidation {intact, the
absence of the carbon-carbon double bond stretch at 1659
cm™? (this is its location in asperuloside tetraacetate) in
the infrared and the absence of hydroxyl both in the IR and
NMR, In addition, carbon-13 NMR shows seven carbonyl carbons
and two alkene carbons in the lactone. One of the carbonyl
carbons stands out from the rest at 162.6 ppm (downfield
from internal TMS) as would be expected for a six-membered

ring lactone. Proton NMR shows the absence of the C-3 vinyl-

ic proten which resonates at 7.23 ppm 1in asperuvloside tetra-
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Figure 2: Proton NMR Shifts of Asperuloside Tetraacetate
Iodolactone
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Figure 3: Proton NMR Shifts of Asperuloside Tetraacetate
Lactone

5.961

10
4,641

A
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acetate. The 400 MHz. proton NMR of both the iodolactone and
lactone were obtained and could be completely assigned as
shown in Figures 2 and 3. As in all cases studied, the five
acetates gave well-resolved singlets but could not be as-
signed and are not even shown in these figures (they are all
between 1.9 and 2.1 ppm, specific values given in experimen-
tal sections), The subtle conformational effects which cause
the Hwa and Hwb protons to appear as an AB guartet in the
lactone but as a singlet in the iodolactone are worthy of
note but not comprehensible. Notice that equal coupling
around the cyclopentene ring frequently causes doublets of
doublets to degenerate to "triplets" and this is a valuable

means for verifying ring stereochemistry.

6.6.2 Compoupd X (Ihe Tertlary Alcohel) apnd its Rihydro
Product

OAc

These products presented the greatest challenge as far as
identification is concerned. Early proton NMR results at 60
MHz. showed the presence of one exchangeable hydroxyl pro-
ton and the absence of the vinylic proton on C-3 but could

not locate the hydroxyl or establish the presence of the
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Figure 4: Proton NMR Shifts of ATA Tertiary Alcohol (&4)
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Figure 5: Proton NMR Shifts of Dihydro ATAR Tertiary Rlcohol
(68)
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C7-C8 double bond with certainty. Carbon spectra at 25 MHz.
proved that this double bond remained intact and showed the
presence of only six carbonyls. One of these was at signifi-
cantly higher field (174.2 ppm) than the rest thus giving
the first indication that the compound was indeed an alpha-

hydroxylactone.

The high field proton NMR of these products was not
straightforward. The two protons on -3 appear as an ABX
pattern in the unsaturated tertiary alcohol due to their
non-equivalence and long range coupling to the hydroxyl pro-
ton (which is a broad doublet of doublets). In the dihydro
product, these two protons appear as a tight doublet while
the hydroxyl has a complex pattern. Addition of deuterium
oxide or selective irradiation at the frequency of the hy-
droxyl proton causes the signal from these two hydrogens to
change to a sharp singlet, The remainder of these proton
spectra could be assigned without difficulty with the aid of
double irradiation and this is summarized in Figures 4 and

5.

Final confirmation of these structures resulted from an
analysis of the carbon spectra at 68 MHz. Broadband decou-
pling followed by a gated decoupled spectrum clearly showed
the guaternary carbon at 90.21 ppm and also revealed the
presence of four methylenes in the dihydro tertiary alcohol

as expected.
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6.6.3 Rihydro Asperuleoside Jetraacetate Lacione

This compound presented no difficulty but is worthy of men-
tion because it is the only iridoid glucoside derivative we
have yet encountered in which the 10a and b protons appear
as an ABX pattern and the 6' protons of the glucose do not
(see Flgure 6). 0Of course, this is due to subtle conforma-
ticnal effects which are not easily explained. This is an
excellent example of why assignments in the irldoid field
should not be accepted until verified by double irradiation
since many of the early studies were done before this tech-

nigue came into use.,
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DAC

Figure 6:

Proton NMR Shifts of Dihydro ATA Lactone (36)

2.430
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6.7 IHE NBS¢DMSO REACTION OF ASPERULOSIDE IETRAACETATE
UNRBVELLED

It now seems certain that this reaction oives neither the

2 )
’ ,’!’ /
7.

i
OAc OgluAc,
i3

desired bromohydrin (58) nor the bromohydrin of opposite re-

OAc

giochenistry (78). Since 1t proved impossible to isolate
this material or even to purify the mixture which contained
it, this conclusior is of necessity based upon indirect evi-
dence and chemical intuition. The Ycorrect"™ bromohydrin 58

can be ruled sut for several reasons:?

1. There is no reason to suspect that it would not be
oxidized successfully to the bromoclactone which has
been shown to be stable to several of the oxidizing

agents tried.

2. Even if oxidation did not proceed for some mysterious
reason, there is no reason to expect that reduction
of this. material with sodium cyancborohydride would
give the tertiary alcohel (64) whose structure has

been proven.
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i
OAc OgluAc‘
64

3. Since the bromohydrin of a closely related system
(aucubin, see earlier discussion) has been prepared
and is stable, there 1s no reason to expect the bro-
mohydrin of asperuloside to be otherwise, especially

since the dibromide of asperuloside is also stable.

Admittedly, this bromohydrin could, at least in theory,

OH COOH

Y

i
OAc OgluAc
ég_ q

produce 59 as its oxidation product with Jones' reagent but

this is also unlikely since the bromine of the bromolactone

should certainly be even more labile than that of 58.

The bromohydrin of opposite reglochemistry (J4) 1is very
unappealing in terms of electronic factors and may also be

ruled out by the following considerations:
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1.

It is difficult to see how 59 could be derived from

/)O

", O
i

OAc OgluAc ]
65

74 by Jones' oxidation in light of the fact that di-

bromide 65 is inert to these conditions.

Similarly, since both the dibromide 65 and the terti-
ary alcohol 64 are stable, there is no reason that 74

should be unstable.

If our mechanism for the formation of the iodolactone

is correct, compound 74 would be oxidized by PDC to

2 o
"“Fa,_,/

i
OAc OgluAc,
15

give the «~hydroxylactone 75 and it is not. Admitted-
ly, this pcstulate should be tested by treating the

dibromide with PDC and we have not vet done so0.

Since the bromomethoxide and bromoacetoxylate of as-

peruloside tetraacetate are known and do not form
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All

with this regiochemistry, there 1is no reason to

believe that the bromohydrin would do so either.

of this reasoning points to the epoxide 76 as the un-

OAc )

stable NB8S/DMSO reaction product. This could form the iso-

lated Jones' oxidation product and is supported by the fol-

lowing additiocnal arguments.

1.

2e

Epoxides have been obtained previously as products in
the oxymercuration-demercuration process {see Eg. 6
in Chapter IV} and the investiocators proposed an in-
tramolecular "back-side" attack by oxygen on the mer-

cury-bearing carbon to explain the results [ 74 ].

Blthough the borohydrides do not generally reduce
epoxides, some reductions of strained eproxides have
been r=gported [132] and reduction of the less hind-
ered C-C bond was observed. This would explain our

results.
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3. In addition, the neighboring oxygen should make this
epoxide much easier to reduce and also favors the ob-

served product.

4. The unstable compound remained unchanged con treatment
with chromous acetate thus suggestina that there was

no halagen present in the molecule.

Thus, we suspect that the NBS/DMSO reaction proceeds via
the bromosulfoxonium salt 59 as previously postulated
(Scheme 17) but that the two pathways competing for this in-
termediata are not as shown earlier. Rather, the competition
is betwseen the intramolecular displacement of bromine by a
pair of electrons from oxygen and the intermolecular process

leading to the bromolactone (as shown in Scheme 19).

It is necessary to add one disclaimer to this entire dis-
cussion., The stereochemistries of all the products are not
known for sure and the representations given here are merely
for convenlence and should not b2 taken as definite. 1In ad-~
dition, it was not possible to tell if dimethylsulfide was
the only sulfur-containing product of this reaction. It is
possible that the sulfoxonium intermediate giving rise to
the epoxide did not decompose to product until the reaction
mixture was poured into water (it became very warm at this
peint L1 f not cocoled in an ice bath). Meedless to say, the
reason that this process happens in the case of asperuloside
and not for aucubin is not known.
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CHEME 19

The Reaction of Asperuloside Tetraacetate with NBS/DMS0O

N7

i i
OAc Ogluc OAc OgluAc,

muo
N

NaBH,CN

OAc OgluAc,

6.8  SUGGESTIONS EOR FUIURE WORK
Obviously, further work can be done to attempt to prove
the mechanism just described. Ireatment of asperuloside tet-

raacetate with m-chloroperbenzoic acid may produce the epox-

- 113 -



ide in a pure state. R1lso, as mentioned, the dibromide and
diiodide should be investigated in order to gain further in-

sight into the reactions of these systems.

Furthermore, the aglucone 70 may be a better prostanoid

intermediate than the aldehyde 7la since it is formed in

o—¢°
L oS0 w
A . t t.
(Y ] e s u 7
w Uy, a
| 3
OAc OH
70

higher yield and micht undergo the Wadsworth-Emmons reaction
followed by decarboxylation in one step (or 2 steps without
isolation of the intermediate carboxylic acid) to give 73 in

higher yield than by the aldehyde route,

In addition, it would obvicusly be satisfying to carry
the synthesis all the way through to the prostanoids even

though Chno has already done this for his intermediates.
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Chapter VII
SUMMARY AND CONCLUSION

The scal of this research has been to develop a practical
synthetic route from irideids to prostanoids. Indeed, the
conversion of asperuloside tetraacetate (30) te the
11-deoxy—-l1l-hydroxymethyl analog (7la) of the Corey aldehyde

as shown in Scheme 20 is just such a route.

The synthesis 1is the shortest (3-step) synthesis of a
Corey aldehyde analog yet devised and requires no resolu-
tion. The only column chromatography reguired is that used
for tha2 isolation of the iridoid and this may be avoided by

changing the plant source.

Since the conversion of benzoate 71b to PGE and PGFZ‘

—— 2

O
Q——I//
71a R=Ac
o b R=Bz
|‘\\\ \C H 0 -
OR

has been previously reported (see Scheme 14), conversion of
71la to these same prostaglandins should be straichtforward.

Tre first step in thls process (Wittig reaction to produce



SCHEME 20

Synthesis of Prostaglandin Intermediates Developed by This

Research
0 A
\\\\‘\\ \ ~
. 91% 7
i
34

73) cave yields comparable to those reported for the corre-

sponding benzoate.

This synthesis is efficient (overall yield in excess of

50%) and uses readily available and relatively non-toxic re-
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agents. The actual synthesis (independent of isolation of
the iridoid) can be accomplished on a2 multi-gram scale in

only tnree days and requires no special precautions.

Farthermore, this seguence would appear to be applicable
to all the known iridoids thus presenting an excellent op-
portunity for the synthesis of a host ¢of new prostanoids.
The only possible change in procedure which may be recuired
is the addition of a step to remove the 1odine from those
iridoids not having a carbonyl at carbon eleven (zinc and

acetic acid has been shown effective for aucubin).

In zonclusion, a short, simple and efficlient conversion
of asperuloside to a key prostanoid intermediate has been
developed which should be applicable to all iridoid cluce-

sides with 1little modification.
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Chapter VIII
EXPERIMENTAL

Melting points were determined in open capillaries using a
Thomas-Hoover Uni-melt apparatus and are uncorrected. Rou-
tine proton spectra were recorded at €0 MHz on a Varian EM
360 instrument with TMS as an internal standard. High field
NMR spectra were obtained at Rockefeller University (220
MHz ), the Southern New E£ngland High Field NMR facility (27C
MHz) at Yale University or the University of South Carolina
Magnetic Resonance Laboratory (400 MHz). NMR data is report-
ed in parts per million downfield from TMS with the multipl-
icity (d = doublet; t = triplet usually actually a collapsed
double doublet; s = singlet; ABg = RB guartet; br = broad; m
= multiplet) and assignment (see numbering systems of Fig-
ures 2-6) in parentheses. Infrared spectra were recorded on
a Perkin Elmer IR 598 which was calibrated against polystyr-
ene. Absorptions are reported in reciprocal centimeters with
intensity in parentheses (s = strong; m = moderate; w =
weak; br = brecad). Optical rotations were measured with a
Perkin Elmer model 141 polarimeter. Carbon spectra were re-
corded at 25 MHz on a JEOL PS/PFT-100 spectrometer in deu-
teriocnloroform with TMS as an 1internal standard or at 68
MHz at the Southern New England High Field NMR facility at

Yale University.
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Silica gel thin layer chromatography was performed using
E Merck precoated plates (no. S5763-9H; silica gel 60). Un-
less otherwise noted, these were developed with #4:1 eth-
er:ethyl acetate and visualized by spraying with 10% sulfur-
ic acid in methanol and heating to 350°C. Analytical high
pressure liguid chromatocraphic analyses were done wusing a
Waters fAissociates (Milford, Mass.) system consisting of two
4 mm by 30 cm microporasil silica columns in series, a 6000
SDS pump, UK injector and model 401 differential refractom-
eter. Analyses were performed at a flow rate of 2 mL/min.
using solvent I {1:1 ethyl acetate:hexane) or II (2:1 ethyl
acetate:hexane) as noted. Preparative HPLC separations were
done on silica columns using a Waters Prep 5C0 instrument.
Large scale (10 cm) column chromatography eguipment was ob-

tained from Glenco (Houston, Texas).

Hydrogenation catalysts were obtained from Encelhard In-
dustries, Newark, New Jersey. Catalyst purchased prior to

1975 seemed superior.

Dimethyl svlfoxide was dried by distillation from calcium
hydride at reduced pressure and storage over Uuf molecular
sieves, Dioxane was purifled by passage through a column of
basic alumina (Brockmann activity grade I), stored 1in the
dark ané used within U8 hours. Methylene chloride was dis-
tilled from phosphorous pentoxide and stored over 4A molecu-

lar sieves. N-bromosuccinimide was recrystallized from chlo-
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roform, dried in vacuo and stored 1in the dark and in the
refrigerator. All other chemicals and solvents were used as

purchased.

Coorosma repens plant parts were purchased from Hines
Wholesale Nurseries, Inc., Los Angeles, California. Extracts
were concentrated at water aspirator pressure usinag a "cy-
clona" circulatory evaporator available from Scientific

Glass Agparatus Co., Bloomfield, New Jersey.

Microanalyses were performed by Spang Microanalytical
(fagle Harbor, Mich.) or Galbraith (Knoxville, Tenn.) Labo-

ratories.

8.1  [3QLAIION QF ASPERULOSIOE TETIRAACETAIL

As previously discussed, three isolation procedures were de-
veloped and used on a large scale. Each will be presented

here.

8.1.1 Erom Leaves and Iwigs by the Procedure of Duff

A total of B8.45 Kg of leaves, stems anrd berries of Coprosma
repens was boiled with 30 L of water for one hour. This was
filtered crudely through a Buchner funnel without filter pa-
per and the plant residue was bolled with an additional 30 L
of water for two hours. The combined extracts were filtered
througn a Celite pad and concentrated under reduced pressure

(with a cyclone evaporator) to 3.5 L. A small amount of tol-
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vuene was added to retard bacterial growth during storage at
room temperature before concentration. The concentrated so-
lutions were stored in the refrigerator. The concentrate was
slurried with 63C g of Celite 535, concentrated to dryness
under reduced pressure in a rotary evaporator and fipally
éried under high vacuum overnight. The resulting tan solid
was placed atop a partition chromatecaraphy column prepared
as follows [102]: Approximately 1.8 Kgq of Celite 535 was
mixed with an equal weight of water saturated with l1-butanol
and allowed to stand overnight at room temperature. This
stationary phase was then slurried with 1-butanol saturated
with water, added to 2 10 c¢m diameter column and solvent was
forced through at a pressure of 10 psi (compressed air) un-
til settling ceased. The loaded column was eluted with
l1-butanol saturated with water and 500 mL fractions collect-
ed at the rate of one every 10 min. (1C psi air pressure).
Asperuloside (Rf= 0.72 in 2:1 ethanol:acetone)} appeared in
fractions 12-40 accompanied by asperulosidic acid (Rf= 0.83,
same solvent), glucose and several plant tannins. The lead-
ing and trailing fractions were dark brown while the central
fractions were yellow. Concentration of the central frac-
tions and coolinag afforded hygroscopic tan crystals which
were not isolated for this reason. The combined, concen-
trated fractions were dried in vacuo overnight yielding a
thick brown o1l which was stirred vigorously with 300 mL

acetic anhydride at room temperature overnight. At this
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coint, only asperuloside (blue) and various dark gray glu-
cose spots appeared on TLC. To this stirred solution was
added 150 mL pyridine with cooling 1in an ice bath to keep
the temperature below 50°C. After the exotherm had subsided
this was allowed to stir at room temperature overnight. This
was then poured into a mixture of 200 mlL water, 25 mL con-
centrated HC1l and 300 g ice with stirring (the whole was im-
mersed in an ice bath as well). The resulting brown solution
and precipitate was extractz2d with chloroform (3 x 250 mL).
This was placed in a large beaker and neutralized with satu-
rated sodium bicartonate solution until foaming ceased (ef-
ficient stirring was essential as was ocrcasional cooling in
an ice bath). The solution was then transferred to a separa-
tory funnel and separatecd. The chloroform extract was washed
once with brine then concentrated to 75 mL and diluted with
250 mL of anhydrous ethyl ether. Upon standing overnicht in
the refrigerator, tan powdery asperuloside tetraacetate pre-
cipitated. Filtration, washing with ether and drying in va-
cuo afforded 21.8 g of tan powder (0.25% based on fresh
plant weight., This was stored in the refrigerator and puri-
fied as needed using a silica gel column chromatography done
as follows: A column was prepared by loadina 210 o of Baker
60-200 mesh silica gel into a 4 cm OD column in 1:1 ethyl
acetate:hexane and packing with a slight air pressure to
give a height of 47 ¢cm. Atop this was placed 40 g of the

same silica gel ontoe which 7,00 g of the above crude asper-
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uloside tetraacetate had been deposited (slurried in acetone
and rotary evaporated to dryness). The column was eluted
with the same solvent under a slight air pressure and frac-
tions of 250 mlL were collected. Asperuloside tetraacetate
arpeared¢ in fractions 8-30 while the brown tannins remained
fixed at the origin. Concentration of these fractions and
recrystallization from absolute ethanol afforded pure asper-
uloside tetraacetate (S.91 g) as white crystals. Based upon
this result, the overall yield of iridoid from fresh plant

parts ts 0.21% (m.p. 150-151°C; 1lit. m.p. 154°C [55)).

'H NMR (220 MHz, CDCl,, ppm): 2.113, 2.097, 2.045, 2.018,

2,001 (all s, OCOCHy)}i 7.23 (d, Hy, J, 4= 1.5 Hz); 5.76 (br.
s, Hy i3 5.69 (s, Hy); 5.51 (br. 4, Hgl: 5253 (¢, Ha;, equal
coupling to 2* and 4*}): 5.106 (t, H4|, equal coupling to 3!
ard 5'); 5.014 (t, H,; egqual coupling to 1*' and 3'}; 4.91
(d, Hyr, J“'zu = 8.1 Hz); U.66 (RBq, H10 a and b} H4.25
(eight line ABX, Hgy a and b); 3.80 (ddg, Hs'): 3.50 (br. t,

Hs); 3.26 {m, Hs).

¢ NMR (25 MHz, CDCl,, ppm): 170.45 170.0; 169.8; 169.2;

169.1; 16%9.1 (s, C=0); 1u7.6 (2, C3)= 141.4 (s, Cg); 128.8
72¢2; 70.5; 6B.2; 6l.6; €0.3; 43,4 (d); 36.0 (d); 20.6 (g,

five overlapping CH, garoups).

IR (CHCl,, cm~'): 3020 (m); 2960 (w); 1750 (br, vs); 1659

{s).
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HPLC: Solvent T retention time 11.4 min. Solvent II: Tr=

TLC: Rf= 0.u40, intense blue spot.

8.1.2 From Leaves and Iwigs Without Partitjion
Chromatography

A total of 3.2 Kg of Coprosma repens leaves and stems was
extracted with boiling water as above. The extract was con-
centrated onto 217 g Celite S35 and dried in vacuo overnight
to give a free-flowing brown powder. This was then slurried
with 1.5 L of acetone overnight with good stirring. The ace-
tone was filtered and the slurrying process repeated twice
more with fresh acetone. The combined acetone filtrates were
concentrated to dryness in vacuo and treated as above {(ace-
tylation, column chromatogaraphy on silica gel and recrystal-
lization). This afforded 6.4 g pure asperuloside tetraace-
tate (0.19% by welght of fresh plant parts) upon

recrystallization from chloroform/ether.

8.1.3 from [Iwlias with Acetone Extracticn

A total of 6.84 Kg of Coprosma repens twigs was bolled with
one 10 L portion of acetone and this green soclution was con-
centrated to 75 mL. Upon cooling in the refrigerator, a
brown sludge appeared and was flltered and washed with a
small amount of cold acetone. The sludge was washed repeat-

edly with hexane to remove chlorophylls and was then dried
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and treated as before (acetylation and column chromatocraphy
on silica gel). The mother liquor was concentrated onto sil-
ica gel and washed with hexane. This was then extracted with
absolute ethanol and the extract concentrated and treated in
the same way as the brown sludge. After recrystallization
from chloroform/ether, the overall vyield of pure tetraace-

tate by this methoéd is 0,18% (12.1 g).

8.2 PREPARAIION OF ASPERULOSIDE TIEIRA
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beperuloside Tetraacetate Bromolactone (57): A solution of

1.00 o asperuleoside tetraacetate (1.72 mmole) in 10.0 mL dry
DMS0O was rprepared in a flame-dried apparatus and to this
stirred solution was added 0.489 g dry recrystallized N-bro-
mosuccinimide (2.75 mmole; 1.6 equiv.). After being stirred
at room temperature for 90 minutes, the yellow solution was
slowly poured into 100 mL cold, distilled water with vigor-
ous stirring. The resulting suspension was allowed to sit in
an ice bath for one hour. Filtration and drying 4in vacuo
yielded a white amorphous powder (0.9033 g) which could be
stored indefinitely in the cold. The mother liguor was ex-
tracted with methylene chloride (5 x 25 mL) and the combined
organic layers were washed once with brine. Drying over an-
hvdrous magnesium sulfate, filtration and concentration in
vacuo afforded 0.36 o of light yellow oil still having the
odor of DMSC. This o0il was combined with the powder and dis-

solved in 20 ml acetone which was cooled in an ice bath. To
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this was added 4.0 mL Jones' reagent (prepared by dissolving
6.7 g chromium trioxide in 12.5 mlL water, adding 5.8 mlL con-
centrated sulfuric acid with cooling and then adding enough
water to dissolve the precipitate), the ice bath was removed
and stirring at rcom temperature was continued for 40 min-
utes. The reacticn was gquenched with methanol, poured into
75 mL cold water and extracted with methylene chloride (4 x
S0 mL)s TIhe combined organic layers were washed with water
and brine, dried over macgnesium sulfate and concentrated in
vacuo to 3 white puffy semi-solid (0.9%9 g). Recrystallilza-
tion from methylene chloride/ether afforded white crystals
of impure bromolactone (0.34 g) which was purified by pas-
sage through a short silica c¢olumn (with 1:1 ethyl ace-
tate:hexane) followed by recrystallization from 95% ethanol
to yield C€.197 g of pure bromolactone (17% of theoretical).

m.p. 220-221 d.

Analysis: Calculated for CysHyy O, Br: C: 86.115 H: 4.,28;

Br: 11.80. Found= C: 45,963 H: 4,19; Br: 11.88.

'MW NMR (60 MMz, CDCl,, ppm): 2.10, 2.08, 2.08, 2,04, 2,00

6’ Jsm = 6 Hz,

Jg,7 = 2 Hz)i 8.8=5.0 (m, 8H, Hy g1 g0 g1) 5 0.72 (s, Hy 2

{all s, OCOCH,); 6.1 (br. s, H,): 5.48 (dd, H

and b); 4.15 (m, Hﬁ. a and b); 3.5-3.8 {m, H_ril ’ Hy and Hs);

3.25 (br. t, Hy)e

IR {CHC1,, cm"): 3020 (m); 2950 (w); 1790 (s); 1755 (br,

vS)a
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HPLC: Solvent I: Tr= 9.3 min.

ILC: Rf= 0.43; yellow-areen spot.

8.3 ISQOLATION QF OXJIDATION PBRODUCT 33
Asperulosidic Acid Lactone (59): The mother liguor from the

above bromolactone recrystallization was purified by concen-
tration in vacuo and recrystallization from ether. A final
crystallization from ethyl acetate/hexane afforded pure as-

perulosidic acid lactone (0.216 g; 19%). m.p. 180-180.5°C

Analysis: Calculated for Cstzgofi‘ C: 50.90; H: U.76.

Found: C: S0.95; H: 4,62,

'H NMR_(60 MHz, CDCl,, ppm): 2.10, 2.10, 2.08, 2.01, 1.99

{ all s, OCDCHS): 8.3 (br. s, COCH, OH, DzO labile): ©5.73
(bro S, H|)= .63 (S. H7): S.U5% (br. d' HB); 4,7-5,3 (m,

4H); 4.6 (br. s, H a and b); 3.4-4.3 (complex, 6H, unas-

10

sicned).

1

IR {CHCl,, cm” ' ): 350C (m); 3020 {(w); 1750 (br. vs).

TLC: Rf= 0.00, agray-black spot.

g

8.4  PREPARAIION OF BSPERULQSIDE TEIRAACEIATE LACTONE AND
IERTIARY ALCOHOL

Asperulosice Tetraacetate Lactone (35) and Tertiary Alcohol

{6U4): A solution of 2.00 g asperuloside tetraacetate (3.44

mmole} in 10 mL dry DMSO was prepared and to this was added
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1.04 g of recrystallized N-bromosuccinimide (5.84 mmole; 1.7
eguiv.). After being stirred at room temperature for 90 min-
utes, the yellow solution was poured into 100 mL cold dis~
tilled water with vigorous stirring which was centinued with
ccoling in an ice bath for one hour. Filtration and drying
in vacuo vyielded a white amorphous powder (1.63 g; 70%).
Extraction of the mother ligquor with methylene chloride (& x
25 mL) followed by concentration in vacuo yielded additional
material as a clear colorless oil (0.81 g; 35%) which turned
brown slowly as it was allowed to dry in vacuo overnight at
room temperature. The atove materials were combined and dis-
solved in 40 anlL tetrahydrofuran. To this was added 0.328 g
sodium cyanoborohydride (recrystallized grade; £.22 mmole)
and the solution was refluxed for two hours. The slightly
yellow slurry was then poured into 350 mL saturated sodium
chloride and extracted with methylene chleride (5 x 150 mL).
After drying over magnesium sulfate, filtration, concentra-
tion and final drying in vacuo gave 2.07 g of puffy white
semi-solid (101%) mixture of 35 and 4. These were separated
using preparative HPLC with an eluting solvent of 5:1 chlo-
roform:acetonitrile. Concentration of the fractions in va-
cuo and recrystallization from methylene chloride/ether af-
forded pure lactone 35 (0.404 g; 19.8%) and pure tertiary

alcohol 64 (0.949 g; U7%).

Lactope 35: m.p. 181-1u2°C
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Analysis: Calculated for C,q Hsg04 ¢ C: 52.17; H: 5.05.

Found: C: 51.95; H: 5.07.

'Y NMR (400 MHz, CDCl,, ppm): 2.035, 2,022, 1.991, 1.962,

1,931 (all s, OCOCHS): 5.961 (t, H,, slight allylic covu-

pling); 5.639 (&, H,, Jy o = 3.91 Hz); 5.430 (br. d, Hg)s

5.1u8 (t, H3|): $.025 (t, H, ); 4.9047 (dd, H,, Jﬂuz' = B8.06

41
1

b, of (AB)= 31.25 Hz, Jyga 1o = 1460 Hz); 4.189 (eight line
1

H b, = §3 Hz, J = 12.48 .
ABX, g a and ad (RB) 3 Hz #a,vb 2 Hz
g1 g1g = U+88 Hz,  J5 gip = 1.95 Hz); 3.703 (€[dd], Hy,
J4”51 = 9,76 Hz); 3.582 (4, Hs, Ja'5 = 10.74 Hz, JSJ = JSJ =

7.5 Hz); 3.347 (2, H‘); 3.247 (m, Hy).

3¢ NMR (25 MHz, CDCl,, ppm): 170.5, 170.2, 169.9, 169.5,

169.4, 168.9, 162.6 (all C=D); 1lu3,.u (C8)= 129.5 (C;)s 97.5¢

37.7; 20.6 (five identical CH; acetate groups).

IR {(CHCl,, cm™'): 3020 (m); 2960 (w); 1792 (s); 1755 (br.

vS).
HPLC: Solvent II: Tr= 7.9 min.
TLC: Rf= 0.33, gray-black spot.

Tertiary Alcohol 65: me.p. 161-161.5°C

Analysis: Calculated for cZﬁHszc%s : Cr 52.00; H: £.37.

Found: C: 51.8u4: H: S5.38.
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"4 NMR (400 MHz, CDCl,, ppm): 2.018, 2.016, 1.999, 1.952,

1.923 (all s, OCOCHs); S.822 (t, Hy;, slight long range cou-
pling); S.524 (s, H,); 5.383 (br. d, Hs); 5.120 (¢, Hf )3
5.006 {t, H,v )3 8,901 (dé, Hyu, Jp,p0 = .30 Hz, Jzﬂa' =
8.06 Hz): 4.769 (4, Hyv )i 4.660 (s, Hyp a and b); 4.097
{eight line ABX, Heo a and b, aé (AB)= 53 Hz, JVa,s‘b = 12.45
Hz, JSHe'a
3,778 {eight line BRBX, H

= £.13 Hz, Js's'b = 1.95 Hz):; 3.826 (t, Hg)
1

ranas ccupling to the OH); 3.639 (a{dd]}, Hs" Jo = 10,01
]

sl
Hz); 3.506 (br. d, Hg); 2.376 (br. 44, CH, DZO labile, con-

centration dependent).

3¢ NMR (25 MHz, CDCl,, ppm): 174.3, 170.7, 170.3, 170.3,

169.5, 169.5 (all C=0); 1u45.1 (CB): 128.6 (C7}: 104.0;

61.0: 47.U; 20.7 (five identical acetate CH3 gqroOups ).

IR {CHC1,, cm”'}: 3540 (br.,w); 3020 (m); 2950 {w); 1750

{br.,vs).

HPLC: Solvent II: Ty= 8.6 min.

=

LC: Rf= 0.29, gray-black spot.

8.5 PRERARAIION OF ASPERULOSIDE TETRAACEIATE DIBROMIDE
(§3)

Asperuloside Tetraacetate Dibromide (65): A solution of

0.200 g asperuloside tetraacetate (0.344 mmole} in 4 mL of

tetrahydrofuran (distilled from LAH) and 0.00U0 g butylated
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hydroxytoluene was prepared and to this was added 0.306 g
recrystallized N-bromosuccinimide (5 equiv.). This was heat-
ed at reflux for 30 minutes and rapidly cocled to room temp-
erature. A column was prepared by 1loading 68.5 o of 60-200
mesh silica gel (J. I. Paker) into a 2.5 cm CD column in 3/1
ether/pentane to alve a height of 40 cm. The cool yellow re-
action mixture was placed atop this column and eluted with
the same solvent under a slight air pressure. Concentration
of the middle fractions afforded 0.204 g of clear colorless
0il (96%) which was crystallized from ether/pentane afford-

ing 0.200 g of white amorphous dibromide (79%). m.p. 85 d.

is: e : C: «07; H: 4,073
Analysis: Calculated for C26H300158r2. C: 42.07; H 07

Br: 21.53. Found: C: u42.,06; H: a,14; Br: 21.67.

" NMR (60 MMz, CDCl,, ppm): 2.13, 2.13, 2.08, 2.01, 2.01

(all s, OCOCHS): 6.U0 (s, H,); 6.09 (br. s, H1}: 5.42 (br.
S, Hs)‘ 4,7-5.2 (m, SH}; U.70 (br., s, H1° 2 and b); 4.1% (m,

Ha' a and b); 3.3-3.8 (m, 3H).

IR (CHC1,, em~'): 3020 (w); 1775 (s); 1750 (br.,vs).

HPLC: Solvent I1: Tr= 7.8 nmin.

-
[
9

2:1 chloroform:acetonitrile sz 0.66 blue-green

spot.
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8.6 PREPRRALION OF RSPERULOSIDE TEIRAACETATE
BROMOBRCETOXYLAIE (28)

Asperuloside Tetraac=tate Bromoacetoxylate (28): A solution

of 0.05 g asperuloside tetraacetate (0.086 mmole) in 1.0 mL
glacial acetic acid and 1.2 ml distilled water was prepared
and to this was added (©0.0205 g recrystallized N-bromosucci-
nimide {1.6 equiv.)}. After 30 minutes at room temperature,
the light vyellow reaction mixture was poured into 8 ol of
ice-cold water angd extracted with methylene chloride (3 x 3
mL)s This was dried over magnesium sulfate, filtered and
concentrated in vacuo to yield a colorless oil. Crystalliza-
tion from <chloroform/ether affordsd white needles. Yield
0.49 g (B0%)s Mmep. 178-179°C (Lit., mep. 178,5-179.5°C [55])s
Since mixed melting point showed this to be identical with
known material and we did not pursue this path, no spectral

data is available.

8.7 PREPARAIION OF ASPERULOSIDE IEIRARCETATE LACTONE WITH
LODINEZRDC

Asperuloside Tetraacetate Lactone (35): & solution of 1.00 g

asperuloside tetraacetate (1.72 mmole) in 20 ml methylene
chloride was prepared in a 3-neck flask egquipped with an ef-
ficient mechanical stirrer and a reflux condenser. To this
was added a large guantity (typically 6 g although weighing
was not necessary) of powdered % molecular sieves and then
1.31 g iodine (3.0 equiv.). After S minutes at room tempera-

ture, 4.u5 g pyridinium dichromate (7.0 equiv.) was added
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and the reaction was refluxed in an oil bath at 57°C. After
6 hours at reflux, the cooled reaction mixture was poured
into 40 mL ethyl acetate and filtered through a 1little an-
hydrous macnesium sulfate. The filter cake was rinsed with
an additioral %0 mL ethyl acetate. The combined organic fil-
trates were poured into 100 mL 15% sodium thiosulfate solu-
tion in a separatory funnel and shaken vigorously for 15
seconds. The agueous layer was back extracted with methylene
chloride (4 x 50 mL) and the combined orcanic lavers dried
over calcium sulfate. Filtration, concentration in vacuo and
recrystallization from chloroform/ether afforded 0.93 g lac-
tone (90.8%) identical to that previously prepared {(mixed

M«+Ps, LR and NMR).

8.8 [SOLATION OF ASPERULOSIDE IETRAACETATE IODOLACTONE

Rsperuloside Tetrzzcetate Ipdolactone (66): The reaction was

performed exactly a2s in preparing the lactone (above) except
that after filtration, the organic solution was concentrated
in vacuo to a oray powder which was recrystallized twice
from chloroform/ether. A small amount of decolorizing car-
bon was used in the second crystallization affording pure

iodolactone in 20% yield as white needles. m.p. 209-211 d.

Analzsis: Calculated for C“Hzg 016 C: 43.11; H: 4.,03;

I:
I: 17.52, Found: C: 43.27:; H: 8.08; I: 17.73.
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"4 NMR (400 MHz, CDCl, , pom): 2.095, 2.055, 2.055, 2.009,

1.981 (all s, CCDCHS); 6.135 (s, Hy); 5.470 (4d, HG' J5'5=

S5.86 Hz); S.219 {(d, H,, J = B,545 Hz); S.184 (¢t, HJ,);

1,9
5.058 (t, H, )3 5.014 (d4d, Hz" J“'21 = B,06 Hz); u.858 (4,
H1|); 4.723 (s, H10 a and b): H.140 (eiaht line ABX, Hs' a

and b, of (AB)= 38.6 Hz, J& 12.21 Hz, J_ = 5.37

a,e'b s'a,s'

Hz, J = 2420 Hz); 3.718 (a&fdadj}, Hsu); 3.619 (dd4d, Hs);

5.6'b
3.219 (t, Hy).

IR (CHCl,, ecm~'): 3020 (m); 2950 (w); 1780 (s); 1755

{br.,vs)e.
HPLC: Solvent I: Tp= 10.4 min.

ILC: Rf= 0.43 yellow~-green spot.

IION QF DIHYDRO ASRERULOSIDE TETRAACETAIE

Dihvdro Asperuloside Tetraacetate Lactone (36)., FMethod A: A

solution of 2.00 o asperuloside tetraacetate lactone (3.36
nmole) in 500 mlL purified p-dioxane was prepared and to this
was added 2.00 g S% rhodium on carbon. The mixture was at-
tached to a standard atmospheric pressure hydrogenation ap-
paratus and eguipped with a closed system {magnetically cou-
pled) mechanical stirrer and was hydrogenated for four hours
( hydrogen uptake 1.2 times theoretical) at which time there
was no additionz2l hydrogen uptake. TLC of this solution

showed only the one product. The suspension was first fil-

-.-13[]_



tered through a sintered glass funnel to recover the bulk of
the catalyst. A 1little decolorizing carbon was then added
and this filtered through a Celite pad. Rotary evaporation
and drying in vacuo yielded a clear colorless o0il (1.97 g;
98% ). Crystallization from chloroform/ether afforded white
needles of pure dihydrolactone (1.85% g; 92%). MepPoe

186.5-187°C

dnalysls: Calculated for CEGH3201G: C: 52.003; H: 5.37.

Found: C: 51.81 H: 5.37.

i NMR (400 MHz, CDC1,, pom): 2.019, 1.987, 1.982, 1.962,

1.924 (all s, OCOCHa); 5.494 (4, H1, J1ﬂ = 6.35 Hz); £.130

(t. Hy )i 5.006 (t, Hyo }; 5.000 (dt, He); u.91u (dd, Hyp ,

J, .1 = B.06 Hz); 4.828 (4, H
t',2

4,246, 4.040 (eight line BB¥X centered at 4,143, H

1.): 4,143 (4, Hs' a ahd b)

1p 2 and b,

s§(AB)= B2 Hz, Jyyg 9 = 11072 Hz, Jg 492 = 6-59 Hz, Jg (4 7

J4,5= 10.748 Hz):

3,317 (dt, Hg, egual coupling to H6 and Hg); Cs 2,55 (m,

6.35 Hz); 3.670 (dt, Hgt )3 3.590 (d, Hd'

Hg )5 2.552 (m, Hs): 2.430 (dt, H.,): 1.671 (d(2dd], Hgp).

'y: 3020 (m); 2960 (w); 1790 (br.,s); 1752

IR (CHC1,, cm”

{br.,vs)e.
HPLC: Solvent IT: Tr= 11.4% min.

ILC: Rf= ¢.12 gray-black spot; Usina 9/1 chloro-

torm/rmethancl Rf= 0.66.
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Dihydro Asrervloside Tetraacetate Lactone (36). Metheod B: A

sclution of 2.00 g asperuloside tetraacetate lactone (3.36
nrole) in 500 mL purified p-dioxane was prepared and tc this
was added 2.00 g 5% rhodium on alumirna. This was hydrogenat-
ed as in Method 8 but for only three hours and then filtered
ttrough a Celite pad. TLC showed some hydrogenolysis prod-
ucts so this was concentrated onto a little silica gel and
chrematographed on a short (15 cm) column of the same silica
using 1:1 ethyl acetate:hexane as the eluent. Concentration
ané drying in vacuo afforded 1.66 g of <clear colorless oil
(83%) which was crystallized from chloroform/ether tc yield
1.53 9 (77%) of pure dihydreclactone identical in all re-

spects tc that obtained above.

8.10  PREPARAIJON OF DIHYDROASPERULOSIDE IETPARACETIALE
IERTIARY ALCOHOL (68)

Dihydrpasperulosicde Tetraacetate Tertiary Rlcohol (68): A

solution of 2.0C ¢ asperuloside tetraacetate tertiary alco-
hol (3.36 mmole) in 500 mL purified p-dioxane was prepared
and to this was acdded 2.00 g 5% rhodium on carbon. This was
hydrocenated at atmospheric pressure using the usual appara-
tus and a closed system mechanical stirrer. After twd
hours, no additioral hydrogen uptake was evident and the re-
action mixture was filtered through a Cellte pad. TLC showed
a small amount of hydrogenolysis product at the orilaln so
this was rassed through a short column of silica using 1:1

ethyl acetateshexanre as eluent. Concentration and drying in
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vacuo afforded 1.7€ g (88%) of clear colorless oil which
could be crystallized from chloroform/ether to yield dense
cubic white crystals (several crops yield 1.u48 g, 70%)s m.po

162-163°C

Analysis: Calculated for ChpeH;,0,: C: 51.83; H: 5.69.

Found: (C: 51,75; H: £,.7u4,

'Y NMR (400 MHz, CDCl,, ppm): 2.013, 2.006, 1.970, 1.952,

1.921 (all s, OCCCHa); %.560 (s, H1); 5.114 (t, Hs'); s.008

(t, Hy )3 4.925 (44, Hyat )3 c. 4,91 (m, Hs' hidden partly by

Hyi )3 4e712 (2, Hy, Jp,zl = 8.30 Hz); 4.104 (eight line

REX, H a and b, ad = 55.2 ¥z, Jva,s'b = 12.69 Hz, Js,fa

51
.13 Hz, JS,B'b = 1.9% Hz); 4.060 (4, H10 a and b, Js'.‘u =

B.06; 3,737 (8¢, VY, a and b, becomes sinalet upon addition

3
of D,0); 3.629 (d[ad], Hgi )i 34551 (t, Hs); 3.034 (¢, Hg);
2.518 (m, Hg)s 2,251 (dt, H13)= 2.24 (m, OH, 020 labile);

1.€10 (m, H7b).

IR (CHCl,, em~'): 3580 (br.,w); 3020 (m); 2960 (w); 1775

{s); 1750 (br.,vs).

HPLC: Solvent I: Tr= 106.6 mine.

TLC: Rf= 0.27 gray-black spot.
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8.11 PREPARATION OF DIHYDRO ASPERULOSIDE TETRAACETATE

e i ey e S S T i i . — 8y

LACTONE AGLUCONE

Dihydro Asperulosice Tetraacetate Lactone RAglucone (70): A

solution of 0.200 g dihydro asperuloside tetraacetate lac-
tone (0.33 mmole) in 30 mL of 80% formic acid was prepared
and refluxed for 30 minutas in an oil bath at 110°C. This
was then concentrated to about S mL, poured into 20 mL dis-
tilled water and extracted with methylene chloride (4 x ¢
mL)s After drying over magnesium sulfate, the combined or-
ganic extracts were concentrated onto 5 c silica gel, glaced
atop a 1.9 cm OD column loaded with the same silica gel to a
height of 33 cm and eluted with 4:1 ether:ethyl acetate.
Upon concentration of the appropriate fractions a clear col-
orless oil (0.090 o, 90%) was obtained. No attempt was made
to crystallize this product or obtain an analysis since we

did not work with it further.

'H NMR (60 MHz, CCCl,, ppm): 2.0% (s, OCOCH,); S.81 (d,

v

Hy); 4.90 (m, Hs): 4.2 (s, H10 a and b); 3.6 (4, H4): 3.3

(m, H5)= 243-2.7 (m, 3H); 1.6 (m, H,_ ); 4.9 {(br., OH).

Ta

IR (CHCl,, cm~'): 3500 (br.,w); 3020 (m); 2950 (w); 1775

(s); 1735 (br.,s).
HELC : Solvent I: Tp= 11.6 min.

TLC: Rf= 0.17 crav-black spot.
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8.12  PRIPARATION OF DIHYORO ATIA TERTIRRY ALCOHOL AGLUCONE
(12)

Dihydro Asperuloside Tetraacetate Tertiary Alcohol Aglucone

72): A solution of 0.100 g dihydro asperuloside tetraace-
tate tertiary alcohol (0.16 mmole) in 10 mL of 5:1 glacial
acetic acid:water was prepared and refluxed in an oil bath
at 11C°C for 20 hours. This was cooled to room temperature,
poured into 15 mL water and extracted with methylene chlo-
ride (6 x 10 mL}). The combined extracts were dried over mag-
nesium sulfate, filtered and concentrated onto a 1little
60-200 mesh silica gel. P2 1.4 cn 0D column was loaded with
the same silice gel to a height of 33 cm in S:1 ether:ethyl
acetate. The silica bearing the extract was placed atop this
column anéd eluted with the same solvent uncer a slight air
pressure. Concentration of the appropriate fractions gave
trke aglucone as a white solid (0.018 g, #41%) which was not

further purified for analysis.

'H NMR (60 MHz, CDC1,, ppm): 2.05 (s, OCOCH;);: 5.8 (d,

Ht); 4.9 (m, HE); 4.9 (br., OH, DZD latile); 4.3 (s, Hyy a
ani b): 3.7-4.0 (m, H3 a and b); 3.3-3.7 (m, 2H); 2.9 (br.,

OH, 020 labile); 2.2-2.4 (m, 2H)Y; 1.0 (m, 1H}Y.

IR {CHCl,, cm~'): 3540 (br.,m); 3020 (m); 2950 (w); 1775

{s); 1735 (bre,s).

TLC: R,= 0.25 aray black spot.

= f
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REY ALDEHYDE ARNALOG (714)

8.13 PREPARATIION OF IH
11-Deoxy=~1l-Hydroxymethyl Analca of Corey's Lactone Aldehyde

(7la): A solution of 0.500 g dihydro asperuloside tetraace-
tate lactone (C.83 mmole) 4in 100 mL of S5:1 glacial acetic
acld:water was prepared and refluxed at 116°C for 18 hours.
The reaction mixture was then placed on a rotary evaporator
and its volume reduced to 10 mL. This was poured into %0 mL
distilled water and extracted with methvlene chloride (5 x
20 mL)s The combined organic layers were dried over macnesi-
um sulfate, filtered and concentrated onto 3 g of 60-200
mesh silica gel. This was placed atop @ column prepared by
loading 45 g of the same silica gel into a 2.5 cm OD column
in 5:1 ether:ethyl acetate and eluted with the same solvent
under a slight air pressure. Concentration of the appropri-
ate fractions and drying in vacuo gave the aldehyde (0.114

g, 61%) as a pale vellow oil.

Pnalysic: Calculated for C, H; 0O45:-H,0: C: SU.09; H: 6.60.

Fcund: C: 5u4.09; H: 6.64,

'"H NMR (60 MHz, CDC1l,, ppm): 2.08 (s, OCOCHy): 9.75 (s,

CHO); 5.00 {(m, Hﬁ): B,15 (br. dd, H, a and b); 3.15 (t, H;);

9
2.2-2.9 (m, 5H); 1.9 (m, Hy).

IR (CHCl,, cr”'): 3020 (m); 2950 (w); 1775 (s); 1735

({br.,s).
HPILC: Solvent II: Tr= B.& min.

e ——

ILC: Rf= 0.23 gray-black spot.
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8.14  WITTIG PEACTION QF ALDEHYDE 714
Wittig Peaction of Aldehyde 71a to Produce Encne 73: A sus-

pension of 0.0212 o sodium hydride granules (0.884 mmole;
Alfa-VYentron) in 4.0 mL dry dimethoxyethane (distilled frecm
LAH) was prepared in a flask which was under a positive
pressure »f dry nitrogen. A solution of 0.210 g dimethyl
2-oxoheptylphosphonate (1.07 equiv., c. 200 ul, Aldrich) in
1.0 mL dry DME was injected into this stirred suspension and
stirring continuad at room temperature for one hour while a
voluminous white precipitate formed. This was cooled in an
ice bath and a solution of 0.,1000 o aldehyde 71a (0.442
mmole) in 1.0 ml dry DME was injected all at once. Stirring
was continued in an ice bath for 30 minutes followed by two
and a half hours at room temperature. The reaction was then
neutralizecd with glacial acetic acid (120 ul) and concen-
trated directly onto 2.5 g of 60-200 mesh silica gel. This
was placed atcp a column prepared by 1loading 45 g of the
same silica into a2 2.9 cm OD column in 1:1 ethyl ace-
tate:hexane (height 33 cm) and eluted with the same solvent
under a slight air pressure. Fractions of 25 ml were col-
lected and fractlons 7-16 combined and concentrated to yield
tke enone (0.125 g; B87,3%) as a pale yellow oil identical in
every respect to a sample prepar=d by another route which

cave a good analysis.

"M NMP (220 MHz, CDC1l,, ppm): 6.613 (dd, Hy, J

12,13
.45 Hz, Jyg 44 = 15.48 Hz); 6.183 (d, M., )5 8.976 (m, H);
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u.045 (eight line PBX, Hy a and b, ad = U5 Hz, Jpy, 5p =
11.8 Hz, Jyy 293 = .41 Hz, Jyy,21p = 5.2 Hz); 2.56-2.77 (m,
2H):  2.518 (t, 2 Hyg )i 2.3-2.4 (m, 1H); 2.227 (m, Hy )s
2.024 (s, OCOCH,); 1.82 (m, Hg); 1.602 (m, 2Hy; )i 1.28 (m,

UHyg 19 )3 04886 (t, 3Hp, ).

IR (CHCl,, cm”™'): 3020 (m); 2960 (s); 2930 (s); 2875 (m);

2860 (m); 1760 (vs); 17u0 (vs); 1695 (s); 1630 (s).

TLC: R,= 0.55 aray-black spot.

-  f

Cptical Rotztion: [u]gs = -28° (chloroform).
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Appendix A
PARTIARL LIST OF ABBREVIATIONS

ATAceeseeseesccasperuloside tetraacetate
DCCevacensssssaN,N'"-Dicyclohexylcarbodiimide
DMEeeessessesesdimethoxyethane

DMF esvesnssesnesN N-dimethylformamide
DMSeeesosecases(dimethyl sulfide
DMSOeeoosaesos.dimethyl sulfoxide
gGlUesessseseeesglucose
NBSeeesosnseesN-bDromosuccinimide
ODRCecssnsvesnssacetate
OBZssesesssesssbenzoate
PCCesevaseeresepyridinium chlorochromate
PDCesssescessasapyridinium dichromate
PGesesssonsssssprostaglandin(s)
PTFAccsasccesespyridinium trifluorcacetate
PYLssnseosssaspyridine
FRMessssssesserhamnose

THE e s aseseeseotetrahydrofuran

THPse sevsseesstetrahydronyran
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Appendix B
SELECTED CURRENT CHEMICAL ABSTRACTS INDEX NAMES

Asperuloside Jetraacetate Bromolactone (37):
u-[(Acetyloxy)methyl J-7a-bromo-4a,5,7a,7b-tetrahydro-5-
[(2,3,4,6-tetra-O-acetyl-$-D-glucopyranosyl)oxy]-1H-2,6-
dioxacyclopent[ cd)Jindene-1,7(2aH)~dione

i —— . — - — A i R e e S e St —

[235~( 2ax,lae,5«, 7%, 7bex} ]-U-[ (Acetyloxy)methyl }-
tetrahydro-5-{(2,3,u,6-tetra-O-acetyl-g-D-
glucopyranosyl joxy ]-1H-2,6-dioxacyclopent{ cd Jindene-
1,7( 2aH)-dione

[2aS-(2ax,8x,Uax, %k, Taw, 7bee) J-U~[ (Acetyloxy )methyl ]-
hexahydro-5-{(2,3,4,6-tetra-0-acetyl-g8-D~
glucopyranosyl Joxy ]J-1H-2 ,6-dioxacyclopent[ cd Jindene-
1,7({ 2aH)-dione

Dihydro Agperuloside Tetraacetate Lactone Aglucone (70):
U-(( Acetyloxy)methyl Jhexahydro-5-hydroxy-1H-2,6-
dioxacyclopent[cd]indene-1,7(2aH )-dione

3:
{(Rcetyloxy)methyl Jhexahydro-t-(3-oxo-1-octenyl)-
H-cyclopenta[ b Jfuran-2-one

Enong 7
~{(

0
5
2

Corey Aldehyde Apalog 7la:
5-[{Rcetyloxy)methyl Jhexahydro-d4-formyl-2H-
cyciopenta[ b )furan-2-one

Asperuloside Tetrpacetate Tertiary Alcohol (64):
[2a5-(2am,lax, 5, 7Tbee) ]-U-[ (Acetyloxy)methyl }-7a-hydroxy-
S5-((2,3,u,6-tetra-0-acetyl-g-D-glucopyranosyl oxy J-1H-
2,6-dioxacyclopent{c,d Jindene-1-one

Asperulogsidic Acid Lactone (33):
[15-(1le,S8, 7ax) ]-7-[ (Acetyloxy )methyl )-1,3,5,7a-dihydro-
S-hydroxy-1-{(2,3,4,6-tetra-O-acetyl-g-0-
glucopyranosyl Joxy Jcyclopenta{ c]Jpyran-3-one-
U-carboxylic aciad

- luy -



Appendix C
SELECTED IUPAC NAMES

Asperuloside Tetrapcetate Bromolactone (37):
(2a5,4a5,5R,7bR)=-7a~-Rromo~-5-(8~-D-glucopyranosyloxy )-
#a,5,7a,7b-tetrahydro-4~{ hydroxymethyl)-1H-2,6~
dioxacyclopent[ cd ]Jindene~1,7(2aH)-dione pentaacetate

Asperulosjde Tetraacetate Lactong (33):
(2as,4aR,5R,7aR,7bS)-5-(f-D-glucopyrarosyloxy)tetrahydro-
U-(hydroxymethyl )~1H-2,6~-dloxacyclopent[cd Jindene~
1,7 2aH)}-dione rentaacetate

(2aS,uR,4aR ,5R,7aR, TS }-5-(8-D-gluceopyranosyloxy )~
hexahydro-4-(hydroxymethyl)}-1H-2,6~
dioxacyclopent[ cdl]indene-1,7(2aH)-dione pentaacetate

Dihydro Asocepuloside YTegtraacegate Lactone Aglugone (20):
(2a5,4R,4aR,7aR,7pS)-Hexahydro=-5-hydroxy-i-
(hydroxymethyl )-1H-2,6-dioxacyclopent{cc ]Jindene-

1,7( 2aH)~-dione H-acetate

kneone 13:
{3as,u4S5,5R, 6aS )-Hexahydro-5-(hydroxymethyl)-l-
[(E)-(3-oxo=-1-octenyl) ]-2H-cyclopenta[ b Jfuran-
2-one S-acetate

Corey Aldehyde Analog 7la:
(3a5,4S5,5R,6as)-Hexahydro-S5-(hydroxymethyl)-4-formyl-
2H-cyclopenta{ b Jfuran-2~-one S5-acetate

Asperuloside Tetraacetate Iextiary Alcohol (64):
(2a5,4aR,55,7bS }-5-(A-0~Glucopyranosyloxy)tetrahydro-
4-(hydroxymethyl )-T7a-hydroxy-1H-2,6-
diokxacyclopent[ cd ]Jinden-1-one, 2',3',4°',€',7-
pentaacetate

Asperulosidic Acld Lactope (53):
{15,55,7aR)-1-(2-D-Clucopyranosyloxy)-1,3,5,7a-
tetrahydro~S5-hydroxy-7-(hydroxymethyl )cyclo-
penta( ¢ Jpyran-3-one-4-carboxylic acid,
2',3*,41,6"',7-pentaacetate
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Rppendix D
IR, NMR AND CMR SPECTFA OF ASPERULOSIDE TETRRACETATE
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Appendix E
IR AND NMR OF IODOLACTONE (66)
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Appendix F
IR AND NMR OF BROMOLACTONE (357)
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Appendix G
IR, NMR AND CMR OF ATA LACTONE (35)
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Appendix H
IR, NMR AND CMR OF ATR TERTIARY ALCOHOL (64)
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Pppendlix I
IR, NMR AND CMF OF DIHYDRO ATA TERTIARY ALCOHOL (68)

- 164 -



(89) TOHODIV AM¥IIHAL VIV OUQXHIG 40 HI

!

ot

e .r"-:'

»

! b}
I - =
Oz
'L e
.ﬂ/O -
k= v
] —_ bt
! *
| y -
A
| -
| E5
[ v
<
&
I
1
- :
v z -
i = -,
-
! >
' >
| «
1
i
&
“ b
’
|
1
! -
| £
!
1
p — \...u
= L= _w“t
- Ed -
. A
= - ™~
: i E3iE
SR - K~
ﬁ_ ;o =
-~ - -
£ x

iy

L ! u[jr:ff [T

|

'
; i
! !
! !
' o -
o -
EP:
1. ™
| -
e

Ix

LVInH
A

Twa OE




- 991 -

e — UG
g 1. 00uQ
1
B .'
t i t
—_— AR
i L : [ H :
K I DI 31 [EEN } 1)y |
H I oo ; ! !
n S hedhy g e ' .
SN i ; i j
: T i
! 1 1! M
I ' 1 i
! i
|
1
l. b
[} 1
)
i

NMR OF DIHYDRO ATA TERTIARY ALCOHOL (é68)




He 100
Hi 5

4 2%

- L9T -

8 000

J o0
1500

\”*P¥Vﬂwmﬂ

\a

& 000
2000
1 000

W

duwu\ﬂwﬁ#

CMR OF DIHYDRO ATA TERTIARY ALCOHOL (68)

2 D00
1 000

'\*"“’l'l\f'ﬂﬂ'f J'.-.‘-“ l‘




Rppendix J
IR AND NMR OF DIHYDRO ATR LACTONE (3%)
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Appendix K
IR AND NMR OF ALDEHYDE 71A
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Appendix L
IR AMD NMR CF WITTIG PRODUCT 73
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