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w1th the vieh to functionalizing the C-20 angular
| methyl greup of the ring C-aromatic diterpenoids, synthetic.
objectives centred on finding an easily accessible intef-
mediate td which a 1,6-hydrogen transfer could be attempted "
by photolysis of the nitrite .ester. Attempted functionall-
zation through the 12§-hydroxy group in perhydropodocarpic
acid _2_ b and through the C-7 alcohol group in methyl 7p-
hydroxy-O—methylpodocarpate 37 and in 68, 7}-dihydroxy-0—
: methyl-podocarp—19, 6§-lactone L8 were unsuccessful. Re-
,course to the normal 1, 5-hydrogen transfer through the
" pitrite ester of methyl 6},7?-dihydroxy-o-methyl-podocarpate
95, a compound readily obtained in good yield after six .
steps from lz-acetox}podocarpic acid 38, was inconclusive.
During the course of the synthesls, an 1mproved,_
procedure of benzylic oxidation of phenolic compounds, or
easily hydroyzable darivativeé, was developed.

The carbon-13 nuclear magnetic resonance spectra of

- i . ’ ‘




podocarpic aclid 25, a riné C-aromatic diterpenoid, and a
number of derivatives were recordédland analyzed. Substit-
‘uent effecfs on the aliphatic carbons were determined’for*
a variety of oxidation levels at carbon 19. |

These substituent effects, among other techniques,
are applied to the analysis of some 1abdane intermed;ates,

ozonolysis products of podocarpic acid, and abietic acid

and derivatives.
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1. GENERAL INTR&DUCTIOH

1.1 Natqgal Products

The knpwledge of the chemistry of compounds de-
rived from plants and animals, the so-called natural
products, has increased and diversified to aﬁ extent that,
only a century ago, would have seemed unimaginable. From
humble beginnings in the primitive technologies of dyeing,
perfumery, and folk-medicine, the subject of natural pro-
ducts has become a precise science from which has evolved
almost all of the present framework of structural and
theoretical organic chemistry.

The ancient Egyptians,_quans, and Phoenicians,made
extensive use of dyes which were organic compounds: 1ndigo
derived from the colourless glucoside, indican, which is
extractad-from the leaves of the indigo and -of the woad - .
plants; alizarin, the principle colouring material of madddf, '

lant of the rubia tinctorum; Tyrian purple, the legendary ‘
dye ascribed to royalty, derived- from glandular fluid ex-

preased from the purple Mediterranean anail Murex brandaris.

“whe fermentation of sugars to yield alcohol and the
conversion-of animal fat into soap have been known since
ancient times. Alcoh;i is still prepared to-day by a similar
method and it has only been in the last tuenty-fivo years
that organic chemists haxe been able to syntheslize

1




detergents which could compete with soap.

_ ‘Until the end of the seventeenth century, the interest
of chémists has been directed almost entirely to the non-
1iviné mineral world. Although many natural compounds, mostly
from vegetable sources, were isolated during the eight-
eenth century, their.compositions remained unsolved and their
chemistry ignored. Beéauae.of their association with 1iviﬁg
organisms{"organized matter™), the chemicals of animal and
vegetable origin were termed organic QQ.differentiate them
from those of tﬁe inanimate~mineral realm termed inorganic.

Lavoisier had shown in 1784 by analysis of combust-
ion products that most organic compounds contained the same
small group of elements: carbon, hydrogen, oxygen, and
n{trogen. Despite the existence of these elements in inor-
ganic as uell as orgqnic matter, chemists believed that
only a “vital force™ inherent in a living cell could build
complex'compounds from the elements and, although inor-
ganic matter could be prepared artificially in the labor-
atory, organic compounds could be produced only in living
organisms. Contrary to this widely accepted bellef, Berzelius
was able to show in 181% that the usual chemical laws govern-
1ng the behaviour of organic-mgterials, such as the laws of
fixed and multiple proportiogs, applied as well to organic
compounds. - | IJ

The gulf betuoen inorganic and organic compounds was
bridged by Friedrich Wohler in 1828 when his evaporation

et R R
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of an aqqgous solution of ammohium- cyanate yieldqd urea

identical with the compound fouqd in urine wﬁich had been
known only as a product of animal metabolism. This obser-
vation was an obvious deﬁonstration of the fallacy of the

vital force theory. However, only the weight of accumu-

lated evidence in succeeding years finally laid to rest the

_ vitaliétic theory.

j During the latter half of the nineteenth century,
the foundgmions of structural theory of both atomic organ-
ization and molecular shape were begun. The three-dimen-
sional nature of molecules and the tetrahedral structure
‘of the four bonds to carbon were proposed and have long
gince been universally accepted. The consequences of these
theoretical davalopments have been a remarkable 1nsight
afforded chemists of the molecular architecture of the most
complex molecules. - _

The rapid and continuous development in this area

coupled with the discovery of new synthetic methods re-

sulted in the preparation of many thousands of compounda o

of both theoretical interest and pfactical.importanco.
Sﬁarting materials for the jndustrial production of dyes,
ﬁharmaceuticals, photographic-chemicals, and explosives

were realized from the constituents of coal tar.

During the present century, the growth of the organic.

chenical industry can be attributed to the many practical
and socially beneficial uses to which these compounds have

e r—————
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been applied. The increased demand for products of nature
provided an already flourishing industry with the impetus
to pfoduce in quantity synthetic analogs of natural materials
of equal or better quality. Suth dramatic progress represents
only a centinuation of the traditional curiosity of man about

~’'the natural world and his attempts to understand and exploit
it. "

1.2 The Terpenoids '

The odoriferous components uf.plants and, to a lesser
> extent, animals, known as the essential oils, have been ex-
tracted and used by man for hundreds of years, expeclally in
the areas of cosmetics, perfumery, and medicine. In recent
times, these oils have also found application in the fields
of paints,‘preservatives, and.artificial flavouringé.

Although known to be a complex mixture of acyclic,
'ﬂmwnmaﬁmumaMhMumwucmmwmhapmmmm
rconstitusut wau found to be a series of isomeric unsaturated
hydrocarbons of formula CjgHi6, kmown collectively as ter-
penes. The tenm, terpenoids, has since come to represent a
wide variety of substance. many not of natural origin, having
a variety of functional groups, but retaining a basic atruc-
tural reiationship to the original simple terpenes.

Subsquent to the discovery that the CjgHjg terpenolds
could be considered as head-to-tail dimers of isoprene CsHg 1
higher molecular ueight.terpenoids were found, each having
the isoprene unit as a common denominator. Coupled with the
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observation tﬁat thermal decomposition of almost all terﬁenea
gave isoprene as one of the products, this efidence suggested
that the skeleton structures of all terpenes could be built
up from isgprene units. This isoprene rule (1), while not
corfect h all cases, has proved a useful guiding principle
in structural studies of many natural products. Under appro-
priate conditions, for example, 1lsoprene will dimerize to
dl-limonené ii or polymerize to a rubber-ike maﬁerial.
Although isoprene itself has never bgenfjiund in natu#ﬁ,

iso-valeric acidl iii and senmecioic acid iv have been found

naturally.
i ’/:_fl )
N H
3\ i i1
,_)\ .

N



CH,

CH— CH;—COOH. |

CH,
111
! ' -
CH, : ~
C=CH—COOH
CH,

iv

The terpenolds are classified according th the number
of isoprene units in the molecule.

TABLE T - Classification of terpenoid compounds

Number of Number of Class o Example
Isoprene ., Carbon ‘

units units _

10 2 nono’t/;erpenoids geraniol i
15 3 .sqaquiterpenoids farnesol ¥i.

- 20 L - _'c‘l‘it(;rpenoids- pimaradiene ¥ii
25 | . 5 | éaste_rpanoi@s diemycinol ;v_i__i_:L o
50 _ | 6 tritefpenoida squalene ix
40 8 tetraterpenoids §#-carotens X

r,>,-’-’—9'"* r polyte'rpent.:ida. rubber xi







| Much -work in receﬁt years has been applied to inform-

ation on howAplants‘and animals are able to syntheslze ter-
penoid substances. Bldch and hia\gssoc;ates.haye shown that
fatty acids could be biosynthesized .in tissue from acetic acid
(2) and that the same précursor is used bf animal tissue in
the syntheais of the sterol cholesterol (3-7). The implica-
tion is that acetic acid xii is the fundamental building unit
from which the iso-pentane unit is derived) possibly by a

scheme shown below.

acHcoon _~H0 __  cHcocH,cooH
CH,COOH
cnh\ ' T"’
- Cx== cncooru-—-gl—— ROOC— CH,CCH,—COOM
CH; ’ !’1 OH

_ This hypothesis has been experimentally substan-
tiated by the discovery that not only could the guayule
plant incorporate 1abellea acetic acid into its rubber
product (8), but the auhstiiumion of acetic acid by
senecioic acid was 'also successful. R |

On tﬁis basis, one can formulate the condensation
of two ‘molecules of senecioie acid followed by reduction
of the ketone ‘function to give geraniol vi from uhich other

\
ht
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cyclic'énd acyclic monoterpenes could be derived.

A glant step in the studies of terpene blogenesis came
with the discovery of mevalonic acid xiii (9) which is
strugturally closely relatgd}to senedioic acid. Movﬁlonic.acid
was found to be an efficient cholesterol precursor (10) as
well as being incorporated readily into carotencids (ll)f’
fubber (12), and other terpenoida, theréfore, suggesting 1t
to be the source of "activeﬂisoprene" in plant and animal
tissues. | ' 1

Analogous to the formftion of the monoterpenes, the
diterpenes are derived from the polyiaopreazid unit{auch as
gerapyigeraniol xiv, the cyclization of which ylelds a
cationic intermediate xv which can stabilize by neutrallza-
tion gas by lactone‘or ether formation or hydration
(giving scareol xvi (]3,14), or proton loss (giving manodl
(xvil) or by ﬁ?arrange nt. Pzzdiétable rearrangements of

polycyélic precursors possessi carbonium ion sites provide

cH,
|

HOOCCH,CCH,CH,OH




10
‘reasonable pathways to most of the naturally 6ccurring ter-

penoid cyclic skeltons. For example, a postulated ionization
of the hydroxyl could lead, from the manodl skelton, to the
tricyclic diterpenoid structure, such as pimaradiene vii
(15,16)

Natural products have received a great deal of atten-
tion from the structural and synthetic chemist. Originally
the synthesis of terpeﬂes was directed principally at con-

"firmation of structure and at the challenge to the capa-
bilitiés of the chemical principles. In recent years,
synthesis has become a precursor to the development and
understanding of the sequential applicatlion of reactions

and reagents enabling chemists to optimize their choice

FIGURE 2 Diterpene biosynthesis
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and sequence of reactions for the preparation of a desired

prodiict. The recent syntheses of cholesterol and vitamin Bjp

are the compendia of such predictions. ' )

Other benefits Iron natural product syntheses have a
accrued over the years. ?roducts and intermediates, for
xample, may have biological significance and, hence, medical-

applications,- where the necessary quantities from natural

" sources may be limited.

To the scientist, natural and synthetic terpenoids
have found extensive application as model componnds. With
their strpctural rigidity and variety.of substitution, they
have heiped reveal the relationshipa between structure, mec-
hanism and stereochemistry and have added to the fundamental

understanding of chemical reactions, thus, not only improving

. the successful predictions of products in a given reaction -

sequence, but also bestowing upon the ‘field of organic

chemistry a theoretical unity which had, heretofore, been

" lacking.

In addition, their use as model componnds for the

cdnrelation of moleculaf structure with physical properties

* accounts, in part, for the rapid acceptance and growth of

spectroscopic analytical techniques in the last few decades.
Indeed much of the empirical data available to those working‘
in the areas of ultraviolet, visible, 1nfrared, and nuclear
magnetic resonance spectroscopy has been gleaned from
studies on known structures. Thelr application and>modi fica=- -

tion to other molecular situations has accelerated both the



erization of an unkown structure.

-

! 12
analysis of a given synthetic step and alaso the charact-
Prime examples include

the Woodward rules of ultraviolet spectroscopy and the

substituent effects of various structural systems in nuclear

magnetic resonance 8pectroscopy.

1




2. HISTORICAL INTRODUCTION

2.1 Sciadin - Structure and Related Derivatives

Sciadin l, a diterpenoid bitter principle was first ;
isolated from the heartwood of Sciadopitys Verticlillata

Sieb. et 'Zucc. found in central and western Japan (17).
“ _ The neutral compoﬁnd from the methanolic extract gave - £

a molecular formula of G2OH2h6L while chemical and spectros-

copic evidence indicated the presence of a lactone ring, a
furan ring, and a vinylidene group.

Hydrogenation of sciadin over Adam's catalyst in the
‘presence of ethanol gave dihydrosciadin 2 whereas saponifi- .
cation with alcoholic potassium hydroxide yielded sciadinic
acid 3. )

2

During the course of the chemical and physical inves-

tigations for functional groups, it became evident that sciadin
was a bicarbocyclic compound. . Wet chemical methods- -

13




1l

i
1
t
i
!
1
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15
suggested the similarity of the sciladin structure to that of
man_oBl xvii and possibly ofher known furanoid diterpenes

such as marrubiin 5_ and daniellic acld 2.
|

The confomatidn of sciadin can be represented by
structures 1A and 1B, of which the former was favoured based
on optical rotatory dispersion measurementé on the ketoester 6.
The negative Cotton effect suggested the structure having the
lactonic and ether groups on the beta Bidé of the molecule,
a situation ﬁhic;ia would appLy :aqu.ally well to sciadin itself.

Kaneko and co-workers (18"). isolated from the leavesa
of the samé plant.,rin addition to scladin, two related fura-~
noid diterpenes, dimethylsciadinonate 7 and sciadinone 8. |
Appropriate chemi¢al transformations confirmed the structural
correlation between the three compounds. In additionm, the
authors confirmed the aforementioned structural proposal by
Sumihotb and, in the process, excluded tﬁe possibility of
structure 1C by proton magnetic resonance analysis.

The same authors (19) established the relative con-
figuration of aciadin)through the application of a novel

chemical reaction. Carbons 17 and 19 must be in a 1, 3-cis-
' ' s
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. " 17

diaxial relation to one another and, considering the presence

paha

of the C-12, 17 ether link only two structures, 1A and 1D, ‘
are possible. Treatment of dimethylsciadinonate 7 with - 1
“boron trifluoride-etherata. in methanol ylelded two pfoducta

9 and 10 identified by their spectral data. Formation of

the former can only occur if C-17 and the Cc-8 oxygen bear a
1,3-cis-diaxial relations‘hip 'to one another, thus, confirming
the configuration given/by structure 1A.

Miyasaka (20) reported the isolation of methyl '

sciadopate 11l from the heartwood of Sciadopitys Ve’irt'icihl'latjg

Sieb. et Zucc. and has determined':lta structure and absolute

configuration. The chemical converslons of 11 into isodihydro-
communol 12 and into the enantiomer of daniellic acid tended
to support the theory that 1l was situated bioge/netically
between communic acid 13 and the furanoid diterpenes. Since
the absolute configuration at C-9 in communic acid has been
established (21), this confirmed ti@® equatorial orientation

A

1

of the C-9 side chain as in lA.
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. 2.2 The Barton Reaction ' ' - }/f/

Introduction

Aidostef

controliing Sal

one 15, the hormone of the adrenal cortex’ -

t retention was a natural product of interest

to synthetic organie chemists because of the oxygenation

of the angular
In addition to

C-18 methyl group to the aldehydic ieva_l. Q

being a primary'paraff%n centre in a complex

S
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molecule containing many methflene and methine carbon atoms,
Cc-18 was quaternary linked and therefore, not susceptible to
activation in the conventional sense which, conseqnently,
precluded the use of traditional ionic and free-radical

reactions. There was a need, ‘therefore, for a novel chemical

reaction which would duplicate the known enzymatic select-
ivity for an isolated non—activated angular methyl group.

In general, means were chosen to generate a highly
reactive species .of high energy content proximate to the
methyl group so as to achieve the desired direct and" se-
lective attack. The photolysis of nitrite esters as a

y useful tool for this transformation was pro-

.H.R. Barton ahd co-workers (22) in 1960 and ex-
perimentally verified by the conversion of 3p-acetoxy-54- o
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AcO

< 7~
AcCO
17 r
|
AcCO.
‘ iy 1B
‘ FIGURE 3 - -Angular methyl functionalization

by the Barton reaction (22)

!




FIGURE & Smtheais of aldosterone acetate [23]
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pregnan-2op-ol 16 to 18-oximino-5d-pregnane-3p, 20p-diol 3- ‘
*acetate 17 and thence to the masked aldehyde 18. -

Shortly thereafter, Barton agd Beaton reported the
synthesis of aldosterone acetate lé; from cortiéosterone
(23). _

The'general mode of reaction commences with homolytie

cleavage of the A-X bond (Figure 5: A=O, X=NO) in the subs-~

trate xviii to give the radical xix uhiéh can abstract a

hydrogen atom from a conformationally proximate carbon to

give the rearranged radical xx. The recombination of radicals

to give xxi effectively accomplishes a 1igand exchange be-

Lo

tween the two reaction centres in question.

k /
_ -
Y n X o |
X - - X
= Q. 1) U \
O R
xvili xix xx xxi .

FIGURE & General mode of the Barton reaction

»

e = Q

Accumulated evidence has so far gubstantiated the discrete

stages of the reaction as shown above.




The Alkoxyl Radical /-\ '

Aliphatic nitrites absorb ultraviolet ‘light in two

23

principal reglons: 220-230 nm and 310-385 nm. Absorption
in the former region leads to highly reactive 1ntermediates
and complex’reagtidn mixtpres, whereas, absorption of the
lower eneréy radiation leads to efficlent 0-NO homolysis |

and the Barton reactlon. _

Once generated, the reactive oxyl radical may sta-
bilize in one or more of the folidéiZZ?ways: |

(a) association RO. + Xo —» RDX-

(b) =-cleavage RR'O.;___;__.,R-O +_BL

(c) disproport=- A
ionation _Z(RCHO.)____..RFO + RHOH

{d) dimerization 2(R-0.) ——e R-0-0-R
(e) intermolecul-
ar hydrogen R-O. ¥ XH o ROH + I.
abstraction ) :
(f) intramolecul- . . ‘
.ar hydrogen HC~-C~C~-C=RO_» C-C-C-C-ROH
abstraction . |
The 1attar process, having received attention .only re-
cently, has been found to predominate in systems where a .-
suitable 'geometry will facilitate the hydrogen transfer. .
In almoég;all cases this has involved a &-mambered transition
state and, consequently, & L, S-hjrdrogeh transfer (Figure 5)_.
Experimental verification for the presently accepted
mechanism of the Barton reaction was achieved by Akhtar and
Pechet (24) through a aeriea of nitrogen - 15 labelled com=

pounds. " Their reaults from the photolysis of -a mixture of
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- two nitrite esters, one from the androstane serles, and one
from the cholestane series, with the latter being isotopically
1abélled, established that the mechanism did indeed involve
free radicals apd that the overall reaction did not take place
in a solvent cage. Similargexperimenps, establishing the
nitrogen-15 scrambling in the jnitial nitrite esters, con-

firmed the reversible nature of the step xviii === xix.

-

The Hydrogﬁn Abstraction Reaption

The hydrogen transfer step is an intramolecular
process governed primarily by the gteric factaors as evidenced
by the formation of k-nitroso-S-phenyl—l-pentanol 21 and the
absence of the S-nitroso-compound 22 in the photolysis of 5-
phenyl-l-pentyl nitrite 20 (Figure 6). Abstraction of the
benzylic hydrogen would be expected to prevail if the reaction
was intermolecular or if carbon-hydrogen bond energies were
of paramount importance (26). Obvious].y the six—membered
gransition state is most favourable although, in special
circumstances, l,6-hydfogen transfers have been reported.
Even where G-membered cyclic transition states are possible,
however, the appropriate conformer must be energetically
favourable (27), and the sensitivity of this process to
steric effects has been reported in numerous cases (24).

In rigid aystems of undistorted geometry, a 1,3~
diaxial relationship” between reaction centres is particularly
favourable (although other 6-membered arrangements have bYeen

observed). In steroids and related structurea, then, carbon-

o

N
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FIGURE 6 Steric requirements for the Barton reaction

20 functionalization through the Barton reaction is best ser-
ved by the p-alcohols at carbons 2,4,6, and 8. Distortions
to the ring geometry, however, have been known to alter the
course of the Barton reaction. In their reriew of intra-
molecular reactions, Heusler and Kalvoda (29) concluded that
these reactions are much more rapld than internmlecular free=
radical'reactions, in the afbrementioned riglid systems, 1f
the distance between the oxygen radical and the carbon bear—
ing the abstractable hydrogen atom in between 2.5 and 2.7 1

Evidence 18 illustrated dramatically‘by the 1,6-hydrogen L
~transfer in the carbon—20 functionalization of the norditarpeng

‘23 leading to compound 2. The lactone ring has apparently
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distorted ring B to'hn extenﬁ that has forced the C-7
alkoxyl radical into closer proximity to the .angular C-20
methyl group facilitating hydrogen ;fansfer:(BO).

}

The inference is therefore .clear that the proximity
of en -alkoxyl radical and a particular hydrogen faciiitatgs
o G - .
transfer of that hydrogen to the radical.

The Alkyl Radical and Termination

Alkyi radicals in solutionftehd to stabilize rapidly
through cleavage, dimerizationl association, or, in some
cases, rearrangament. However, in the Barton reaction.
the alkyl radical tends to react quickly with the nitrie
oxide in a chain—terminaping ;eaction to form the tautomer
of the ‘oxime. | ‘
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Although deviations from the normal termination of
the Barton reactlon have been reported (31), most are of a

specialized nature and do not lesasen the wide-ranging appli-

cability of this reacticn.

Relatad Reactions

| Other reactions very similar to the Barton reaction
have recently/Baen observed. These include the hypoioditg;*
reaction (Figure 5: A=0, X=I) (29), the lead tetraacetate =
and 1odine reaction proceeding tprough the hypoiodite
; formed in situ (32) and the reactions of N-halo-{33) and
Nenitroso-amides (34). The Barton reaction of nitrates (35)
has a136 been reported. ({see also 169).

The Hofmann-Loffler-Freytag reaction, known since
the turn of last cenpufy, is another interesting mode of
functionali?ing an inactive carbon which is closely related,
in principle, to the Barton reaction (Figure 5: A=N, X=
halogen). Recently, Corey and Hertler (36) have reported

the functionalization of C-18 in-stercids using this reaction.

e

2.3 Podocarpic Acid as a Synthetic Precursor

. Podocarpilc acid.gi, 017H2203, is not strictly a
‘diterpenoid, but its chemistry resembles that of the resin
acids and, biogenétically, it éppeara,té be a prbduét of de-
isopropylation of the totarol skelton 82. The compound was

first isoléted by Oudemans (37) from-the resin of ggdocagggg

. cupressinum and has since been found to occur in other resins.
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The structure waﬁ first suggested in 1939‘(38), but
i1t was not until 1957 that qtereochemical formula was un-
equivocally established (39). During the intervening years,
much effort by many researchers was expended in the structural
elucidation and total synthesis (40-48) of podocarpic acid, with
the stereochemistry of C-4 being the major stumbling block.

Because of its ready availability and its fungtion—
ality, podocarpic acid has become a popular‘ézgrting material
for the synthesis of other natural products. Numerous con-
versions have been reported which have centred primarily
on the reactivity of aromatic ring C (49-54), of the C-7
oxygenated materials in ring B (55,56) or the C-i4 carboxylic

acid group in ring A (57=59). !
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2.k Synthetic Objectives and Plans
The synthesis of sciadin 1A from podocarpic acid 25

would involve three explicit transformations.
(1) oxidation of the aromatic ring and the attach-
'ment of the 3-furyl side chain (60).
(1i) generation of the C-8 exocyclic methylene (54).
(1i1)oxidation of C-20.to an aldehyde and thence for-
mation of the 19-—20 lactone and 20—+=12 ether.
On the basis of reported results, application of” the
Barton reaction to the latter transformation seemed encou-

and initial'interest centred on the use of the
s

raging
Hydrogenation of podocarpic acid

alcohol function at C-lZ.
to give perhydro~podocarpic acid 26 would give a configu-

r ation where the C-12 oxygen and the C-20 vere separated




by a distance of l.hk A (undistorted)and 2. 08 A (distorted)

>
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providing the trans-anti-cis conformation was realized (61).
Considering the proximity of the two reaction centres, photo-
lysis of the nitrite ester of 26 would give an alkoxyl |
radical which would then abstract a hydrogen atom from tho

methyl group. The resulting C-20 nitrosq-compound, when

converted to the oxime by refluxing in iso-propanol, would

. then be susceptible'to attack by.the favourably situated

C-19 ester function to give the lactone ring essentlal to
the sciladin structure.

About the same time, results on the Nuclear
Overhauser Effects (NOEs) of 6%-bromo-7-oxoditerpenoids (62)
established that ring B existed in a boat conformation

(Figure 7) and molecular models suggested that a 7p- alcohol

FIGURE 7. gtereostructure of 6d-gromo-7-oxoditerpenoids

I—
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was sufficiently proximate to <20 to allow a Barton

reaction . be feasible between these centres. Consid-
ering the ready oxidation of bengzylic carbon (55), this
poteq§1a1 pathway apﬁeared to be both efficient and of
general appiicatioh.

If the Barton reaction proved unsuccessful for the
7p-nitr1te.ester,‘then formation of the C-19, 6@-1éctone 28
would, perhaps, distort the ring B boat conformation to an
entent that would force c-7 even closer to the C-20 methyl

group.

In the ﬁ}anx that functionalization of C=-20 via the
C-12 or C-7 hydroxyl radicals, which would 1nvolva 1, 6=
hydrogen transfers, failed further recourse could be mado:

to the more normal 1, 5-hydrogen transfer by opening of the
Jactone ring of 28 and utilization of the 6p-alcohol groupe.
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Although the functionalization of C-20 by 6p-alcohols has . «

sound procedenE; in the norsteroid series (24), it was not

the primary objective of the work in this thesis.

i

.

9




B. CARBON-13 NUCLEAR MAGNETIC RESONANCE

i

3.1 Historical Development

The initial experiments of the NMR phenomena in bulk
materials occurred in 1945 when Bloch (70) at Stanford and
Purcellr(7l) at Harvard, working independently, obéérved the
proton spéctra of water and paraffin wax, respectively.
Their pioneering achievements were rewarded in 1952 by their
sharing of the Nobel Prize for Physics.

Potential applications of NMR principlea to the
solution of chemical problems were realized in 1950 with the
discovery that precise resonance absorptions for a nucleus
were dependent,on the chemical environment of that nucleus.
This phenomenon, now referred to as the “chemical shift®
cuwlminated in 1951 by the resolving of the spectrum of ethanol
into three absorption peaks. Shortly thereafter, the first
commercial high resolution NMR spectrometer was marketed by
Varian Assoclates.

Since that time, proton magnetic resonance spectros-
copy (p.m.r.) has been rivalled only by gas chromatography
in its general and rapid acceptance as an dnalytical tool
and by 1its multifarouz applications to the solution of di-
verse chemical problems.

In 1957, Lauterbur (72) and Holm (73) reported from

- independent laboratories, the first NMR observations of

' ) 33 !ll
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carbon~13 nuclei. To organic,chemlsts, the direct observat-

ion of carbon nuclei 1n molecular systems was significantly
more advantageous than proton observations. Despite the ad-
vantages, the growth of carbon-13 NMR was delayed 'for many
years by inadequate instrumentation, poor Speétral resolution,
and the requirement for highly goluble, low molecular weigﬁ%
materials.

The development of field-frequency controlled spectro-
meters partially overcame these difficulqiés while wideband
proton de?oupling, available in 1965, eliminated the éouplihg
between the carbon and hydrdgen nuclei, thereby reducing
cogplex multi-peak spectra to simpla.spectra where eacl ab-
sorbance peak corregponded to each chemically non-gquivalent
carbon nucleus in the sample.

Development in the late 1960t's of Fourier transform
techniques has brought carbdn-lj NMR almost to the level of
proton NMR----in terms of versatility, spectral quality,
amount of sample required, and sampling times ----with the re-

sult that cl3 NMR literature should grow tremendously over

the next few years.

~

3.2 Carbon-13 NMR Theory

Difficulties in C12 NMR

The most. abundant isotope of carbon, atomic weight 12,

has no nuclear spin and, therefore, is not obgervable by NMR
techniques. Carbon isotope 13, howsver, has a nuclegr spin

of ‘3; its-low natural abundance (1.1%), while advantageoua
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1
because C 3.¢13 and e coupling interactions do not sig-

nificantly complicéte c13 NMR and HY NMR spectra, respectively,
does, in fect decrease the sensitivity of the ¢l3 NMR experi-.
ment.
The magnetogyric ratio , ¥ , of the cl3 nucleus
ijs about & that of the H! nucleus which further decreases
the sensitivity of the ¢13 nucleus relative te that of the Hl _ .

by a factor of (2)3 (74, page 4). Overall then, the ¢l3

e——

—

nucleus has a sensitivity of about 1/6000 the value for. the

- proton.

Compounding this difficulty is the relatively long
relaxation times which are typical of carbon-13 nuclei.
The nucleus is, therefore, easy to satu:ate resulting in de-
‘creased signal intensity. This situation can be dvercome by
rapid sweep rates and lower radio frequency power settings;
however, the former reduces resolution and the latter reduces
signal intensity, both of whic; are also undesireable.

Advantages in 013 NMR
{

Despite the aforementioned difficulties which beset

the obseyvations of the ¢13 nucleus irn MR experiments, there
are considerable advantages over p.m.r'. Spectroscopy which
make it attractive to the solution of chemical problems.

| The variation in carbon shieldings in neutral organic
compounds is about 20X greater than that of protons. The
total range, from carbon tetralodide to cations on the ex-

tgemities,'extends over apprOximately 600 p.p.m. with the .
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result that resolution in not only enhanced, but also, in

nost cases, each carbon nucleus can be associated with a
single absorbance peak. Recently reported (75) was the cl3
spectrun of a derivative of vitamin Bys in which 55 discrete
absorbances, some of these double and triple resonances, were
observed.

Carbon-13 NMR spectroscopy also has the advantage of
directly‘oboerving molecular backbones and particular carbon
reaction sites of interestg, both of which allow for greater
intimacy in the probing of atomic nuclei for the solution of
practical problems in conformation, kinetics, and mechanism.
Obviously, the experiment can be extended to systems having
functional groups bearing no hydrogen atoms (carbonyls, nit-
riles,_ thiocyanates, otc.), the direct analysis of which
| previcusly required methods other than MMR. Carbon resonances
are also extremely sensitivé to the nature of the chemiool
bond such that, in terms of chemical shifts with respect to
a tetranethylsilane- standard, sp3<:sp2<;sp. "

Broad-band decoupling removes mot only cl3- H directly
bonded interactions, but. also long-rangé coupling with the
result that narrowWer resonance lines are aiailable to €13
spectra than are the case for pormal p.m.r. spectra. This
decoupling techniqne has the further advantage, by virtue of the
nuclear Overhauser effect that the Cl3absorption(gééps
are considerably enhanced. The dominant relaxation meohaniair%
for carbon nuclei is cl3- i dipole-dipole relaxation (except

n
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for quaternary carbons) and the partial or complete sat-
uration of the protona*ﬁﬁﬁsea a favourable sﬁift in carbon
nuclei energy level populations to the w-state. This means "
that more radio frequency energy can be absorbed by the ¢13
nucleus with a concomitant increase in signal. The maximﬂm
NOE enhancement for a cl3 nucleus is 2.998 (76,page 31)
which means that a carbon absorption peak area will‘be 2.998
times the total resonance signal area in tﬁe absence of

proton irradiation.

Experimental Techniques )

Early cl3 studies employed the rapld-passage,
dispersion-mode operation which allowed the use of pewer-
ful radio frequency fiélds to partially overcome the weak"
cl3 signals. Although, under these conﬁitidns,'the sigﬁal
resembled closely the typical absorption-mode signal,

line distortions, broadening, and shifts reduced accurate

line positions. In most cases, signal positions were
obtained by scanning the field in both directions and aver-
aging the line positions for each carbop. ’
The introduction of audio modulation techniques
using phase detection for base line stability allowed the
-use of slow-sweep absorption-mode operations along with |
larger samples and Spinning of the sample. This type of
_spectrometer employs a field-frenquency control on a signal

which is of the same nuclear species as the nucleus being

observedQ{ﬁGhonuclear lock), a continuous sweep ( continuous
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wave or CW) of the magnetic field for recording of the spectra,
and a heteronuclear decoupling unit. Use of the 1atter‘en-'

hances the Bi§nal intensity by the NOE and by the collapsing
of multiplets due to c13-#! coupling into single peaks for

each.proton—bearing carbon. The spectra are usually obtained
by multiple scans, each beiné recorded in a Compuﬁer of
Average Transients (CAT) with the result that carbon absorb-
ances will accunulate much faster than random noise. The
improved signal-to-noiae (S/N) ratio from such a technique
is proportional to the squara root ‘of the total scana n.
For accurate results over 1ong scan times, Optimum stability
of the field-frequency unit is of prime importance.
The continuous wave NMR is rather inefficiant when
E one cOnaiders that, at any instant, only one frequency is
observed. The inefficiency 48 overcome by Fourier trans-
form (FT) NMR (77) which utilizes a ahort radio frequency
pulse to excite a_ finite bandwidth of frequencies. The use
o of high radio frequency power which is pulsed over a ahort

period of time (about So_paoc) ialﬁﬂOugh to exclte a band—
width of 5000 Hg which is wide enough to aimultaneoualy

excite the entire range of precession frequencies of the
c13 nuclei. These nuclei are analogous to & set of tuning
forks; each tuned to different frequencies (78). A shock,
such as striking the base with a hammer, causes all the
tuning forks to oscillate aimultaneounly. The nuciei, like

the tuning forks, oncg\:fcited, generate a signal which
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decays in a characteristic fashion to zero, at which point
equilibrium is‘re-established (Figure -8). This free- |
jnduction decay (FID) 1s a periodic function, ‘the Fourier
transformation of which gives the normal steady-state
resonance spectrum. The advantage of Fourier transform

NMR, then, is one' of time; there isvabout a ten-fold

'increase in signal-to-noise over CW experiments for the same

total time. This allows the data accumulation on small
samples or low solubility samples where the time required

for adequate accumulation under CW- conditions would be |
beyond the stability capabilities of the 3pectrometer. An
additional advantage is the obtaining of parrower line-
widths which are broadened in the CW mode by sweep conditions.
A number of -articles of a more detailed nature on FT NMR

have recently'been puhlished (79,80).

A number of advantages are inherent in the technique
of of f-resonance decoupling in which the proton noise
decoupling frequency is offset from its optimm value by
100-600 Hz., Under these conditlons, a significant NOE
enhancement remains and the splittings for the methyl,
methylene, and methine carbons become discernible although
with only a partial splitting (Jp). HMethyl and methins
carbons are readily identified due to the absence of a
peak in the off—resonance spectrum at the same position as .

that in the noise-decqupled spectrum. Methylene carbons give

a triplet the fosition of the central absorption‘peak
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FIGURE 8. “Free.induction decay (FID) for compound 93
- ———
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" corresponding to the absorption poak in the nolso-docoupled
spectrum. Quaternary carbons are little affected by the
docoupling frequency and are readily identified. The latter
. effoct has been utilized frequently in CW mode systems and
on complex molecular systems, such as natural products (81),
to determine non-protonated,carbdncontrea.

The partial splitting, J,, 18 related to other
parameters by (3.1}

u'. \‘_-‘_‘
Ir e AL 3 © (3.1)
. B’Hgér“

where J = true '013 -Hl coupling constant .

KHQ/Q“_ = strength of the decoupling field |
Ar = the difference between the resonance
frequency of a glven ul aignal and
the applied decoupling frequency.
Equation (4.1), therefore, correlates the perturbed
cll multipletd with specific proton absorptions, This is a
technique wh;ch has been used for spectral assignments. In
addition, single-frequency proton_decoupling of a single
proton signal causes only the carbon attached to th;t proton
to collapse to & singlet thereby identifying that carbon
During the early years of C 13 mm development, ‘a

nunmber of reference standards, both internal and external,
were utilized., Recently (76), thetre appears to be wide
accepﬁance of tetramethylsilane (TMB) as the reference for

wnich all spectra will be reported. levy and Cargloli (82)

have rgported the chemical shifts for a variety of solvents
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based on the TIS scale (Table 2) and have found solvent

effects to be generally less than 1 p.p.m.

TABLE 2  THS-based C3 chemical shifts (82)

Solvent Chemical Shift
cyclohexane 27.51
acetone 30.43
dimethylsulfoxide L0.48
methylene chloride 54.02
dioxane . 57.&0
cﬁloroform 77.17
carbon tetrachloride 95.99
benzene ' 128.53
acetic;acid (co) 178,27
CSo | 192.8

CS, capillary | - 193.7

Carbon-13 Chemical Shifts

The general trends for a variety of neutral organic
species is shown in Figure 13. In hydrocarbons, the shieldings
are drarmatically related to bond hybfidization with sp3 carbons
at high fields.and sp2 carbons at low fields, with sp carbons
generally at intermediate positions. Electrpnegative substit-
vents, as expeeted, produce downfield shifts.

A greet deal of information‘has been obtained on ci3
chemical shifts. Only data relevant to this thesis will be
summarized in the following pages. It is noted that one of

the most interesting and useful results 1is the aeditivity-

Ly
R

v
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relationships between cl3 shieldings in related serles

allowing the estimation and prediction of carbon_shieldinga

with extraordinary precision.

(a) alkanes

Early studies on alkanes established initially the
eﬁtraordinary additivity relationships of €13 chemical shifta.'
Grant and Paul (84), for example, found that alkanes absorb
over a range of -2 to 43 p.p.m. and that the shieldings for

1inear alkanes can be described by equation (3.2)

gL ‘ | :
§'= B+ ) A ny (3.2)
j :
where
8‘ ~ shielding of carbon 1
A. = additive shift parameter for the position J

)

nij = number of atoms in the positien ]
= constant whose value 48 close to the methane

carbon shielding of -2.1 p.p.m. (85)

The same authors (&) found that, for highlstubstituted
and adjacent carbons, anomalous predicted shieldings resulted
unless additional terms were incorporated into the calculations
to account for chain branching. With these. corrective measures,
the‘ggreement between predicted and. experimental shifts has
been amazing.

Five of theée substituent parameters for the alkanes

are shown in Table 3 and represent the effect of replacing
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a hydrogen atom by a methyl group in the indicated position.,
These parameters appear to be typlcal of all organic compounds
although the values may differ from one class of compound
to another. ‘The general observation thgt substituents tend
to shield the D-position appears to{""l:lave conformational
applications since it has been attributed to steric interac-
tions (86). '

Savitsky and Namikawa (87) reported

-

TABLE SubstituentApaf;heters for alkanes (84)
Substitution  Effect  Shift (p.p.m.)
. G- —> C-CH, ‘ X 9.110.1 .
C-c———> C-C-CH, | p '9.1%0,1
C-Cc-CH ——— C-C-C-CH;- ¥ -2.5%0.1
C-c-C=CH——p C-C-C-C-CHy & 0.3%0.1
C-c-c-C-CH— C-c-‘(::-_C-C-CH, € 0.1%0.1

a;;quata predictability of carbon Bhieldingnduging bond para-
meteng although results are 'less preciae than those by Grant '
and Paul. In any case, the existence of simple additivity
relationships and their useful application to shift assign-

ments is clear (98,99).

(v) cycloalkanes
Aside from cyclopropane (=2.6 p.p.m.); moOSTL cycloalkanes

differ only alightly from the chemical shift value of 27.7
p.p.m. for cyclohexane (88) fﬁnbsfiffant effects and additi-
vity relationships become increasingly important for cyclo-
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hexane in view, not only of Fhe geometrical and conformational
features, but also the extensive occurence of this ring system
in organic compounds.. The importance of conformational
effects is evident from.the,results of methyl substitution
(Table 4) in the cyclohexane sjstem (89,90,103) and the low

temperature conformational effects of methylcycldhexane (91).

TABLE bubstituent effects for methvlcyclohexanes(89)
Substituent =3 B L -§_

equat-CH; . 5.6 8.9 0.0 =-0.3

axial-CH3 : 1.1 5.2 =5.4, =0.1

gem-(CH3 )2 - -3.4 -1l.2

V‘lC-‘-(CHB)z (e e) -2.3
vic-(CH3)2 (a,e) -3.1

Use of the substituent effects{?n Table 4 have been used to
satisfactorially analyze: the spectra for cis- and trans-decalin
on the assumption that inéorpo:ation of the second ring on
cyclohexane introduces jnteractions which are similar to
those from methyl substitution.

Oxygenated derivatives of{iycloalkanes have also re-
ceived much attention (92,93,94,95). The alpha effect for
the hydroxyl group has been reported as 43 p.p.m. and 39
p.p.m. for equatorial and axial conformation, respectively,
whereas the corresponding beta effects are 8 p. p.m. and 5
p.p.m. The carbinyl carbon shieldings appear to ref%Fct the
hydroxyl group orientation and have been applied to conforma-—
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tional free energy calculations (96). In cyclohexancnes, the

average substituent effecta for a series of monosubstituted

Jerivatives are: X + 13.3; g -0.6; §/L2.§ p.p.m. Although
these may not be accurate for any given ayaiem, the large

« -effect has obvious advantages for spectral assignment3.

(c)  alkenes -

Corbons of sp? hybridization appoar considerably down=

field relative to olkanes in the range 100-165 p.p.m. Addl- .

tivity rolationships, while not quite as good as for the
alkanes, have been reported for a divarse group | of substi-
tuted alkenes, both cyclic and acyclic (92,93,94,95,96,97).
In acyclic olefins, the subatitution of a hydrogen atom by

a methyl group gives an effect on nearby carbon absorbances
| which depends on whether the transmission of that effect has
been through sigma bonds or through pi bonds. Fof example, '
methyl substitution on one of the olefinic carbons deshields
the substituted carbon, as expacted, but shields the ad-
jacent olefin carbon (reverse p -effect).
‘ Results for a series of alkylcyclohexenes {76,page 8L)
.indicate a substituent effect pattern resenbling qualitatively
that for alkaneé. As expected, the most pronounced changes
1n the olefinic shlelding occur with direct subsﬁipution on

the olefinic carbon. '

(d) aromatics

-

Aromatic hydrocarbons absorb over a fairly narrcw

range of 123-142 b.p.m. with benZens, itself, absorbing at

)

?
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133 53 p.p.m. (82). Substitutions on the ringalter shifts in
a regular manner consistent .with other aforementioned. systems.
Tn toluene, for example, C-l is despielded by +9.1 p.p.m.
and C-l shielded by -3.1 p.p.m. with only small changes atb
the ortho and meta positions. Using these parameters in other
polymet lbenzenes, correlation beﬁween predicted and experi-
mentalr%hemical shifts is good and the¢effects are additive,
except when suhstituents are ortho to one another (104).
Similar results were obtained by the same authors for other

_alkylbenzenes (104},

+

Aryl carbon shieldings are sensitive to the electronicl
effects of polar substituents with the substituted carbon ex-
hibiting the largest shift changes. The results of twenty-
five monosubstituted venzenes (76, page 197) show that c-1
varies from as highias -31l. 8 p. p m. upfield from benzene to
as low as +39.8 p.p.m. while the ortho and para carbons ex-= .
nibit shifts which vary ‘from 20—25 p.psm. As in toluene, the
meta position is affected only slightly. The results for

aryl carbon shieldings for a number of substituents approp-

riate to this thesis are recorded in Table 5 (See also 100-102).

TABLE & Aryl carbon shieldlnzs for ‘monosubstituted

benzenes, C&HEX

Substituent (X) Shielding Effect Re ference
: from Benzene

¢c-1 ortho meta para

-

OH 126.9 -12.6 1.8 =719 (205)
OCH3 +30.2  -15.5 0.0 8.9 (106)

 OCOCH3 +23.0 =6.4 ~ +1.3 2.3 (107)
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(e) carbonyl cpmpounds <;_\ -

The overall shift range of the carbonyl carbon is
162-222 p.p.le. relative to TMS which is considerably down-
rfield and away from any interfering carbon resonanceﬂ\}n
the usual organic compounds. Ketones are typically atll97-
217 p.p.m; aldehydes, 187-202 p.p.m.; carboxylic acids, 172
-182 p.p.m.; and esters, 162-172 p.p.n. 1108).

The effect of & ,P —conjugation on the ketone carbonyl
_ resonance is a shift upfield (109) attibuted to contributions

made by the mesomeric structure below.

==

. ;’,|
The same stracture ratio??lizes the dramatic deshielding ef-

fect on the ? -carbon. - ' ,

Assipnment Techniques

A number of valuable techniques are available to the
spectroscopist which aid in the assignment of absorption
peaks to specific carbon nuclei. Although detailed explain-

.ations are beyond the scope of this report, some of these
techniques are listed below.
(1) off-resonance spin.decoupling (section 3.2)

—— =

-~



(1) selective decoupling (single frequency proton de-

coupling; section 3.2) |
(111) additivity rules (see section 3.2fkﬁ
(iv) chemical shift range (see Figure 9) (/
(v)  steric shifts ‘ ‘4
Carbon atoms that are sterically perturbed usually
appear at higher field than similar carbon atoms under-
going no steric compression (149)
(vi) chemical shift reagents |
The addition of lanthanide shift reagents to NMR
samples has resulted in differential shifts émong
similar protons thereby simplifying otherwise com-
plex spectra"(lloillh). The shifts are ascribed to
a pseudocontact interaction between the mgtal atom
and a substrate atom possessing one ar more lone

electron pairs. The magnitude of the shift is ex-

presséd by
AS = K (3cos’®-1) (3.3)
3
{
N where K =Aconstant'for a particular complex at a

. ~
given temperature,

6-='proﬁon—metai-ccordination site internuclear
angle, o |
and r= proton-metal distance.
Recently, appiications to the analysis of cl3 nm
spectra have been reported (115-118} and, although

shift rEagents do not yleld the sane benefits as
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obtained in proton magnetic resbhance, the shift
measurements ald in spectral assignments. |
specific deuteration

The signél for a deuterated carboﬁ essentially

disappears at the signal-to-noise ratios of most CcW

mode instruments because of quadrupole broadening,

(viii)

spin-spin splitting, and decreased NOE enhancement.

relaxation
: \
The- application of measured T, values to spectral

assignments has been reported (74, page 83) for
substituted biphenyl compounds. Preferred molecular
rotations about axes bisecting large substituents
results in shorter T, values for carbons on tpose

axes. (see alsc 160-163) ' .

(ix) nuclear overhauser effect (NOE) (see Reference 164)

(x) integration

_A quantitative relationship exists between

signal intensity and the number of carbon-13 nuclel

- “when the NOE is suppressed (165-168).
. 2



. DISCUSSION AND RESULTSV(SYNTHETIQ)

Lol Attempted C-ZQ Functionalization'Throﬁgh the C=-12

e

Alcohol, via C-19 Ester

-

Reduction of the aromatic ring of podocarpic acid 22
using 5% Rhodium on Alumina {Englehard Industries Inc.) in
ethanol containing one percent acetic acid (60) was found to
be more efficient than previously reported conditions (61).
When catalyst-to-shbstrate in the ratio of 1 to 3 was‘psed,
with hydroge pressures';f 4,0-50 psi, uptake of hyqrogen was
complete in forty hours. Intuitively, it.was expected that
the sterically congested §-facé of the molecule would give
rise to the predominaﬁbe of the‘B/C-cis ring juncture and the
. C-128 hydroxyl group. rrovon magnetic resongnée on the crude
reaction mixture confirmed the former expectation; peak inte-
gggtion established the ratio of cis-to-trans ring junctions |
to be 85:15 (60) The desired ‘cig-hydroxy acid was readily
obtained by crystallization from ethyl acetate.

Attempts to prepare ‘the nitrite ester of the perhydro

'derivative (2%; Ry = WO, Rz = H) by bubbling nitrosyl chlo-

ride into 5 cold pyridine solution of the cis-hydroxyacid
proved unsuccessful. At the time, it was reasonable to as-
sume that hydrolysia occurred in the work-up {119) or that
steric congestion at C-12 pravented'formation of the ester.

If the latter factor was important, then free-radical

52



29 .
= g \
a A= R= H & Ry 7Ry = H.
b R, =NO; Rz H b Rz Ac; Ry=H
C Ry =H ;(,R;: CH, ¢ R, :Hi'Ri::'CH:
d Ry = AC; By= CHy _

RzH
R = CH,

FIGURE 10 : Ring C-aromatic reduction of podocar?i-c acid 25 “
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generation a C-12 could still be effected by alternate

means. Photolysis of 30a with lead tetraacetate-iodine
after 4h showed two major species by thin layer chromato-
graphic analysis, one the starting material 30a and the
other g;g-ketoester 31b. Identification was made by
comparing the Rg-values of pure samples of 30a and 31b
(0.16 and 0.3%, respectively) with those in the crude
photolysis mixture when eluted through alumina with 9:l
petroleum ether-ethyl acetate solution. Reduction of the
reaction mixture with sodium borohydride elimimated the
spot at 0.32. - | | o

A further attempt at free radical hydrogen abstract=
jon at the C-20 méthyl was made usiﬁg the lead.tetraacetate
thermolytic method, but this, too, was unsucceésful.

Analysis bf the reaction mixture indicated the keto ester
and starting materlal to be once again the major products.

At this point, doublts were railsed that hydrogenat—
jon of poéocarpic acid did indeed give the anticipated 12 -
hydroxyl. It was felt that perhaps some investigatlon
into the two epimers would be of some value. A sample of the
perhydropodocarpic acid was oxidized to the keto acid 1l§
and 31p using the Jones reagent (120) (8N chromic acid in
acetone) at 25°, The trans-anti-cis stereoisomer could be
preferentially'crystallized from the reaction mixture using
aqueous alcohol. After methylation, a pure sample of 31
was obtained by preparative gas-liquid‘chrqmatography for

physical analygis. | ) o y
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eduction of the gis-keto acid with sodium boro-

nydride was oxpected to glvo primarily the 12 - alcohol 29a
(Ky~Rp=t1) from the connidaratibn that the carbonyl group
will be attnckod by the metal hydrido anion {rom the less
hindered side (121). .Conse quently, ‘reduction followed by
methylation of tho reaction product, gave B material whooe
p.m.r. spectrum indicated the pradomihant C-20 mothyl
xbsoxption peak at 0.77 p«p.me
Reduction of the gis-keto acid with sodium in alcohol,

followed by methylation, gave o product whopo p.M.r. npectrum
included a predominant high field apsorption poak at O. 82
p.pe.m. Sinco the latter reduction was expocted to yield the
two apimers in a ratio of thelr thermodynamic stabilities, the
peak at 0,82 p.p.m. was agsumed to be due to the C-zu mothydl ol
the 12 -hydroxyl darivative 20¢ (Ry=H; Rp=CHy) while the pre-
Jominant peak at 0.77 pe.pem. in the proviously mentioned re-~ .
duction-corroaponded‘to the C=-20 methyl in the epimeric al-
cohol 29c (R1=H; R240H3). It is & convenient practice in
structure detormination to utdilize the changes in shift of the
qgatorﬁary methyl groups because of their readily diccernible
nature in complex spectra and their frequent gsengitivity to
gtructural changes elsowhere in the molecule (122, 123).

The bandwidths of the C=12 hydrogen atoms substantiate
the assignments for the two epimers. The bandwidths at one-=
half poak height for the 12¢- and 12§~ alcohols are, respect-

ively, & Hg and 2.5 H,Hand.it is genorally'known_that equator-

L]
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1al hydrogens have narrower bandwidths than do axial
hydrogens. The magnitude of the bandwidth for the 12-axial
hydrogen is smaller ttan usual for similar systems and suggests
that ring C is in a boat or twist conformation.

Each of the epimers was converted to the correspond-
ing acetate using either the acetlc anhydride-hydrochloric
acid or the acetic anhydride-pyridine methods. Three -
recrystallizations gave a large crystal (m.p. 120.0-120. 50)
whose p.m.r. gpectrum suggaated as belng the 1l2«- equatorial
epimer. This compound was predominant 1n the Spectrum of the
crude acetylation mixture from the sodium-alcohol reduction.
The C~20 methyl absorbance was 0.90 p.p.m. and analysis of
the p.m.r., spectrum of the crude material for the sodium
borohydride reduction showed & peak at 0.78 p.p.m. attributed
to the C-20 methyl in the lzp-axial epimer. Thus, C-20
methyl assignments for the two epimeric acetates, ggg
(Ry = Ac; Ry = CH3) and 30¢ (Ry ™ Acj Rp = CH3) vere
established. It is prudent at this ‘time to 1nd1cate that,
in the acid-catalyzed acetylation, no interconveraion of
epimers was detectéd.

Acetylation of the erude reaction mixture from the
rhodium catalyzed hydrogenation of podocarpic acid followed
b} methylation, gave &8 product mixture whose p.m.r. spectrum
indicateé the presencé of both o~ and $- epimeric.acetates
in the ratio of 5:3 respectively. | |

The faillure of the Barton reaction for compound 29

P o ,im



has been studied. The presence of the trans-anti~cis
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conformation and the 12§ -axial alcohol haye been established.

Although molecular models establish the pfgximity of tﬁe

Cc-12 hydroxyl and the C-20 methyl necessary for free-radical

hydrogen abstraction, the abstraction fallure can be attribut-

ed to a twist conformation assumed by ring C to overcome the

extensive interactions -within the molecular framework.
!
Certainly, the p.m.r. analysis of the C-12 hydrogens 1s

consistent with a twist conformation for the 12p-alcohol.

If this is the case, free-radical functionalization of the

C-20 methyl group, via the C-12 alcohol, would be ;mppssible.

Lo2 Attempted C-20 Functionalization Thfdugb the

C-7 Alcohol, via the C-19 Ester

The relatively low energy barrier, evident in ‘

L 4

molecular models, to the twisting of carbons 6 and 7 in

podocarpic acid suggested the possibility of fing B assum-

ing a twist conformation (boat-type), in which a beta-
oriented hydroxyl group on Cc-7 might be close. enough to
the C-20 methyl to effect hydrogen abstraction\by the

)

J“:...\

Barton reaction. The NOE results (section 2.&)\on oxygen- \\*\
\

ated diterpenoids‘gave added impetus to the bbtégtiality

of this pathway. E

- H

Podocarplc acid was converted to the O-<methyl deriva-

tive 33 by dimethyl sulfate in basic ‘media, after vwhich,

,thelpfodﬁct was esterified to give Jh. Chromium trioxide-

f,,..—:ﬂ!—-
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36 R=H 335
.:2.7_ R = NO
3
e
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!, hate &

'FIGURE 1l. Synthetlc route to nitrite ester 37
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acetic acid oxidation {124) at the C-7 benzylic position
gave 35 in good yleld, from which, the 7p-alcohol 36 was
obtained by sodium borohydride reduction.

| The conversion of 36 to the nitrite ester 37 was
only partially completed. However, photolysis of the
crude mixture for 4.5h indicated the absence of any nitrite
ester starting material and the almoat equal generation of
the alcohol 36 and the ketone 35. The implication is that.
the free-radical of 37, unable for conformational reasons
to effect the hydrogen abstraction from the C-20 methyl,
abstracts the C-7 hydrogen from a second free-radical specles

generating alcohol and ketone in equal amounts as shown below.

A A
He: 0 (_Hya' O H OH
N T . N/, -__c/’

7/ \ /7 \ 7\ \

L

It is remarkable that this {intermolecular reaction should
have proceeded so efficiently as efforts were made to conduct
the photolysls at ‘as low as practicable concentrations in
order to slow down the rates of_any_intermolecular, bimolecu-

lar Yroceas.

L.3 Attempted C=20 Functionalization Through C=7"

Alcohol, via C-19, 6? ~Lactone

Molecular models indicate that ring B can be forced



FIGURE 12, Synthetic route from podocarpic acild
25 to keto-lactones Lh-16

-

H

- QAC

46 R = CH,
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FIGURE 13 Synthetic route to 6p - and 7p - alcohol

lactones
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{nto a boat=typo conformation by locking it into plpce

with a lactone ring betweor carbons 19 and 6. The Barton

reaction on closely relatod systems has boon roported (30).
V_Podocarpic acid was'acotylhted, to douotivﬁte the ring-té

broming attack in nllater step, and oxidired by a modificat-

1on of tho method of Wenkert (Section L.4). Bromination of
f-i the C-6 position was accomplishod by the dropwise addition
" of bromine to an acetic acid solution of 40 containing &
fow drops of 169 hydrobgémic acid to initiate the reaction
{55), Lactonization to Lk occurred readily under basic
conditions . Pure compound 42 was only obtained by careful

work-up to avoid spontaneous lactonization.

Hydrolyasis of tho acotate under basic conditions
and diazomethane methylation of the acidle phenol gave the
koto-lactone 46. Sodium borohydride reduction, a8 before,
and nitroaylation of the 76 -alcohol yielded the nitrite

ester 48.

Photolysis of the nitrite ester ds a two per cent
solﬂtion in benzene gave, after 15 h, a mixture containing
mainly the starting alcohol 47 with evidence of the keto-
1actone 46 each identified by the comparison of the pmr
spectrum with those of the pure compounds. There was no
indicétion of the occurrence of the Barton reaction between
the C=7 oxygen and the angular C-20 methylﬁaa.evigapged_by
the absence of both the decreased'intansity of the pmr

spectrum of the T-20 peak and also the expected AB quartet

i
/
/

1
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of the antisipated C-20 methylene. Similar results were
obtained when the photolysis was conducted in pyridine or
in i:l pyridine-cyclohexane. ‘

The lactone ring was readily ﬁydrolyzed under baslc
conditions to give acid 94 which was readily esﬁerified
to glve methy116P,7p-di h&droxy-O-methyl podocarpate 95.

Nitrosylation and photolysis in benzene gave, after ;

evaporation, a residue whose pmr spectrum indicated three:

compounds, one being starting material 23. A low field
doublet at 8.0 p.p.m. suggests one compound to have a
ketonic function at C-7 and an indication that some inter-
molecular reaction has occurred. The decreased intensity
of the C-20 methyl peak suggested that the Barton reaction

has occurred although the anticipated AB quartet of the

- C-20 methylene colld not be identified among the peaks be-

tween 3 8 and 4.8 p.p.m.

L.l Improved Procedure for Benzylic Oxidation in

Diterpene Synthesis

The synthesis of substantial quantities of C-7 OH compounds
necessitated an efficient oxidation procedure for this carbon.
The use of excess chromium trioxide in glacial acetic acld
containing a trace of water to effect such a transformation
has been reported (48,55,124). Our results were such that,
although the desired oxidation at C-7 was realized, recovery
of the product ffom the chromium salts was difficult and

tadipus;f'This can be rationalized by the partial acid.
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nydrolysis of the acetate to glve the phenolic compound
which can then form troublesome insoluble. chromium salts.
It was obvious, then, that to expedite the oxidation stage
of the synthesis, a modification of the general chromic
acid oxidation of Wenkert (%2&), developed successfully

on non-phenoclic tricarbocyclic diterpenes, was neceééary.

The oxidation of 1l2-acetoxypodocarpic acid 38

" rollowed by quenching of excessquidant and concentration
of the solution on the rotary evaporator gave a dark green
solution containing 7-oxo—12-aceﬁoxypodocarpic acid 4O,

The tedious and time-consuming column chromatographic

separation of 40 from interfering materials has been reportQ\

ed (48) and excellent yields of L4LO were only obtained with

. . Vs
_ the use of large quantities of absorbent {S102) and

massive volumes of eluent. Similar yields have been obtained
in this laboratory, however, by a different approach which
eliminates the large quantities of expensive materials.

The oxidation of l2-acetoxypodocarpic acid 38 fol-
lowed by oxidant quenching and evaporation of the solvent
gave a dark éreen product wbich was simply hydrolyzed with

‘a pninimum quantity of 10-15 per cent sodium hydroxide. The
generated phenolic’compound readily separated from other |
neutral materials, particularly chromium salts, as its
godium salt. Subsequent regeneration of the l2-acetate
with acetic anhydride and pyridine gave the 7-0x0-12~
acetoxypoddcarpic acid 4O as an easily purified crystalline
material in excellent (80-90%) yiglda.




65

Further work on the 6§,7p-diol was abandonod in view
of tho fact that ring B may not be in a cha;r conformation
and, therefore, the 6p-alcohol and the C-20 methyl group
may not be sultably orientated for efficlent 1,5-hfdrogen
vransfer. Although a succesaful 1,5-hydrogen transfer - ..
precoded by removal of the 79 -hydroxy group by hydrogonolysia
would be a valuable set of reactions in the synthsis Bf

diterpenoid systems, this was beyond the scope of this work.
]

Y



5.  CARBON-13 NUCLEAR MAGNETIC RESONANGE OF
RING C-AROMATIC DITERPENOIDS

5,1 Aliphatic Carbon Assignments

{The‘aliphatic carbon—lB NMR chemical shifts for a |
number of appropriate model compounds along with those for
derivatives of podocarpic acid 25 are given in Tables 6 and
7, respectively. It Bhould be noted that closely aeparated
resonances have been assigned based on most probable chemical
shift considerations but, unless unequivocal identification’
was possiblé (Section 3.2), reversed assignments are equally
valid. 1In each table, space limitations do not allow the
correct ncme of each compound to be printed under the appro-
priate heading; in many cases, a simplified term has been
used which, at least, will identify to the reader the type
of substitution in a particular molecular system. Altern-
atively, the compocnd number will ideccify the correct struc-
ture which is located elsewhere in the thesis.

It is obvious from both tables that a number of fre-
quently appearing carboc groups glve relatively constant
chemical shifts and can be assigned jmmediately. The aryl
methoxyl, for exém@le, in all felevant,compounds exhibits
absorbance signals at 55.2 % 0.6 p.p.m. comparable to the
reported value of 5ks0 p.p.m. for anisole (125). In addition,
acetates gave rise to signals at 20.5 X 0.9 p.p.m. and
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169 + 0.6 p.p.mv for the methyl and carbonyl carbons re-

-spectively, consiscent with reported values of 20.5 and 169.2
p.p.m. for estrone acetate (126). The methoxyl carbons in
the C-19 mcthyl esters absorb at.51.7 i 1.0 p.p.m. & range
which encompaéses the average value cf 51.0 p.p.m. reported
for a number of'q;}phatic methyl esters (127). |
- The first three compounds in Table 6 provide the

carbon skeleton for rings B and C of the tricyclic diterpenolds
series. Tetralin 60, or 1,2 3’L-tetrahydronaphthalene, gives
rise to a pair of aliphatic absorbance signals corresponding
to the two palrs of chemically equivalent carbon nuclei. In
view of the deshielding effect of the benzene nucleus (76
page 98), the low fleld absorbance at 29.7 p.p.m. is assigned
to those carbons alphé to the fused aryl ring while the two
peta_carbons are assigned the absorbance at 23.8 p.pe.m.

Introduction of a 6-methcxy1 group has very little
effect on the saturated riné carbons and only to the extent
that the peaks for ecch.pf the four carbons are resolved.

_ On the oﬁher hand, direct substitution of a carbonyl
into the cyclghexane ring dramatically alters chemical shifts
for the substituted and adjacent carbons as evidenced by the
changes on éoing from 53 to 22. As expected the substituted
carbon éppaarS'ct very low field, 196.0 p.p.m., while C-2 18’
-deshielded by 1l5.4 p.p«My comparable to the deshielﬁing of
15.2 p.p.m. for C+2 in 3—cholestanone,(126). Noticeably

absent is the anticipated U? effect at C-h, having a value
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FIGURE 1k Structureg of model compounds
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of -3.6 p.p.m. in cyclohexanone (94), which can be attributed

to yeometric conatraints on the cyclohexane ring by the enor-
atically favourable COplanarity of the ketonic and aromatic
T -systems thereby reducing H,H-interactlons involving Celye
Extension of the model system to 49-51 and 61 completes
the basic tricyclic structure for the podocarpic acid serles
py the attachments of ring A and the angular methyl group at
c-10. In each of these compounds, the latter group, desig-
nated as C-20 in view of its analogous positien in the diter-
poid series, was assigned to the high fleld absorbance in”
accordance with usual methyl shift positions and in consider-
ation of sterlc perturbationa‘between C-20 and carbons 2 and 6.
Off—resonance decoupling readily identified the quaternary
centre, C—lO to which the angular methyl is attached.
ﬁeduction of compound- 49 resulpé in the disappearance
of signals at 12&:5 and 168. 8 p.p. m. attributed to C-4 and
¢-5, respectively. The latter is asaigned the low fleld
position in consideration of the resonance structure ahown
in Sectien h.2. The simultanecus appearance of peaka at 42.5
snd 44.6 p.p.m. in 30 establiah C-4 and C=5, respectively,J
with the latter, _a tertiary centre, expected to resonate at
the lower field" position. The low field position for C-5 13
maintained in 51. j ‘
Assignments for carbons 6 and 7 follow from ¢ ompa?ison
of the shift changes ol going from cyclohexane to gzggg-dec-
alin with the shift changes on going from 23 to 51. Carbon

6, being adjacent to the ring Junction, is expected to be

o \
IR °
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Jeshielded by about 7-8 p. p m., or a shift change from 23.6 to
about 31 p.p.m. The carbon beta to the junction, C-7, is ex+
pected to be minimally affected and remain essentially at
29 p.p.m. In the spectra of these compounds (53-55, 65}, only
LWo absorbante peaks are present in this region.

Additional confirmation of the assignments for carbons
5. 6, and 7 18 shown in Table 7 in which the chemical shifts for

cach are predicted uwsing the methyl substituent parametere of -

T

Dalling and Grant (89). It is tacitly assumed that hydrogen
interactions between the two rings are comparable to those
1ntroducted by methyl substitution on the cyclohexane ring
(Table L). The signal assigned to C-iO 45 upfield by 2.7 p.pP.m.
trom its predicted value possibly attributable to an accen-
tuated Y-effect reported elseﬁhere for rigid carbon skeletons
(127)1
Noteworthy as well are the upfield shifts of'carbong 6
add 10 upon reduction of the double bond in 43. Theﬁin—
creased shielding is expected in consideration of the in-
creased steric perturbations between carbons 4,6, and 10 and
of the decreased electronegativit& of C-5 on assuming sp’
hybridization. | | ‘ hel
Assignment of C 3. in compeunds 52,59,"énd 61 ie dﬁ—
equivocal because of its extremely deshielded positioh. Loss
of conjugation in 50 0 results in decreased shielding of the
carbonyl as expected from other reports {128). '
Three reSOnances of compound 50 Q change significantly

apon reduction of the C-3 carbonyl function. Absorbances at
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37.7 and 42.5 p.p.m. appear in Ei at 21.7 and 26.8 p.p.m.,
respectively, and are assigned to C-2 and C-4. The new peak
1t 26.4 p.p.m. in 51 18 assigned to C-3 and, as expected, 1is
close to the chemical shift of cyclohexane. A anll deshleld-
ing of 1.7 p.p.m. in C-20 is an additional consequence of C-3
reduction and 1is comparable to tho deshielding by 1.6 p. p m.
of the methyl resonances on going from h,u-dimethylcyclohexnnone
(94) to 1,1- dimethylcyclohexane (89). |

Carbon 1 in the four compounds (3275_, 61) is expected
to undergo minimal chemical shift changee and is assigned the
values between 37.1 and 38.3 p.p.m. The remaining unassigned
resonances at 35.1 and 34.8 p.p.m. in compounds 61 and 49,
respectively, are associated with C-2. The ﬁpfield shift of
c-2 when beta to a double bond 18 consietent with results '
reported for cycloﬂexene (126)T, 3

The aliphatic cafbon-lB NMR chemical shifts for podo=-
carplc acid and derivatives are contained in.Table 8, In-
cluded in the table is a liet of.substituenta and their
positions on the basic tricyclic structure (below) to facili-
tate the mental correlation of compound number and structure.
- .Initial assignments for the ring C-aromatic diterpenoids
were based on examination of -one of the compounds, O-methyl-
podocagyinol 55, and 1its interaction with praesecdynium tris
'ngpivalomethane) Pr(DPM) (Section ‘3, 2) The upfield pseudo-
contact induced shifts for various complex concentrations .

.are shown in Table 9 and the observed rate of change of

chemical shift for each absorbance peak shown in T " le 10.




The calculated upfield shifts based on the relationship

/ - '
d A—% - 3—‘:@;39;1- are shown in Table II (5.1)

with intermuclear distances (r) and angles (&) determined
from Dreiding molecular models and with the praeseodynium atom
at a distance of 3.0 A away from the oxygen apom._ Graphical
representations of the shift changes are shown in Figures 25
and 26 where the line positions have been correctéd according to
the ApSimon method (129). Although the errors in this experi- |
ment-are‘estimated to be of the order of ten per cent, it was
censidered not worﬁhwhile to further refine the data because

- ther oxygen atom at C—L9 can adopt two conformations (Figure 15).
Although conformer A is anticipated to be the predominant one, -

contributions made to the induced.shifts by conformer B are

N
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EMLL_]-; 9 Spactml__data_}‘or the O-mothylpodocnrpinol-l’r(DBM)l

com_plexea

Percent Composition of Pr (DPM)3

Carbon O L9 L5 6.2 Lk

2 19.7 14.8 18.8 17.8 17.8
6 '~ 19.9 19.1 19.1 18.3 18.3
20 25,9 25.3 25. 245 27
18 . 27.3 26,2 2601 25.1 247 q\}j?
7 30.5 29.6 30.0 29.2 29.b | :
1 35,9 34,8 347 33.3 33.3
.10 38.3  37.6 37.5 36.1 36.0
G 39,27 37.8 37.7 36.7 36.5
3 19,5 38,7 38.7 38.0 38.1
5 51,7 50.8 50.9 49.9 49.8

OCH3  55.0 547 5k.7 5.0 502

T 5. 983.9 373k 372.6362.9 362.8
) ‘ - |
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.

TABLE 10 pr(bPM)3 shifts for O-mothylpodocarpinol (55)

carbon AHy.1 complox A/t An/ A concontration

o Axarf)
1l 10.8 } 0.30 21.6
2 7.2 0.37 . lb.b
3 6.3 0.16 12.5
N 11.0 0,28 21.9
5 8.0 0.15 ' 15.9
6 6.9 0.35  '13.8
7 Le5 0.15 3.0
10 8.9 0.23 17.8
18 9.6 0.35 - 19.2

0 - 6.2 0.2 12.3
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Jifficult to assess. Calculations (Table 11) were done on

conformation A.

PJGURE 19 Confornptions of C-19 oxyren in O-methylpodocarp-
inol-Pr(DPM)3_ complexes )

H H
C
377, \C C/
/ WO 3/ ¢
-, WU {////' \\\\\\\ s
[ / \ 1
¢ /:: /:
) - H = 0
A ‘B

|
|

Despite the errors, the AH/H values, both calculated

ental clearly fall into threa groups. The peaks

and exéerim

_—_
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with lowest alopﬁa must be assoclated with carBonu most dis-
t@ht from C=-19 and those with highest slopes asscdciated with
carbons proximate to c-19. The peak Bf lowest slope, and ob-
viously jsolated from the bulk of the shift data in Tables 10 .
and 11, can be asaigned to C-7. On the other hand, the peaks’ |
with the highest slopas must - correspond to carbonaVB,h,lé,
and 20. Intermediate to these rangea 18 & large .group of re-
sonances comprising the remainder of the aliphatic carbbn )
nuclei, 1,255;6, and 10, Off=-resonance decoupling to looate
‘the quaternary carbons shows that one lies in the intermed;ate
set and one lies in the high slope sat, therefore, carbons |},
and 10 are locatad.

For the dgfinite assignment of the remainingialiphatic

carbons ﬁecourse vwas made o the chemical ‘shift data for the
_variously subatituted'podoéarpic acid'derivativea ghown in -

Table & and to some of the assignment techniaﬁés indicated in

Section 3.2.

gTe
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In-all cases, for example, off-resonance decoupling

established the quaternary centres at C-4 and C~10 The low
‘field resonance, except in compounds 56 and 58, was. assigned
to C-4 in congiderationuof the inductive effect of the adjacent’
carbonyl group (94). Of the twouexceptions, the'méthyl group
in 58 is-expected to shield the C-4 carbon (93) and C-4 1is,
theréfore, assigned té the high field quaternary position.
In compound 56, assignment vas confirmed by comparison of

data from acetylation of ciS-k-t-butylcyclohexgnol (126) in

which the carbinel carbon, ﬁp5n acetylation, is deshielded by
3.1 p.p.m., whereas, t;e ad jacent carbons are shielded by 2.9
p.p.m. Acetylation of O-méthylpodoéhrpindl 55 results inxgn.
upfield shift of one quaternary carbon by 1.6 p.p.m. (39.2.\
—= 37.6 p. P m. ) thereby assigning C-4. The second'qnat-_
.ernary carbon at C-10 was unaffected as expected.- Also-noted
is the deshie}ding of the C-19 carbon by acetylation by 1.3
p.p.m;_WhiCH, although smaller than values earlier reported,
follow a Bimiiaf trend. o
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Off. resonance decoupling of me\zzi G-methylpodocar~

pate 34 using the Fourier transform technique established the
splitting patterns f%r the remalnder of the aliphatic carbons,
 Excluding the methoxyl groups only three carbons of the ten
dld not exhibit corfeeponding absorbances at the same positions
in each of the partialdy and completely decoupled Spectra.

A doublet at 53.0 p.p.m. was unequivocally aeeigned to C=5
ahd its low-field position is not only expected, but also
~maintained in the remaining derivatives, by virtue of ith
substitution., Two quartets of 28,2 and 22,8 p.p.m. are
assigned to the methyl groups at Cc-18 and C-20, reSpectively,
the latter owing its high fleld position to steric interac-
‘tions with_carbon 2,4, end ‘6. The shift difference of 5.4
p.p.m. for the axial and equetoriel methyl groups compares
favourably @ith the value of 6.0 p.p.m. reported for the

two conformations of methylcyclohexane (S1). The chemical

shift of C-18 in the remaining diterpepoids changes only

OCH,




. 8l
slighdly. Most noticeable is the upfield shift of CFlS'when

an equatorial Hydroxyl group is 1ntfoduced at C-3. The up-
field shift of C-18 of -5.6 p.p.m. is compardblq!td the
shifts of 6.8 p.p.m.'when domparing.meﬁﬁyicyclohexane (89)

~ with £;§72—methylgycidhexanol (90) and is probably associa-
“ted with non—bopded interactions between‘thd oxygen and the
methyl_hfdrogen atoms which has been referred to earlier as’
the ¥-effect. In the same way, C-20 remains relatively

constant at about 24 pP.p.m. throughout the series. It does,

however, noticeably mirror substi ution at carbons 6

v

. In addition, forma-

and 7, again with steric implicatio
- tion of the 1actone ring in 46 increagzg§the steric inter-
actions between C-20 and carbons 6,7, and 19 resulting in

a substantial shielding effect. o

The five remaining carbons, 1, 2 13,6, and 7, unac-
counted for so far_in 3k, show up as triplets in the off-

i resonance experiment. Two triplets are at the extreme high

field positions and could only be carbons 2 and 6 since
they are the only carbons with obvious steric interactiona

| with other centres.

Both C-6 and 0—7 can be identified by compariaons of

" compounds containing substitution on those carbons'with com&
pounds that do not. Comparison of 34 and 35, for example,_‘
‘show that, with the 1ntroduction of a ketone function at C-?,
£two absorbances originally in the. spactrum of 34, completely

disappear from their general regions. The C-7 absorbance, in

1').) ey
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34, at 31.2 p.p.m._ia'ngw located at iz§;9 P.p.m. and the peak
o

at 21.4 P.PeMe, asgignqd to C-6, is nov locatéd at 37.4 p.p.m.

The deshielding of 046‘by 16.0 p.p.m. ﬁy-an adjacent electron-

withdrawing carbonyl 1is comparable to the 15-16 p.p.m.taeshiel-

_aings'reporﬁed for a@éfcid cbmpounds (126). The disappearance-

of the peak at 37.4 p.p.m. updn deuteration éubstantiates the

initial assignmen The latter mhterial aftéf SOdium boro—-—

\ ¢
hydride reduction giving C-6 deuterated 36, established the

corrsect assignment of both carbons in that compound. Cf an

-

obvious nature is the disappearance of. two abaorbance peaks -

. on going from 34 to jﬂ_which accounts for both assignmanta.

-

A carbonyl at C-7 or an olefinic bond between carbons 6 and 7
have & shielding effect on C-5 of -2. 6 p. p.m. and <1.5 p.p.nm, .
reSpectively,consistant with reports for h-methylcyclohexanone
(94) and for cyclohexene (126) raspactively.

Assignment of the three remaining carbons 1 2, and 3,
can ﬁe made by comparison of 1§'with Qg,qr é5. Introduction
of a hydroxyl group at C-3 alters dramatically only threﬁ




- ﬁ - | T . B6

absorbances from j_l,_-ﬁn/i;h can only be carbons 2,3, and l..
The disappearance of the peak at 39 5 p. p.m. in 34 clearly
establishes C-3 which resonates at 65.3 p.p.m. 4n 62. The
new peﬁk at 29.6 p.p.m. can be aésiéhad’to C-z.having bean
deshielded by the strong inductive 1nfluence of the C-3
hydroxyl, from Ats peak position of 20 3 p.p.m. in 34. The
magnitude of the daahialding, +9 3 psp.m., 18 consistent

" with the value of +8.1 p.p.m. reported elsewhere (90).

-
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The remaining carbon, C-1, in 34 is. assigned 37.8 p.p.m.
Aside from compounde{kﬁ and 65, the C-1 reeonance varies onlyv
slightly from th%/region 36=40 p.p.m. The 1actone ring in 5_
and the exocylic double in 6§ result in subStantial ehielding
at C-1 attributehle to eteric interactions in the former and.

possibly rehybridization factors in both.
. | , _ ~
5.2 Aromatic Carbon'Aseigpmen;e . . -f ‘ N i

2

' The chemical. ehifte of the aromatic carbong’are shown_

in Tables .12 and 13. The assignments are simpler than in
the case of the aliphatic carbons because of the presence of -
the C-12 oxygen function and the ready 1dentification of the
rully substituted carbons 8 and 9 by off-resonance experimenta.
The carbon-13 spectrum of anisole itaself shows a simpie four
1ine pattern interpretable in terms of inductive and reson-
. ance effects (130) with the or%ho carbons being at higﬂ!r E
field than expected because ot e steric interaction_o£ the
methoxyl group with the ortho hydrogens (125) Thuh the
carbon~13 anisole spectrum ‘shows the ortho carbcns at 113.0
" p.p.it., the para carbon at 119 6 p. Pele, the meta carbons '

at 128.6 p. p.m. and the eubetituted cerbon at’ 158 8 Pp-m.
“The close additivity relaticnship between simple ‘model ccm-
‘ pounde/and more complex molecular systems, so valuable in h

.‘peak assignments, is 1llu5trated in Table lh.
{., In view of the results shown in Table 14, the simil-
. arity in aryl chemical shifts of the tricyclic model com-

-~y

pounds (Table 12) and of the correepondins aryl carbona in
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TABLE 14  Aromatic chemical shifts for methoxyl

substituted compounds -

‘ . o .
compound compound - chemical_shift change, carbon

9(14) 10(13) 5 6 7 8
60 _-, 53 =7.9 +1.0 15,1 +32.8 213.5 ‘40.7
61 _ 49 C=7.7 42,8 -15.7 43244 <141 1.7

benzene —wanisolel -8.9 0.0 -15.5 +30.2 -15.5 0.0
1sh;fts reported fqr_corresponding'tarbons of modsls with
values from referhnce (125)

¢

the 12-methoxypodocarpic acid is not surprising. The general

range of shifts 1is best 111ustrated with reference to a

specific compound, O-methylpodocarpic aqid 33. The two

ortho carbons, C-11 and 0-13,'occur at 111.6 and 112.1 .
pP.pP.m.; the meta-caibons, C-9 and G—lh, abaorb at 149. 7 and |
130.1 p.pem.;  thé _para carbon, 0-8 resonateg at 127 9
P-P-m.; and the substituted carbon, c-12* dhiows up at 158.3
p p.m. The large discrepancy between the ahifts of tho two
meta positions, C-9 and C-14, was of intereat. " The 1argg‘
devnfield shift of C-9 is similar in pggnitude (+24.0 p.p.m.)
to that shown by the substitution of anisole by a tertiary
butyl group (125). -

| The substitution of the 12-mathoxyl group by a
12-acetoxyl group gives a pattern, shown in Table 15, which

- is qualitatively similar for ﬁhe aimp;p'aystém (apisole)

, \ .

and for the more complex diterpenoid structures (illustrated

’/,using 34 and 35.

-
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_.TABLE 15 Aromatic substitution effects for aryl acetates
- RS .

compound  compound chemical shift ghgnge. carbon

8 9 1 12 13 14

-

3 ® 39 +2.2 <0b 6.9  -9.3  47.0 +2.7
35, 4 *2.8 1.6 +7.8  -7.5 +7.8  -0.7

' anisole___.phenyl- - ) L . ' ,
acetate  +6.6 +1.3 +9.1 -6.8 +9.1 +1.3

2

5.3 Discussjon S <

Aliphat{® Chemical Shifts =

The chemical ahif%lasaignmentﬁ made’ it of interest |
to examine the effect of substituents on the tricyclic rihg
system, and to hscer@ain how they compare with aubstituont‘ |
effects in simpler alicyclic ring-aystema;' Kﬁ a test case,
comparison of the chemical shifts of the lO-methyl com-.-
pounﬁ 51 and the ly &y 10-trimethyl compound jﬁ‘apd?uaing'
the shift parameters deduced " for the methyl cyclohexanes
by Dalling and CGrant (89), the expected chemical shifts of
58 can be estimated (Table 16). ' ’ ,: «

Excepting cawbon 6 and the two carbona at ring '
_ Junctions (C-5, C-10), the agreement between predicted and
observed values is good (abl within * 1.5 p-pem.). The B
question of why the ahifts aforementioned digress from pre-
dicted values is significant and is attributed to the back-
bone‘distortion'of the tricyélic system caused by se re
C-10 axial methyl,.C-4 axial me?/;l interaction. This viou‘
is supported by X-ray structural analyuis on diterpenoids -

-
-~
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quentefi‘ecte which can be of valu; in diterpenoid structure

-‘axial substituents lends itself to the analysis of substit-

| , 94, »
{131) where ring A has a flattened chair shape and the two

axial methyls in quastion distort- outwarde from one another.
Carbon=-10 retains eeeentially tetrahedral angles, but carbon-S
bears the brunt of ring distortion with the bond.anglea C-10,
c-5, and C-6, C-10, C-5, and C-k, C-4, C=5, and C-6 being 112°,

. 116°, and 113°, respectively. Thus C-5 has effectively re-.

hybridized with an increase in s-characte¥ and, therefore,

appearSs at higher field (by 5.1 p.p.m.) than predicted.
Carbon 6 will be affected by two factors of which one, the

~rehybridization at C-S, is difficult to assees. The other,

outward distortion of the C-19 methyl and the concomitant
downward motion ofthe.C-18 methyl reduces the steric pert-
urbationa between the hydrogen atoms. of carbone 18 and 6
causing the decreased shielding in the latter.

_Anomaloue shifts for the quaternary carbons, C-4

and C-10, result because there are no adequate parameters

~available to‘deecribe these‘changes. Both however, undergo

paramagnetic shifts (7.2 oﬁ\fﬁ. for C~4 and 0,7 p.p.m. for
C-10) consistent with the paramagnetic shifts noted\:or
oarbons bearing 1 3-diaxia1 methyl groups (89).

The availability of compounds with differing C~4 ;}Gﬁ

-

determination (Table 17). | | A
_The p-shifts at 0-5 ahow a change on gbing from an
sp> carbon substituent to an' 8p2 car?n which must reflect

v RS
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-

a small distortion at C~5 neceasary to accomodate the
flattening of the ring A. The 3-effecta atfc-é'ond -6
are consistent with tho'latter'axpecteo to show accentuated
'chanaéaiuith substituent ohangoa‘at C=4. The eonaiatent
paramagnetic shifts of C-10 havo been mentioned above and
necd no further elaboration. Tho a-carbon shifts.at C-1-
pg\c -7 are difficult to assess and must be attributed _
primarily to the distortion 1ntroduced into the tricyclic
strucpure by 'the C-4 and C-10 axia} gubstituentsr__

Aromatic Chemical Shifts
The aubatituant effects of the methoxyl group .

on the carbons of the aromatic ring have been used to asaign
all six carbon resonances and dramatically illuatrate the
application of aubstiousnt effects in simple ayqtoma to
anélysis of analogous. .cagjfons in more complex systems. This

" effect lead 'to the IOgical compariaon of methyl O-mothyl-

7-oxopodocarpate 35 with p-mothoxy-acetophenone 98 (132)

allowance being made for the additional substituent at C-9

s 18)., o | | |

' The predicted shifts for @9 were calculated using

| «the ‘methyl shift paramoteri on gging,from behiene to
toluene aqd aosuming similar changoa in 98. It was noted
that use bf larger alko;ﬁl.groupa (for sample ,4~-methoxy-
;propiophenono) did not thor ths aryl shifts from thooo '
" given far 28 (133). o -

7
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TADLE 18 Predicted chemical shifts for 7-oxo diterpenoids

M |
- d hemical shifta
compoun chamlica 8 8
SRt -}{""if"‘jhfr. 12 13 14

p-methoxyaceto=-

phenone 99 129.8 130.1 113.3 '163.1° 113.3 130.1
2~methyl-4f~-methoxy= '

acetophenone 99 - | | ‘ L
(predicted) -:130.4 139.2 113.9 162.9 110.2 129.9 P
compound 35 - 125.9 157.3 110.4 l@.h 112.4 129.9
6-methoxy . |

“tptralin 53 129.3 138.2 114.3 153.6a 112.3 13Q11

. The basic chemical ahiftﬁ of carbons 8,11,12,13 and

| 14 are reproduced remarkably well for the model 22 and the
substrate 35. Moreover, the pre&icted chemical shifts of |

99 show remarkable agreement with the aryl shifts for T s
6-methoxytetralin 53. So good are the results tha the dis-
crepancy in the shift at C-9 of 18.1 p.p.m. must be accounted

for by some other factors. “The unusual shift changes at |

C-9 are exemplified in the conversion of 34 to 35 and of

53 to 52 where attendant deshielding is +7.4 and +8.9 PePelle,
respectively, )

'IﬁSpeéiion of molecular models failed to reveal the
introduction of any geometrical constraints by the inclusion
of a carbonyl into the cyclohexane ring. In addition, no
other spectroscopic data indicated iny unusual charggtor-

s
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istics of the benzylic ketones. - Consideration that
the orieﬂtatibn of the carbonyl was the critical factor
was discounted on p.m.r..eyidenée.l The intense anisotropy
of the carbonyl double bond is expected,'howéve}; to de#ﬁield
C-14 in é-methoxy-l-tetralone (as 48 H-14) and thus C-14
should exhibit a significant paramagnetic shift while C-9
sh@uld show a smaller effect 1n‘£h§ same direction. Experi-
mentally, the reverse is true and it is suggested that this
situation arises from the dilamagnetic effect of the carbog?l
oxygen atom. | 5

It has recently become clear that the variation in
the diamagnetic shielding term, - d y for nuclei other
than hydrogen is significant (134), particularly those effects

generated bygdiféctly bonded atoms., The carbonyl group is

'_ highiy polarized and has a strong electron-withdrawing effect
in both the U- and - bonding frameworks. The directly

bonded ring carbon, C-8, for example, is deshielded by 8.0
p.p.m. when compared to-beniene and the para cafbon, C-12,
moves downfield by 3;0 PePelle, but the ortho carbons are
virtually unchanged which is a situation Suggesting the
existehce“of an-additional factor countervailing the induct-
ive effect. Tﬁ;ingggested rationale is a through space,

diamagnetic effect of the oxygen atom where, in a cyclic

. molecule such as 52, there aho;}d be a differential para-

magnetic effect shoun,by the more distant of the two ortho
carbons. A calculation of the Ty contribution of the oxygen
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atoms using (g5, 2) and internuclaar distances of 0 to C-14
and 0 to C-9 of 2,80 A and '3.55 A, respectively, gives a

difference 95 +8.3 p.p.m. between carbons 9 and 14.

, o (k) — o, (free atom) + @2 2w C
AV v et 476 | (5.2) )

Thus, C-9 1s predicted to be deshislded relative /

to C-14 by 8.3‘p;p.m. which is in remarkable agreément with F{

p—

the experimental value of +8.7 p.p.m. for &é-methoxy-l-
tetralone. While agreement here may be fortuitous, the results
point out a factor which has hitl;erto been largely dis-
regarded in consideration of upfield shifta of carbon atoms
caused by prox:lma:be atoms. it is not unreasonable to as-

cribe a diamagnetic effect of.a coqlpreasing'atom to making
a’signi{icant contribution to the upfield ¥-effect.

-
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6 - CARBON-13 NUCLEAR MAGNETIC RESONANCE OF
' _NORDITERPENOID BICYCLIC LACTONES

~ The slow ozonolysis of podocarpic acid 25 or
methyl podocarpate 54 :}n hydfoxylic solvents conducted
at low temperatures re;ults inlthe isolation of a variety
of crystalline producta which dépend on'th.e work-up con-
ditigns employed (13'5). Direct 1801&1:1011, by the careful
removal of all solvent and volatile matarials, of the
crude ozonolyais producta of 54, gave a residua, the
recrystallization of which gave a pure compom Spectrou-'
copic and chemical analysia identified the compound as
having the structure given by 66. The lack of an N_OE
between the C-20 methyl and H-11 eaﬁabli&he'd. the ¢ -con-
figuration of the C-8 h.ydrc‘)perqxide group (68).
When the crude ozonblyaia mixture was treated
' directly with sodium borohydride, the major products were
the lactones 67 and 68. On the other hand,. ‘oxidation of
the ozonolyais mixture with aqueous alkaline hydrogen
' peroxide gave the }actone acid 69a.

" The reduction of 67 using hydrogen over 5% pal-
ladimn-on-carﬁon gave the saturated lactone 70 whereas
reduction of the same compound using sodium and 2-propanol
gave the epimeric lactone E/(Dﬂ- In all cases, the NOE
experiments established the configurations at the approp—
riate carbon centres (62,68). ‘ -

© 100 g .
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- TABLE 19  Chemical shifts and assignments for €arbon-13

spectra of norditerpenoid bieycldc lgltones

Carbon Compound and Chemical Shifts
e s T w on n.

1 37.0 40,7 38,9  39.8  37.8

2 2L2 - 187 gi.n\ 22.1  20.6

3 38,0 381 38.4  38.5 . 39.2

L belyo s 43.7\“‘ §3.9  hhel. bhol

5 55.0 . 53:4 52 55.6 5.8

6 19. S8 202 19 18.7

7 35k 3heb . 36,8 32.0  37.2
Z;f;' 79.5  79.9 785  79.6  105.6

9 172.9  49.2 - 47.8 571 . 173
10 39.8 36,2 364 369  40.0
11 110.2 1 28.6  29.3 30,5 112.4
12 176.8  177.4 . 175.7 17,6  177.2
18 . 29.2 28,6 28,6  28.6  28.6
19 181.1  177.8 1771 175.5  177.9
20 18.3 13.8  19.4  .12.5  15.6
COOCH3  51.4 51.3  49.7 51.3 51.6

In view of the wideap:ead application é} carbon-13 :

MR to problems of stereochemistry (76, Chapter 11), it
seemed judiciéus to investigate the chemical shifts of ;
theée‘laétﬁﬁii"gggzg having a variety'of‘configurations. |
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At the same time the magnltude of the NOE, being .a measure

of proton intesrnuclear diatances, may itself show some cor-
relation with carbon-13 cheﬁlcal-shifta since steric comp-
ression generally results 1p diamaé%otic ahiftq.

- The carbon-13 nucle%r magnetic resonance results
and'assignmaﬁts are given in Table 19, Aaaignmenta were .

based primarily on chemical shift data (Chapters (3 and 5)

although off-resonance decouplingfnnl\uaed,to eatahlish the
quaternary centres. A number of carbons, having been as-
sign&drin the podocarpic acid serles, were not éxpectod to
change draatical%y with changes at ring C in this series,
For example, the carben nuclei in ring A (carbons 1, 2 '3, L,
5, and 18) change only slightly from their general regions
shown in Table 8 and these are readily assigned. The ester [ ]
'methoxyl gfoup can be identified by comparison with the podo-
carpic mathyl esters and the carbonyls were readily iden- .
'tified by thoir extreme low field positions. In the lattor
case, the lactono carbonyl was ‘assigned the highar f1eld
position in view of gannrnl pattern recorded elaowhoro (76
| page 300}, although poaitive identification was 1mpoaaib1c
and a reverse aasignmanx is eqpally valid. Of the high
fisld carben nucled '(C-2,6, and 20), carbon-zo was expected
to show the groatost shift changes considering the adja- “|
cent coriformational changon and, theroforu, it was assigned
the high field positions. Carbon=6, a8 o:pcetod, ;tmainl
fairly constant throughout the series. | o |

The pr.domin.nx changes occur at the romainin;
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carbons 7,8,9, and 11. Carbon-8 was readily assigned by -
its low field position either’h8 the hydroxyl part: of the
lactone (78-80 p.p.m.) or as a hemiacet;;‘(los.é p.p.m.i.,
Carbon—7 was assligned in compounds inand 72 since both
g and 11 were unsaturated and their peaks disappeared from
the . aliphatic region 1eaving only one unassigned absorbance.
In addition, this C-7 assignment was consistent with the
downfleld shift in 72 resulting from the inductive effect
of the C-S hydroxyl group and the expected upfield shift
in 70 resulting from increased §§§33E’ggpéurbations be-
tween the now axial ll-carbon'andﬁihe C-7 hydrogen atom.
Thus 1,3-diaxial relationships on the X-side of the
nolecule apply to C-5 as well and it has been shielded by.

about 2 p.p.m. as expected. - The remaining two carbons 9 -

and 11 in compounds'68f2;_arehthen readily identifiable
since the highly P-suhstituted methine would be expected

to be highly deshielded and close in value to C-5 (2250
p.p.m.) whereas the C-1l methylene should be much farther
upfield.. Of note is the highly deshielded position of c-9
in 71 the explanation of which 1s not readily obvious from
nolecular models.. . |

The data comparing the NOE values between protona

on carbons 8 and 20 with their respective ‘carbon~-13 chemical
shifts is given in Table 20. There 18, quite obviously,
apparent correlation between the two parameters. While the

C-20 methyl does show its maxionm upfield shifts in compound
1_ also having the highest NOE value, its high field location
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TABLE 20  Comparison of NOE results and chemical shifts for
' norditerpoid byeyclic lactones

Compound  Irradiated Observed  NOE Chemical Shifts

kg

} C-20  C-8
CH3-20 H-8) 186 183 79.5
CH3-20 H-11 of |
68 CH3-20 H-8§ 0% . 13.8  79.9
70 CH3-20 .  H-8¢  13%  19.4  78.5
7 CH3-20 H-8p 213 12.5 7946

in 68 is coupled with no measurable?NOE value at all.

‘The lack of any correlation between.prétonkoE values
and-013 chemical shifts is not in itself surprising. Vhen
one views the semi-empirical analysis of those factors af-
fecting nuclear screening (159). . one sees a variety
of individual factors hich are not necessarily
independent of one another. nfﬁrmat?onal éhanggs in
rigid aystems; for ex;mple, may reduce' steric compfessiqn
by ‘causing nuclel to move away from one another and, yet,
“on the other hand, the change could also alter the hybridi-

zation proximate to the nucleus in question. Since each of
these factors, can independently, change dramatically the .
chemical shift of a given nucleus, there is no way of iden-
tifying their individual contributions to the shielding of

a given nucleus when they are botk operative. It is, there-
fore, impossible to relate the cl3 chemical shift values
for C-8 and C-20 'with the NOE values between these two )

/
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nucledl bécause the 1,3,fd1axiai relafionship between the
H-of substi;ﬁent and-t@e C-10p methyl (C-20) is only one
cohtribﬁtor to any.shift changes of C-20,. A;gbod example
of the contervailling factors fromithe 1actones‘1n Table 20
is ﬁéz"Formation of the C-8p ,- 98  cyclopentanclide ring
is aptendAnt with diéﬁprtidn 19 ring B necessary to acco-
nodate the’five numbeerihg, The.reﬁult is8 to increase
'rtﬁe eclipsing of the two afoxgmentioned bond positions
which, in effect,'cauﬁeé the C-8f# hydrogen atom to move 7
i outward énd thefefcre; decrease its ste;lc interaction
'\with C-20. However, molecular models indicate that with
this adjustment of bond angles at carbons 8 and 9, the
- 6 avem is forced inward toward C-20 and, consequently,.
'increases the steric 1nteractions between the two. These
two effects dre thqmse ~g countnkvalent and the NOE values

of H=8. atoms cannot measure the contribunion of one to the,

exclusiqn of the other, T

ey
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7., CARBON-13 NUCLEAR MAGNETIC RESONANCT, OF. ABIETZC ACID
AND RELATED DITERPENOID3 '

Abietic acid 73 is the'isomeriéatio, roduct of a
number of labile natural precursors,among qhﬁm plmari¢ acid

77 and neoabietic acld 79,of which,the latter two compounds

are major.constituentg of most pine rosins. Inte:ést'in
these compounds, and in fhoéé 113téd'in Table 22, results
from thelr tricarbocyclic structure with suitéble function-
alization to make them'useful starting materials in.s&nthe-
tic chemistry. . For many years, 1ntereat uas focussed on
unequivocal: establishment“ﬁf the C-k configuration which
has been shown to be the opposite to: that/of podocarpic
acid (128, pages 192-197)- : ; i '
Initial'assignments were made by comparison of ﬁh7//”—\\ :
spectra .of compounds 51 and Zk,taking into account the R :
required substituent effects (Table 4) 1in addition to off-
resonance experiments tp establish_tpe guaternary_centrea.=
' ' The results shown in Table 21 indicate agood cor-
relation between predicted ;hémicél shifts and experimental
shifts using the parameters of Dalling and Grant and those '
‘developed for the’ podocarpic acid series.' Estimates for.
the inductive effect for the carboxyl STOUP on C-k and the
1 3-1nteractions with C-6 are given in the table. The dif-
ferentiation.betueen ‘the C-19,20 methyl groups was b33°d
on the effect of the equatorial C-4 carboxyl Froup. “The .

1Y
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aromatic substituent effects for the methoxyl group (125)
and the 2-propyl group have been used to asaign the aroma-
tic\peaks with reasonable success.. Uhequivocal assignments
for carbons 9kand 13 wasa noﬁ possible, however, from these
results. ‘ '

It 1s not anticipated that there will be significant
changes in the shifts of carbons 1-8,10,18,19, and 20 in the
group_of compounds 73-79 aside from C-7 in abletic acid
73 itself. Compgriéon~uith podocarpic acid 25 (Table 8) in-
dicates a strong corfelation‘batween the chemicai shifts éf
corresponding carbons aside from the large upfield ahiftg
of carbons 19 and 20 anticipated 'from the increased ataric
bulk of the sp3 méthyl group over the sp< carbonyl in the
C-4 axial position. On this basis, carbons 19 and 20
- were assigned the high field resd "ncea in all compounds

in the series., )ﬁ ‘ T |

The low field aliphatic region 44=52 p.p.m. cont-
ained two resonances,identified in the podocarpic acid series
as being carbons 4 and 5 in addition‘a ﬁhird resonance - peak
which, becauﬁe-of its extensive degree of substitutiqn, both
directly and beta to 4t, has been assigned to 0-9. The low
field position of 0-9, relativa to C-8, :;on as an sz car-
bon is maintained baaed on similar substitution arguments.

In the high fiald region of the spectrum, 12-22
p.p.m., the following carbons are intuitively expected to

be contained: carbons 2,6,11,19. and 20. Since all but
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TABLE 23 Chemical shifts and asgignments 61‘ aromatic carbons
in compound 74 using model compounds

" Aromatic Carbon=-)3 Shifts

N

Carbon 5 ' - | 14 _
C - predicted experimental = -
8 - 130.2° 139.1 135.5
9 C149.6 147.1 C 1u6.8
11 110.7 | 126.2 . 12h.5
12 158.5 12643 %45
13 ¢ 1.5 Lh7.1,  1a8.l
14 130.2 182 127.5
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C-11 are known, assignment of the.peaks in th rogidn of 17.8;
20,3 p.p.M. fn the-aqriea to carbon 1l iu'oomplgfo.

' The remaining carbona, in ring C and the side chain,
wore nasigned from ahift differences expected forfblofinii
garbons in dirre#ent anvironments as well as from equgted.y
chemical shift changes with variance in aubstitution.
Carbon 12,'for example, is expected to ﬂe at lover field
in 78 being adjﬁcqnt to a tgrtiﬁxy contfc than in 2§
whore the cyclohexadiene syatem tends to atrdngly shield
tho remaining ap3 carbons. - rﬁﬁﬂ
In the olefinic rugion. quatornary contres were
© readily identifiod leaving aasiznmonta at othor contron
subject to substitution conaiderations.

Aaaignmenta for manodl _Q.nnd sclareol 8] were
initially made by comparinon of the 1nttcr with ;zgngydoca- o
lin tnking into account the vnrioua aubatitutions on the
ring. The chain pt C=9 oqpatorial waS asgumed to havg,intoract-
ions similar to those of a mothyl group1'Couplod with off~-
resonance experimonta, agreenent botwoon prodiotod and ex-
perimental shifts is good with tho exception. as uswal, of o
the C=5 ring Junction. - : | ’

Afver asaignments ot the sp? carbons on the C-9 side |
chain and the quaternary centre at C-13, only four resonances
remained unassigned : 17.7,20.1,22.8, and 38.6 p.p.n. In
consideration of steric perturbations with Crl hydrogens,

the high field peak must be C-11. The two metl{yﬁ\ groups
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nust be at 20.1 and 2248 and although definitive assignment

is impossible,’ the C-17 meth}l was éxpected to be dt higher
field because of its axial conformation. Thé_remaining abj
.sorbance*at 38.6 p.p.m. is then due to Cc-12. >

| Vhile this work was in prgress, the carbon-13 NMR
spectral data of a variety of pimiradienic substances was
reported by Wenkert (67). The compounds reported  included
two~of ‘those which are given in Table 22, specifically com-
pounds 77 andrzg_which are pimaric acid and sandaracopimaric

‘acid, respectiﬁely. &

{ . -~
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g, CARBON-13 NUCLEAR MAGNETIC RESCIANCE OF-LABDANE
INTERMEDIATES J -

Intermediates from the synthesis of labdane diter-
penoids (60) provided an interesting series of related
pompounds upon which the—applicability of oﬁr suﬁsﬁituent
effects (Chapter 6) and other appropriate effects could be .
tested. The structures of the compounds analyzed afe.
given in Figures 20 and 21 along with the carbon-13 NMR .
data in Table 25. ' |

. Assignmentﬁ of several absorbances were facili-
tated by compariéon with analogous carbons in the podo-
carpic acid series. Tho C-19 ester'carbonjl absorptions,

. for example, were in the range 175,2-177.6 p.p.m. and '

| the ester methyl group appeared 'in the region of 54-56
p.p.m. In additipn the low field pogition of C-5 (about

51 p.p.m. in thé podocarpic acid series) was maintained
throughout the labdane-type compound series as was the c-18
equatorial methyl group. gﬁ 28-29 p.p.m. Recourse to off-
resonance decoupling experiments readily astabliahed the
quaternary centres C-4 and C-10 with the formar assignea *’*)
to the low field position. '

The remaining resonances of the bicyclic ring
carbons in compounds §3-87 can readily be identified by tﬁﬂ\\
applicatioh of abpropriatﬁ aubﬁtitunntbqffecth to trans- '
decalin, the peaks of which have been assigned by Lippmaa

y
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. uuced by the. outward distortion and downward movement of . ' “

e e - - 121
and péhk'(137). ‘The predicted chémigal shifts of compound
83 along with the experimental shifts are given in Tab1§ 26
and show & remarkable correlation in apite of. the fact that
the C-4 carbomethoxy group aubatituent effect vwas determined
in ring C-aéigatic diterpenoida. _Npticeable exceptiona af%
carbons 1 and 6 dlong with the carbons at the ring Junetion,

c-5 and C-10. Discrepancies beﬁuoeanredicted.and experin-

ental shifts in ths'lattertho carbons are consistent with

the: unusual diamagnetic ahieldiﬂga of the bridgehead carbons

in adamantane (127) In view of the arguments in Chapter 6,

}hese discrepancies can be attributed to a rehybridizatdon

at C-5 a8 well as what is apparently an accentuated J-effect \
in rigid carpon skeletons. \ ’ |

The diamagnetic C=1 shift is probably related to

the interactions with th; hydrogens of the C-11 methylene
as well as to the essentially 1,3-diaxial interaction he~ -
fween the H-1 equatorial atom and the equatorisl C-9, 11 -
bond. The effects on carbon-6, however, are qualitatively,
more difficult to asseas. Comparison of cyclohexene

going to cyclohexanewould predict the C-6, on going from &
A8,9 system, albeit aromatic in 3%, to the aaturated ays=
tem would be deshielded by about 4 P.p.m. Countervalent to
this paramagnetic effect is ‘the roaultins interaction be-
tween the C-18 equatorfal methyl group and the C-6 equat-
orial hydrogen atom upon ring B8 gaauming a cyelohexane

chair structuro. The latter effect would, however, be re- .
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c-19 and C-18, reSpectivelj, as mentioned previouslf in ’
0-methyl podocarpinol (page 92 ) amd, -therefore, the: deshie- |
1ding effect is expected to predominate resulting‘in tﬁer‘
+3.9 p.p.m. discrepancy. )

The remaining carbons 11 and 20 were nhen aasigned
 readily since the latter, subject to a multitude of steric =
interactions, including those hydrdgens at C-11; would be
expeg;ed to resonate at high field. The.resodance‘positiod
assigned to C-11 (27.7) is in the region of analeéouslcx-ﬂn-
. _“hylene absorptions froﬁ the analysis of‘a'geries;of methyl
esters (138). -

The exocylic methylene in compounds _ﬁ:_z and the
various oxidation levels of C-12 expectedly change only the
proximate carbon resonance. positions. Carbon 1-6,18 20,'
and 10 maintain their general resonance positions establis~
~ hed in compound 83. Carbons 8 and 9 are identified by their
" extremely deshielded positions uith C-8 having the low field
position based on its degree of substitution and its quater-
nary nature. Carbon 12 is identified by the typical rangea
of ester and aldehyde carbonyls and the carbinol carben. |
The carbons adjacentnto C-Shere jdentified by their definite
upfield shifts on gping from the ketone function to the
exocyclic methylene at carbon 8 leaving the remaining ali-
phatic carbon as C-ll. .

In compounds_ﬁ:ﬂg, only molecular changes at 0-8

occur and, therefore, resonances in the ring carbons and the

- [N L = )



‘ - - am
- FIGURE 20 Structures of labdane {ntermediates
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' FIGUREZ} Structures of labdane :I.ngermed_i_ggga
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¢c-11p chain are expected to be.amall; Comﬁariabn of 89
with 85 establishes all resonances except for carbons 8,9,
and 71. Carbons 8 and 9 are expected at ~ low field due
to their degree of substitution with carbon 9 given the
1ower‘assignment because of the proximity to the qpatern#ry/
centre at C-10. Thé\{géaining peak at 33. 8 must be attribu-
ted ta C-11,its low field position probably a result of de-
creased steric -interactions between the freely rotating C-8
carbomethoxy group in 89 and 90, and C-11, in comparison
to the 8,17-double bond of 88, |
, In the tricyclic diterpenoidé represented by struc-'-
tures 5L;§Zi, all‘carbon resonances~caﬁ be assigned by com-
parison with others in the series except f&r those carbons
| directly involved in ring C, carbons 8,9,11,12,13, and lb.
In 91, carbons 9 and-1l are readily assigned, being the
only sp? non-oxygenated carbons, with the e-carbon {c-9)
having the characteristically deshielded position relative
to C-11. This leaves four. peaks unaccounted for; 8,12,13,
and 14. The éarbongi is at 197.1 p.p.m. and readily iden-
tified while the‘C-S methine and the C-13 methylene ar§ ex-
pected to be the low field peaks of the remaining absor-
pances at 35.5, 35.7, and 29.5 pep.Be leaving the lattef
as the C-14 absorbance. N
The isomeric unsaturated ketone 92 shows predié-
table changes‘from 91, Carbons 8,12, and 1k are assignod

Qimmediately based on previous arguments. Carpon 13 now

t "r . e



peing of to a double bond instead of § to it,is expected

to move downfield by r°“8h1Y 2 p. p.m. from its poaition of
35,7 p.p.m. in 2_ 1 and is assigned to 38.5 p.p.m. The lat-

ter two peaks at 36.0 and 53.2 P.p.m. - can be assigned to
carbons 11 and 9, respectively, since steric interact.iona
petween the C-11, l-mothylenes would expectedly shield C-11
whereas- extensive substitution ai?acent to C-9 would expected-
1y deshield 1t.

The enol-acetate 93 shows only two aliphatic carbons
that cannot be assigned by comparison‘ﬁith other compounds |
in the series at 32.7 and 52.9 p.p.m. Once again, adjacent
substitution dictates the latter to be C-9 leaving the for-
mer to be assigned to C-8.

Analysis of the sp2 carbons was soméwhat'lesa
than definitive. The 1nclination was to initially assign C-12
the low field position bagsed on substitution of the acetoxy
group. .Recourse to the suhstituxion of 1,3,-butadiene by
terminal methyl éroups to give 2 ,-hexadiene gives predic-
ted shifts éhoﬁn below using methyl substituent effects of .
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Friedel -and Retcofsky (139). On the assumption that an
acetate gp C-12 would show a trend similar to that shown ;n
géing from ethy}eno to vinylacetate (140) (K +18.9, § -26.2
p.p.m.) the crude predicted shifts of the olefinic carboﬁa
in 93 are given. A beta effect through the sigma bond is
expected to lower further the C-13 predicted'resonanée but,
peyond thap,égf;?other.effecta are insignificant. The
ve

res .ts, howéver crudo,_élloﬁ the assignment of those olefinic

=

carbons directly involved in the acetate substitution and

a probéble distinction between carbons 13 and 1l4.
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9. , EXPERIMENTAL

-~

Apparatus, Methods, and Materials
- " All melting points were determined on a Kofler

micro hot-stage epparetua ane are uncorrected,

Infrared eeectre were obtained.on Beckmenn 1R-5
and 1R-8 infrared apectrophotometera in chldroform solut~
.ions, as nujcl mulls, or a8 potassium bromide discy.

Proton magnetic resonance (pmr) spectra were. re-
corded on Varian Assoclates HA-lOO T-60, and -A-60
_ spectrometers and in deuterochloroform solution unlesas
otherwise stated. In all. casee, tetramethylsilane (TMS)
was used as internal refereﬁ@e. Standard symbols in -the
recording of spectra wers used: s=singlet, d oublet, .
t=triplet, g=quartet, m-multiplet . |

Carbon—l3 gpectra were recorded on a Varian Assoc-
iates HA-100 spectrometer at 23.5 kG and 25.1 Miz. Field/
frequency stabilization was achieved by use of an external
(1.5 mn capillary) 32CSz lock. " A sample volume of 0.3-0.5
ml was used in a § mm o.d.'eemple tube usingsa 1:1 mixture
of dioxane and chloroform ea solvent. The perating probe
temperature was +55° C. Chemical shifts were related to
internal dioxane and benzene and r9P°rt°d to 1nternal
tetramethylsilane (TNB). Normally & signal accumulation
of 50-200 scans with a Vhrian Assoclates C-1024 time aver-

aging computer was necessary for adequate eignal-te-noiec
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enhancement. Proton decoupling waslcarriad out using a
Varian Associates V—BSlJ—l noise decoupler {Figures 22 and 23).

Fourier analysis was carried out on a Bruker HX-90
spectrometer operating at 22,63 MHz using a Nicolet 1083.
instrument computer. Protons were decoupled at 90 Miz.
Samples were contained in 10 mm sample tubes with pulse
deuterium lock on the solvent CDCl3 conm aining a few drops
of;tetrémethylsilgne (TMS) as internal refereﬁce. The probe
temperature was +37°C (Figure 2). ‘

~ Ultraviolet spectra vere obtained in 95% ethanol
solution using a Pye-Unicam SP-8000 spectrophotometer.

The phrase ".... worked-ﬁp in the usual manner ..."
refers to the isolation ‘of the organic substrates using an
appropriate\§olvent (2x) followed by washing of the com-
bined organic extracts with water, aaturated brine, followed
by drying over. anhydrous aodium sulfqpe. The solvent was
removed on a Buchi-Rotavapor 'R'-rotary evaporator using
a water bath at 1,0-70° C.

Numerous methylations vere carried out using dia-
zomethane. The procedure of T.J. de Boer and H.J. Batker
© (14L) was used, utilizing Diazald (N-methyl-N-nigtroso-P-
toluenesulphonamida).

Deuteration of keto compounda was carried out by
i:he following ,gerxeral method; the compound (0.5 g) was
éissolved in 5 ml of dioxane, and 4 ml of deuxerium oxide
and 0.100 g of sodium methylate added. The solution was
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0% h, and poured into 10 ml of aqueous sodium dihydrogen

o
\\:jirred at room temperature for 12-16 h, refluxed for

~ phosphate.

The product was extracted with diethyl ether .

and worked-up-in the usual manner The residue was recry=-

stallized from a sultable solvent.

The cpmpounds listed below were made available by

other sources _(references to structure proof are given

where pertinent).

Bmm'wsuembym

1%

?odocarpic acid; New Zealand Timber Products
Limited, P.0. Box 5748, Auckland, New Zealand.

Methyl B;Oxo-d—methyl odocarpate§ R.A. Bell

6—Methoxy-2-Oxohexahydrophenanthrene; Aldrich
Chemicals Limited.

6-Methyoxy~-l-tetralone; Eastman Kodak Limited.

1,2,3,h—Teﬁrahydrqnaphthaléne (tetralin);
Eastman Kodak Limited. ) :

2-Oxohexahydrophenanthrene ; Aldrich Chemicals
Limited. _ . :

-

Methyl ether of methyl 13-180pr0poxy-0-meth

Methyl 3-010—[&5v6-0-méthy1podoca§rpate;
R.A. Bell and E.N.C. Osakwe (48).

8u-H ro"-(13-17)-pentanorlabd-9(ll)-ene-lz,
19-d¥gicxgcid 19-methyl ester 8 —» 12-lactone;
R.A.Bell and M.B.Gravestock (135).

g9 -Rydroxy-(13->17 J-pentanorlabdan-12,19-diolc -

acid 19-methyl ester g-»12-lactone; R.A.Bell
and M.B.Gravestock (135).

- -(1 -p17)-pentanor-9-labda_n-12,19-
giogidﬁﬁfﬁ 192methy1 ester 8-»12-lactone;
R.A.Bell and V.Taguchi (83).

~,

podocarpate; R.A. Bell and P.K. Oomman (6b¥. '

—
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8x-Hydroxy-13-+T7)-pentanor-9-labdan-12,19-diotc
acid 19-methyl ester 8-»l2-lactone; R.A.Bell
and- V. Taguchi (83). B . N

g ,8-Dihydroxy-(13-»17)-pentanorlabd-9 (11)=-ene
12,19-dioic acid 19-methyl e ge 8 - 12-lactone;
R.A.Bell and M.B.Gravestock ? OT. ‘

Abletic acid. _ T

Dehydroabietic acid.
Palustr}c acid.
Lev0p1 ric acld.

Pimaric acid. i p

* ‘Sandaracopimaric acid.

' ’ {‘
Neoabietic acid. ' -
Manool. |
Sclareol.

Compounds Z}igl were supplied by Professeur
M. Fatizonm, Laboratoire de Stér ochim:l.eg ,
Faculté des Sciences 4'0rsay, Universits de

Paris, ' _

Dimethyl 8-0:0-(13-v17)-péntanorlabdan412l19f
dioate; R.A.Bell and M.B.Gravestock (60).

8-0xo{13-»17)~ entanorlabdan=12 19-dioic acid
19-m:£h31 eZ%eg; R.A.Bell and M.B.Gravestock

(135). .

thyl (1 -blé)-Tetrandflabd-S(17)-ene-12,19-
gig:te¥ é.i.Bel . M.B.Cravestock, and V.Y. Tag-

uchi (54}, |
' 2—0xo-(13-»16)-tetranorlabd-B(17)-on—
?gzgz%e% R.A.Bell, M.B.Gravestock, and V.Y.
12- o -(13-16)-tetranorlabd-ﬁ(l?)-
§;:2§&o§§eﬂyd§.i?Bell, M.B.Gravestock, *nd :



~

r

: | | o 135

88 17-Carbomethoxy-(13-»16)~tetranoriabd-8(17)E- .
and V.Y. Taguchi (54).

. 89  Trimethyl (13-»16)-Tetranor-8 -labda-12 17,19-
. trioate; R,A.Bell and M.B.Gravestock (60 .

90  (13-»16)-Tetranor-8 -labda-12,17,19-trioic:
' acid 17,19-dimethyl ester; R.A.Bell and
M;B.GravestOCk (160).

91 " Methyl 12-0OxOpodocarp-9{(11)-en-19-oate;
R.A:Bell and M.B.Gravestock (135).
92 - Methyl 12-Oxopodocarp-8(14)-en-19-ocate;
R.A.Bell and M.B.Gravestock (53).
/7 Methyl i2-Acetoxyp6docarp-ll(l2),13(1L)-diene
2 -19-gate; R.A.Bell and M.B.Gravestock (60}, -
96 Methyl 13-Acetyl—O-methylpodépafpte; R.A.Bell .

P.K. Oomman (14).

Mass spectra were determined on a Hitachi-Perkin- o
Elmer RMU-6A-spectrometer. High resolution mass spectrs- f'i
wére recorded on a c.ﬁ.c. 21-110 high resolution mass - s

Speqt¥ometer by Mister F.A. Ramelan.
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Prueseodynium 4nduced: shifts fp;- O—met.hylgodopa;_-

pinol (17-31 p.p.m. gegion)
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aegseodynium 4nduced shifts for O-methz}godbg;-
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10.1  Attempted C-20 Functionalization through C-12
Alcohol, via C-19 Ester

1. Purffication of Podocarpic Acid 25
| Podocarpic acida (SOg 0,182 mol) was dissolved in

150 ml of ‘refluxing methanol and the solution treated with

5 g of activated charcoal. After filtration through celite,
the amber filtrate was set aslde for 3-4 days during which.
time large transparent crystals were formed. These were
co}lected, crushed, washed with 2x%75 ml 1:10 water-methanol,
ana-dried in vacuo. After three crops, a total yield of

LO g of podocarpic acid was realized; m.p.-195-197° i.r.
ymax (KBr) 3330 (broad), 2960, 1695, 1612,+1585,1500,1100-
1300 cm~1 (broad); p.m.r. (trifluoracetic acid)0 1.20 (s,
"3H,C-20 CHy), 1.45 (s,3H, c-18 cn3), 2.8-3.0 (broad, 2H,

C-7 benzylic), 6. 63-6 97 (38, C-11,13,14 aromatic) p.p.m.,
{Lit . (142) m.p. 193°). .

aAvailable from New Zealand Timber Products Ltd., P.O. Box
5784, Auckland New Zealand. -

2. - 12p-Hydroxy-8u- podocarpan-19-oic acid 29 3

The general procedure of Meyers (143) was used.

Podocarpic acid (30.0 g, 0.110-z0l) in 150 ml of,
,95% ethanol cbntaining 2 ml of glacial acetic acid was
hydrogenated at room temperature ! over 8.0 g of 5% rhodium-
on-alumina at 40-50 psi in a Parr apparatus. After 4Ch,
the uptake of hydrogen had ceased; recovery of the catalyst
b;\filtration followed by evaporation of the aolvnnp and °
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and subsaquent-recfyataliination of the residue from oﬁhyl'
scotate gave 9.9 g (32.4%) of white flakes, m.p. 233-23691
1it (61) 234.5-2360.. A second crop of product (27.4 &)
56.9%) was also raaiizdd on further nblvant evaporation.

'A samples of the hydfoxy-acid obtained was analyzed
as the methyl ester after treatment with an ethereal solut-
ion of freahly-preparﬁd-diazomsthano;-p;m.r. (CDGl3)3 0.77
{s, 3H,C=-20 CH3), 1.18 (s, 3H, C-18 CH3)» 3.67 (s, 3H, C-19
COOCH3) Pspele (previously prepared by Gravestock (60).)

3. Nitrite Ester of 12§ -Hydroxy - 8&- podécarpan—19?
oic acid 2% | |

Th;'general method of Barten (151) was used.

 The 12p-hydroxy-acid {0.50 g, 00018 mol) was dissol-
ved in 6 ml of pyridins. The golutibn was cooled to to 0°
and treated with nitr&ayl chlbfidd until a, deep brown colour
porsisted. The reaction mixture was theh poured into 10 ml
of ice-water and worked up in the ususl manner using bensense
.8 extractant. The solvent was evaporated and the crude '
residue esterified using diagomethans. Spectroscopic analysis
on the crude product indicated the produgt tolbo only

methylated étarting maﬁerigl.
Lo Photolysis of Mathyl 12!-ﬂydroxy'-31 - podocarpan

~19=-0ate 2gc|Lagd Tgt;aacgtata-;odine'Meggod

Methyl 12'-hydroxy-au-podocar§419-oate 29¢ (1.00 5,
0.0034 mol) was dissolved in 100 ml of benzene (distilled
from P»05, deaerated with nitrogon! in a 250 ml\f;rex flask.




t , 1LC

Load totraacetate (5.9 g, 0.013 mol) and fodine (2.9 g
0.011 mol) wers added and the stirred suspensiocn aubdeotid‘
to the radiation from a 450 watt Hinovin meroury lamp. After
L h, the dark brown solution was extracted with 2x100 ml
of water, 2x100 ml of 104 sodium thiosulrate.'and, finally,
with 100 ml of water. T " “

The organié layer was dried and the solvent evapor="
ated giving a cryltallino residue, the thin layer chromato-
gram of which indicated the major products to be starting
naterial and keto-eater. This was confirméd by pem.r.
(CDC13)8 0,65 (C-20 CHy, ketone), 0.79 {c-20 CH3, starting
naterial), 1.15 (C-18 CHy, ketone), 1.19 (C-18 CHs) start-
ing material )p.p.d. '
5. Thermolysis 6f Methyl 12’-Hydroxy-&&-podooarpin-

© 19=0ate égg. Lead Tetraacetate method

To a suspension of lead tetraacetate (1.6 & 0.0036

* mol) and calcium cnrbénnﬁc (0.4 &, 0.004 mol) in 10 ml of
dry, deaerated bensens was added n;lolutiop‘of methyl 120~
ﬁydroxy;84-podoonrpan-19-0&ti @1.08 & 0.,0037 mol 's‘ml
of dry doaeratsd bonsono. “After roflﬁxing for 18 h, the
reaction mixture was filtered and the filtrate extrac d
with 2x10 ml aliquots of 10% sodium bicarbonate solupion
followed f 2%10 ml of water: ' " ' -
| Evaporation of the organic layer gave a ‘80l1id residue,

the. analysis of which, by thin layer chromatography, indi=

cated the presence of keto ester and atarting material. w

. [y e — e rnaraEGTERE
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6. ' i2-0xo-8x—podocarpan-19-oic Acid 3la

To a solution of 12-hydrafy-8u-podocarﬁan—lQ-oic |

acid (5.0 g, 0,018 mol) in 50 ml of acetone cooled to 10°
was added, with stirring, a aoluxion of chromium trioxide
(6.8 g, 0.068 mol) in 5.5 ml of concentrated gu&ﬁugic acid

and 20 ml of water until an orange-brown colour peraiatod.

.J/

After continued agitation for 1 h, .exceas oxidizing agent
was destroyed by addition of 2-pr0panol. - (

The aolvant vias removed in vacuo at LQ-50° ang; aftgr-
thé addition of 50 ml of waE;r, the prodﬁct wag extracted
with two portions of diethyl ether. The usual work-up
followed by recryatallization of the: crude residue from
diethyl‘ether gave hL.5 & (914) of cis-keto acid 3la a8 &
gray-white powder. o A .

A second recrystallization from methanol ylelded
a’ first crop of 2. Og of cis-keto acid as coloﬁfless plates,
" m.p. 164-167%; irYmax (nujol) 3100-2600, 1720,1670 cu” -l
b, m.r.(cnc13-pyr1d1ne)80 78 (8,38, C-20 CH3), 1.2k (s, 38,
c-18. CH3) popem.; (Lit (61) m.p. 167.5-174%).

Treatment of the acid with an ethereal solution of
diazﬁmethane ultimately yielded 2.1 ¢ (100%) of ¢is-kmto
ester 31b;i.r. max (nujol)1715(broad)cm 1, p.n.r. (cDClsy)

3 0.69 (s,3H,C-20 CH3) 1:19 {8+ 3H. c-18 CH3), 3.61 (3, 3H,
‘0—19 COOGH3) PePeRe N
Pure cis-keto ester 31b was obtainedby gna-liqpid

chromatography (SE30-20% on 60/80 Chromosorb, 2400, 60 |
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ml/min flowrate of helium; 5 pl injections in acetons). fhe
product way collected in a liquid nitrogen cooled nmr tube
after a retention time (tn) of 18 min. The colourless flakes
had a m.p. 107-110°;p.m.r. (GDC23)8 0.69 (c-zo’/cr:3) 139
(C-18 CH3), 3. 62 (G-19 COOCH3) p.pem.

A aample of the residue from ovaporation of the re-
crystallization mother liquor was analysed by gaa-liquid
chromatography under similar conditions. Two‘peaka were
-recorded, one at a retention timé of eighteen minutes, {gin-
keto ester).and anoﬁher at a retention‘timﬁ of fifteen
ninutes (trang-keto ester 32), p.m.T. (cDc138 0.79 (C-20.
CH3), 1.19 (C-18 CH3) p. +p+De Intogration of the C-20 methyl
peaks gave ‘a ratio of 2. 5 1 for grons:cis in the recryat—
2114 zation mother liguor. (see also Gravegtock (53).)

7, - Sodium. Borohydride Reduction of cis=12:0xo-8at =
| podocarpan—i9-oic Acid 2;§,><

23 g 0.00kk-mol) was dissolved

The gis-keto acid (1.
dropwise, with a solution

ml of

" in 15 ml of methanol }nd‘fl ated,
of sodium borohydride (0.7 0.0204 mol) in
nethanol. The solution ial stirrﬁd
one hour before the addition of 10 ml of water and extract-

ion with diothyl othor. The usual work-up gave 1.21 B
(98%) of eolourlgga flakes; ‘4r Swax (nujol) 3300 (broad),
1680 cm™t. 3 \ |

| The roduct was esterified. using an ethorea; 301~

ution of diazomethano. psldeTs (CD013) 3 0.77 (C-20 CH3i 1.25
/
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(C-18 CH3), (C-12p~epimer); 0.82 (C=-20 CHj), 1.19 (c-18
CH3) (C-12¢-epimer) p.p.m.
. Sodium/Alcohol Reduction of ois-12-Oxo- gu=

podocarpan-19=-0i¢ Aeid 2Jla

The cis-keto acid (1.24 g, 0.0045 mol) was added
to 65 ml of freshly-distilled l-propanol and brought to
reflux. Sodium metal (6.5 ' 0.28 mol) was added through -
the condenser as rapidly as ﬁossible and refluxing main-
tained for 1.5 h. Aft;r an additional 15 h at room temper-
ature, the reaction mixture was acidified with 104 hydro-
chloric acid and the precipitate collected, water-washed
until the filtrato was neutral, and oven-dried. The colour-
less rlakes (1.26 g, 100%) obtained were mathylated using
ethereal diagomethane; p.m.r..(GD013)3 0,77 (C=20 CH3). 1.25
(C-18 CH3) (C-12p-spimer); 0.82 (C-20 CH3), 1.19" (C-18-
CH3z) (C-12u -epimar) pepote
9. Methyl 12-Acety1-Bx-podocarpan-19fgnto 22§A2§g

{a) base-catalyzed acetylation J' {_

A 500 mg sample of methyl 8¢-podocarpan-19-oato
from the sodium borohydride reduction of cis-keto acid
(followed by methylation) was dissolved in 3 ml of pyridine

- and 4 ml of acatic anhydride. After refluxing for 1.5 h,

5 ml1 of water was added and the product extracted with diot?yl

ether. The organic layer was washed with 10% hydrochloric

“acld, followed by water, and then ovaporatod in vacuo to
‘give colourless flakes, p.meT (cbels) 8 0.78 (C-20 CH3), Q
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1. 18 (c-18 CH3) (C-12§ -epimer); 0,90 (c-20 cH3)y
1,28 (C-18 CHy) (C-12x-epimer) p.p.m. !

(b) acid-catalyzed acctylation

Similar results were obtalned by this procedure.
Methyl Bx-. podocarpan—19-oate (100 mg) was refluxed for
1lh 1n a solution of 1 ml of acotic anhydride containing
one drop of concentrated”hydrochloric acid., Four ml of
water was added and the product extracted with chloreform.
Work-up in the usual manner yielded cblourleaa flakes "of
‘the 12-acetylated compound.

(c) A 500 mg sample of hydroxy-ester from the aodiump
alcohol reduction of the cis-keto acid (followed by methy-
lation) was acetylated by the baae—catalysed_method given
above and yielded product as colourless flakes, P.M.Te
(cDe13) 8 0.90 (c-20 Ci3), 1.38 (c-18 CH3), 2,00 (C-12
OCOCH3), 3.6k (C-19 coocn3). 4,7-5.2 (broad, C-12 CH{axial))
p.p.m. Recrystallized {rom methanol, m.p. 120°-120. 5°; mass
spectrum (80eV) m/e. 336 (M+ caled. for C20H320h 336.2300;
found: 336.2271). L

10,2 Attempted C=20 Functionalization through C=7 Alcohol
via C-19 Ester - |

1. O-Meth od ¢ c Acid
‘The method ‘of Bennett and Cambie (144) was used.

Podocarpic acid (5.0 g, 0.018 mol) in 20 ml of pi
' ise with dimethyl sulfate

sodium hydroxide was treated dropw
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(7 ml, 0.072 mol) at room temperature.

The precipitate was

collected by filtration, dried,

and then heated under reflux with 250 ml of petroleum ether

' for 3 h. The 80l

organic ,solvent
The sodium salt was

with 12% hydrochloric acid

was collected and washed with warm

¢ ' .
uuapendod‘in water and acidified

. Aftef filtration, the product

was washed with water until the filtrate was neutral, then

dried and recryatallized from methanol to give 3.9 g (744 5%)
of white flakes, m.p. 156-157.59; ir\¥max (KBr) 3500-2400
(b), 1695,1612,1570,1500,1375, 1265 (b) cm~t; p.m.r. (CDC13)
$1.13 (s, 3H, C-20 CHz), 1.33 (8, 3H, C-18 CH3) 2.6-2.9

(broad, 2H, C-7 CHp), 3.72

(.M, C-12 OCH3), 6.5-70 (my 3ty [

¢-11,13,14 aromatic proténs), 9.V (brgad, C-19 COOH) p. p.m.

(Lit. (144) mepe 158°)
2. Methyl O-Mathylpodo

carpate 1& R

\ O-methyl podocarpic

acid (10.0 g, C. 03&7 mol) sus-

pended in diethyl ether was treated with an exceas ‘of ethereal

‘diazomethane solution and
ture.

Evaporation of the

atirrad overnight at room tempera-

solvent in vacuo and recrystalli- -

zatibn of the crude product from diethyl ether gave 9. 8 g

(93.1%) of white flakes, m.Ps

128-128. 5° ir Smax {KBr) 2940,

2850, 1710, 1605, 1500, 1375 co=l; pem.Ts (cncx3)51 00
(s, 3H, C-20 CH3), 1.23 (8 al, C-18 CHy), 2.6-2.9 (broad,

2H, C-7 cHz)’ 3-53 (ﬂ, 3“

¢-19 COOCH3), 3. 63 (a,zﬂ . ¢-12

l
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0CH3) 6.4-6.9 (m,3H, C~1Y,13,14 aromatic protona) p.p.m. \

(Lit. 144) m.p. 127-128°%)
3. Methyl 7-0xo-O-methylpodocarpate;2§

Methyl O-methylpodocarpate (20.0 g, 0.067 mol) in
150 ml of glacial acetic was stirred at 0-10° during the

The general method of Wenkert (55) was used. \)

dropwise addition of a solution of chromium trioxide (25, 0
g, 0.250 mol) in 200 ml of 4:1 acetic acid-water. After
48 h, 250 ml of saturated brine was ndd&d and the aoluﬁion
"extracted with 2x200 ml of 25% ethyl acetate in benzene.

Work-up in the usual manner followed by recryatal-
lization of the crude organic residue from 95% ethancl gave
16.0 g (77%) of canary yallow flakes of methyl 7-0x0=
.O-methyl podocarpate, m.p. 124-125. 50; ir Smax (KBr) 3010,
291,0,2860,1725,1680,1602,1570,1430; 1375,1275 ca™l; u.v.
Nuax 206 (13,100, 22k (12,400}, 276 (14,500) nam; pem-Ts
(coca3) 82013 (ay.3H, 0-20 CH3), . 28 (s,3H, C-18 CH3),
370 (s, 3H, C-12 OGHg), 3.85 (8, 38, ©-19 COOCH3), 6.7-6:3
(m, 2H, C-11, 13 aromatic protons), 8.0 (q, J= 7.5 H3, 1H,
C-14 aromatic proton) pepede (Lit. (55) m.p. 121—1?3°)
L. Methyl 7}-Hydroxy-o-mathylpodocarpatqdz_

To a solution of mathyl 7-oxo-O-mnthylpodocarpato
(4.0 g, 0.013 mol) in 4O ml of 95% ethanol containing sodium
hydroxide (0.40 g, O- 010 mol) was added drOpwise sodium

borohydride (2.0 8, 0,053 mol) in 8 ml of water. After 2D

at room temperature, the solvent was. evaporated and to the

rGSidue was added 20 nl of water. Extr:ifion with diothyl

e e o TP
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ether in the usual manne'r and recrystallization of the
crude hydroxy-ester from aqueous methanol gave 3.5 g (87%)
of 36 as a white powder, m.p. 104-106°; ir Smax 33 3010,
2950, 2860, 1720, 1600, 1570, 1u9§, 1380, 1230 cm"1} p.m.r.
(c0c15) 8 1.09 (s,3H, C-20 G3), 1.25 (s,3H, C-18 GHy),

3.65 {s, 34, C-12 OCH3), 3.76 (s,3H C-19 COOCH; ), 646-6.9
(sextet, 2H, C-11, 13 aromatic protona), 7.5 (d, J=735 H3,

1, C-l4 aromatic proton) P.p.m. (Lit.. (155) m.p.110-112°)
5. Nitrite Ester of Methyl Oqinethyl-ﬂ-hydrom

. podocarpate 37

The hydroxy-ester 36 (5.0 g, 0.016 mol) in 25 ml of
freshly-distilled pyridine was cooled to -30° and'treated-
with nitrosyl chloride until a red-brown colouration per-
sisted. Ice-water was added and the mixture extracted with
diethyl ether, the'evéporation of which gave 5.0A g of off-
~ white product; P.m.Tr. (CD013) 3 1.03‘ (C-20 CH3), 1.26 {C-18
CH3 ) (7-hydroxy compound), 1.12 (C-20 CH3), 1.33 (C-18 CH3)

| (nitri&,e ester) p.p.m.
6. Photolysis of the Nitrite Ester of Methyl 7f -Hydmxy-

O-methyl podocarpate ;_'_i_ . )
Crude nitrite ester of methyl 7§-hydroxy-0'-methy1—
podocarpate (abdﬁt 1g)in 100 ml of dry benzene was sub-

jected to k.5 h of ultraviolet radiation through a Pyrex
filter from a 1.50' watt Hanovia mercury J.anm after which,

a small volume was evaporated for analysis; p.m.T. (cpcl3)
3 1.10 (c-20 CH3), 1.30 lc-ls cHy), 369 16-12 0CH3), 3.85
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(C-19 COOCHai. 8.0 (q, C-14 aromatic proton) {7-oxo de-

vative); 1.07 (G-20 CHy), 1.2h (G-18 Clig), 3.65 (c-12

OCH3), 3.76 (c-19 COOCH3), 7.5 (d, C-14 aromatic proton)
" {7-hydroxy derivative) p.p.m. '

10.3 Attempted C-20 Functionalization througﬁ\Q:Z
Alcohol, via C=19, 6f-lactons ' '
1. 12-Acetoxypodocarple Acid 38

The method of Sherwdod and Short (142) was used.
Podocarpic acid (20.0 g, 0.073 mol), acetic anhy;
dride (28.0 g, 0.30 mol) and 1 g of anhydrous sodium acetate
were mixed and,refluxedifor 1 h. Excess acetic¢ anhydride
ﬁas dest;oyed by adding 25 ml of water and warming-the
'“;olution for 20 min. The &g ution wéa.pourod over 300 g
of ice and oxtfacted with 2x100 ml of diethyl ether.
Work-up in the usual manner followed by recrystalliz-
ation of the crude product from diethyl otpgr”gava 22.0 g
{95.5%) of lgéaceﬁoxypodocarpic acid 38 as white needles;
m.pe 180-1810.; jr \Smax (KBr) 3290,2940, 2860, 1740, (b)),
1615,‘1585, 1495, 1375, 1240, (b) en~1; uw.v. Amax 203 (14,000,
217 (5,7100) nmj pemeT (cDeL3) 8 1.28, (8,38, C-20 Cliz), 1-35
(s,3H, C-18 CH3), 2.27 ( ,3H, C-12 OCOCH3) 2,85 (broad, 2H,
C-7 6ﬁ;), 6.9 (m, 3H,-C-11;13,1h,aromatic protons) pPePeille
(Lit. (145) m.p. 180-182%).
2. ' Methyl 12-Acetoxypodocarpate 39

A solution of 12-acotoxypoQgcarpic acid (of330 £
treated with an excess

. 1,05 mol) in 2 ml of‘diephyl ether was
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of ethereal diazomethane solution. After lh,e vgﬁér-'
'ation of the solvent gave 0,338 g (98%) of white powder,

m.p.122-124%;4.r. ¥max (KBr) 3020, 2970, 2870, 1760, 1720,
1610, 1585, 1490, 1370 cu™; p.m.T. (cDo14) 81,00 (s, 3H,

-20 CHg), 1 23 (s, 3H, C-18 cn3), 2.18 (s, 34, C~12 OCOCH3),

2,83 (broad, 2H )c-7 CHy), 3.92 (s, 3H, C-19 COOCH3) 6.6-
7.1r(m,3H,C-ll,13,1h aromatic protons)p. pemo(Lit.{152)m.p. 122-123.5°)
3. 7-Oxo-12—Acetoxypodocarpic acid 40

A

A modified version of thé methéd of Wenkert and
Jackson (124) was used. | ,

A solution of 12-acotoxypodocarpic acid 38 (15.0
‘g, 0.0475 mol) in 150 ml of glacial acetic acid was stirred
with cooling during the dropwise addition or a solution of
chromiuﬁ trioxide (11.5 & 04115 nol) in 150 ml of glacisl
acetic acid and 5 ml of wnto&\ -

After 45 h at room'tomperaturo, excess oxidant was
destroyed by the dropwise addltion of 25 ml of z-gropahol,'
after'which' the solvent was rompvud on the rotary evapor-
ator. The residue was t treated with 500 m} of 10% sodium
hydroxide for 2 h‘after which the green chromium salts were

removed by £ {1tration. ‘
The §£§;ht -yellow aqueous filtrate waa-aéidified with

- ?g;\hydgochloric acid and extractod with 3x200 ml of 31

/°
et?yl acetate-benzens, the evapoggtion of which gave 12.0

g(of crude keto-phenol. . | ,
Acetylation was accompliahed by refluxing the phenolic Q!
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compound  for 1 h with 35 ml orfacetic ahhydriee‘and.o.s-g

- sodium acetate. Excess anhydride was destroyed by the ad-
dition of 25 ml of water and warming the solution for % h,
after which, the aolution was poured over 1ce and extracted
wlth 2x200 ml of ethyl acetate. Work-up in the usual manner
gave 13.5 & (86.,0%) of white crystals ‘of 7-oxo-12-acetoxy— |

" podocarplc acid L, MePe 193—195° i.r. ¥max (KBr) 3270,
\2930 2850, 1740, 1715, 1670, 1595, 1570, 1365, 1230 -

1150 (b) cm™%; u.ve Amax 206 (22,500), 253 (13,000) nm; pem.rs
(cncx3) §1.21 {s, 3H, C-20 cn3), 1.31 (s, 3H, C-18 CH3), 2.27
(s, 38, C-12 ococn3), 3.04 (4, J=4.0 H3, 2H, c-6 CHp), .6.9-
7.1 *(m, 2H, c-11, 13 aromatic protons), 2.98 (4, J=8.0 K3’

' 1H, G-11, aromatic proton) pep-B (different procedure (48) mep. .178%)
Lo ‘Methyl 7—oxo—12-acetoxypodocarpate JAR

a
A aolution of 7-oxo—12-acetoxygodocarpic acid (0.297

g, 0.900 mmol) in 2 ml of diethyl ether “was treated with
excess ethereal diazomethane. After 1 h, evaporation of

the solvent gave 0.302 g (97- 7%) of vihite powder, m.p. 130.5
13195 d.r. mex (KBr) 30103 2950, 2890, 1765, 1720, 1685,
1601, 1575, 1450 (v), 1370, 1190 (b) ea” -1; po.r. (cncl3)3
1.10 (s, 3H, C-20 cn3), 1.23 (s, 3H, C-18 CHy), 2.27 (8

31, C-12 OCOCH3), 3.10 (B 2H, C=6 CHp), . 3.67 (8 3H, C-19°
-COOCH ), 6.9-7.2 (m, 2H, c-11,13 aromatic protons),

(d, J—8 0 By, 1H, C-1h aromatic proton) pePelej (Lit (55)

‘- . . ’ . . : Q
. . - . : -
“r

M.Pe 136-138°)
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54 6«.-Bnomo-7-oxo-12-acetoxypod6¢arpic acid 42

The method of Wenkert et al (55) was used.

To a solution of 7-oxo-12-acetoxypodocarpic acid
(8.0 g, 0.024 mol) in 2h ml of glacldl acetic acid containing
3 dfops of 16% hydrobromic acid was- added'dropwiae a sol-
“wtion of bromine (L.l & 0.028 mol) in 15 ml of glacial
acetic acid. After 15 minutes: at roonm temparaturo, ;ho
reaction mixture was evaporated at reduced pressure ‘ylelding
9.% g (95%) of a light yellow crystalline product which was
then recrystallized from methanol, m.p- 90-92.5%; pem.Te
(cD61y) §0.95 (s, 3H, C-20 CH3), 1.60 (s, 3, C-18CH3 )y
>.28 (s, 3H, C-12 ococn3). 2.6 (1H, 4, J=7.0 H3, c-5H), 5 9
(1H,d, J=7.0 H3, C-6H) 6.8-7.2 (m, 2K, C-11, 13 gromatic
protons), 7.75 (d,.J=9. 0 Hg 1H, C-1l& aromatic proton)

. p.p.m. (Lit (‘)8) m.p.39"92°) .

A ‘small sample wa3 yreated with an ethereal golution

of diazomethane which yielded, after 12 h, upon evaporation

of the solvent, 8 qpantitative amount of mathyl ester 43,
*m.p. 129.5-131.5% 4.0, Smax (KBr) 291.0 1770, 1690, 1600,
1570, 1480, 1385 en-k pomer. (0DC13) S 0.85 (s, 3H; C-20

CH4), 1.53 (s, 3H Cc-18CHj )y 2.28 (s, 3H, c-12 ococu3), 2. A48

(d, J=7.0 B, M c-5R), 367 (s, 3H, C-19 COOCH3 ), 5¢77

(a, J=7.0 B, M, c-6H), 7073 (m, 2H, C-11, 13 aromatic

protons), 7.67 (4, J=9.0 B3, 1 c-1l aromatic proton) pePele;

(Lit. (55) m.pe 130-132°) T :
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6. é&;ﬁydroxy-7—0x0-12-acetoxypodocarpic-19, 68 -

lactone gg

The method of Wenkert (55) was used.
A solution of 6u-bromo-7-oxo-12-acetoxypodocarpic

acid (6.8 g, 0;017 mol) in 25 ml of chloroform was treated
with 1.5 ml of pyridine and stirrod for 18 h at room temper-
“ature.

After extraction with 2x25 ml of 14 hydrochloric acid,
the organicnlayer was washed with 2x25 ml of water and,
finally, with 25 ml of saturated brine. Evaporation of
the solvent at roducad pressure gave 5.5 g. (100%) of the
keto-lactone, MePe 162-164°; i.r. Wmax (KBr) 3040 (a),
2970, 2940 (s), 1780, 1695, 1600, 1580, 1370, 1200 (b) emt;
oum.r. (CDC13)0 1.07 (s, 3H, ¢-20 CH3), 1.32 (s, 38, c-i8 ¢
CH3), 2.30 (s, 3H, c-12 ococa3), 2.32 (4, J=6.0 H , 1, C~5
cH), 4.93 (d, J=6.0 B3, 1, C 6-6 CH), 6.95-7.35 (m, 2H, C-11,
13, aromatie protons), 2,75 (d, J=9.0 Hy, H, c-14 aromatic

proton) p.p.m. (Lite (55) m.p.. 161-164°).
7 69-Hydroxy-7-0xo—0-methylpodocarpic-19, 6p -lactone L6

A mixture of 6'-hydrOxy-?—oxo-12-acepoxypodocarpic-
19,68 -lactone (5.3 g 0.016'moi) in 100 ml o: lo%fsodium
hydroxide was agitated at room temperature for 1 h, at
which time, the solution wés‘acidified with dilute hydro-
chloric acid and extracted with 2x100 ml of ethyl acetate.
Evaporation of the golvent in vacuo gave L5 B (97%) of

keto-lactone phencl L5; . MePo 199.5—200-0°.

The keto-lactone phenol vas suspended in 100 m3 Q

4______--innuilﬂﬂaﬁﬂm;&mmw;ﬂmﬂwm
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of diethyl ether to which waa addod an excess of ethereal
diazomethane. After 12 h,.the solvent gﬁa evaporatod and

the crude product recrystallized from ether, m.p. 197-198%;

1. r.\fmax (KkBr) 3030, 2960, 2880, 1765, 1690, 1600, 1570,
1490, 1385 cm -1, pom.rs (CDC13)8 1.1 (s, 3H', G-20 CHj), 1. 33
’( , 34, C-18 CH3), 2.32 (d, J=6.0 H3, 1H, ' g-5 CH), 3.85 (8,
3, G-12 OCH3), k.85 (d, J=6.0 B3, 1H, C-6 CH), 6.70-6.95

. (m, 2K, C-11, 13 aromatic protons), 7.72 (d, J=8,0 H3,1H,

—

c-14 aromatic proton) pe p.m.,(Lit. (55) m.p. 195-197. 52)
8. 6, 7% -Dihydroxy-O-Mgthylpodocarpic-191 60 -lactons 22

A aoluxion of 7-oxo-0-methy1podocarpic-19, 6 -lactone °
© {1.2980 g, 0.0043 mol) in 15 ml of methanol was added, with
stirring, to & suspension of godium borohydride (0.2899 &,
0.0077 mol) in 15 ml of methanol maintainod at 0°C.

After 24 h, the pH was reduced to 'k by the addition
of dilute hydrochloric acid and the product extracted with
3x25 mllof diethyl ether. Evaporation of the solvent gave
1.1708 g (89. g%) of the 79 -hydroxy compound a8 white flakes,
m.p. 133-13k. 50, 4,r., Ymax (CHCls. ) 35907 2950, 1780, 1615,
© 1580, 1500, 1390 cm -1; pomere (€DC1,) }§1.33 (s, 3H, C-20 C5),

1.40 (s, 3H, C-18 cu3). 1,87 (d, =5 H3» 1H, C-5 CH), 3.00
34, C-12 OCH3), o853

24, C-11, 13 aromatic

(s, 1H, broad, C-7 OH), 3.76 (8, 3
(m, 2H, C=6 and c-7 CH), 6. 6-6.8 (m,
protons), 7. 25 (a, J=9 H3; , C-1h gromatic proton) PePeme

(Lit. (155) Mm.Pe 150-151 )s

,‘__..Mrnm-anm
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g, - litrite Ester of 6§, 78 -Dihydroxy~O-methyl-

Eggocarpic - 19, 6 ~lactone 48

The hydroxy-lactone 51 (0,9670 g, 0.0033 mol) was
dissolved in 10 ml of dry pyridine (ex. CaH,) and cooled
to -25°C. The temperature Was maintained during the addit-
{on of nitrosyl chloride until a permanent yellow;brown'
colouration devéloped. Dry nitrogen was bubbled through ﬁho
golution for 5 miﬂ at which time 10 ml of water was ;dded
and the pro&uct extracﬁed with 2x20 ml of benzene, Work-up
in the usual manner gave 1,0502 g (97.5%) of nitrite ester,
pom.r. (CDC13) 117 (8, 3H, C-20 CHy), 1.23 {8, 3H, c-18
CHq), 1.78 (d,, J=5.0 Hq, 1H, G-5H) 3.72 (s, 3H, C-12 OCH3 ),
4,.9-5.2 (m, 21, C-6 and - 7CH) ,6.4-6.7 (m, 2H, c-11,13
aromatic protons), 7.1 (4, J=9.0 H3,1H,C-lh aromatic proton}

p.p.m.
10. ~ Photolysis of the Nitrite Ester of 60, 7% ~Dihydroxy=

O-methylpodocarpic -19; 6f-lactone L8

The nitrite ester 48 (1g) wes dissolved in 50 ml of

dry benzene (ex. Ca Hy) and subjected to ultraviolet radiat-

ion through a Pyrex f11ter from a k50 watt Hanovia mercury
lamp for 15 h. A sample volume was evaporated for pmr
analysis of éhefresiduq; PeleTe (GD013)3 1,33 (s, Cc-20

3.78 .(8, 0-12 OCHB)’ ’+'08-503 (m, :

CH3), 1.40 (s, C-18 CH3), ) o
(s, C-20 CH3),

c-6 and C-7 CH) (7-hydroxy'1ac§one 47); 1.10
1.33 (s, c-18 CH3), 3,85 (8, c-12 OCH3) (7-keto lactone 46}

DePoMe
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kY

- Lactone hydrolysis vas carried out according to the

1l
'
i
N
4
i

method 9f Tahara (150).

Pure . 6!,7}-dihydroxy-o-methyl-podocarpic-19, 6b- .
lactone 47 (1.7728 &, 0.0059 mol) suspended in 25 ml of 15% . P
sodium hydroxide was treated with ma;haqol until complete N
dissolution. The soliution was fefluxed for 5h and the meth-

anol removed on.the rotary evaporators

The cooled solution was acidified with 10% hydro=
chloric acid and the oréanic mgteria} extracted with 2 X
25 ml of ethyl acetate. Hbrk up in the usual manner gave
1.6912g (95.6%) of pale yellow crystals of the “dihydroxy

acid Qi

" The acid‘wés-dissolveq in acminimum volume of ffth-
anol and treated with an etheresl solution of diazomefhane.

" After 15h at room'temparatu;a, the evaporation of solvent

and recrystallization'of the crystalline materiai from |

o " ) .
nethanol gave the methyl ester 95, m.$.129-131° i 1.r ¥npax
1605, 1500, 1375 cm™t; PemeTe {cDC13)

3550, 2940, 2850, 1730
}, 1.33 (8, 3H, C-18 Ciy), 3-72 (8

$1.25 (s, 3H, C-20 Ci3
broad, ©H, C-12 0CH3 and ¢-19 COOCH3), Lo5-L.7 (28, W
c-11, 13 aromatlc protons),

c-6H and C-TH), 6.5-6.7 (m,sgg, .
(Lit.(lSS)m.p.131-132 ).

7'&’5 (d' J"9 HS' l.H." H"lk arom&tic)popqm:
12.° Ni£;1te Ester of Methyl 6?.7? -Dihydroxy—?—metnx;- '

odoca te and hotolysi

The dihydroxy eater'_ﬂz_(lg) was dissolved in 10

wwa,ﬂ
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ml of dry py?idine (ex. CaHy) and cooled to —25°C: The 1§w
temperature was maintained during the addition of;nit:o-

syl chloride until a permanent yellow brown colour developed.
pry nitrogen was bubbled through the solution for 5 min after
which 40 ml of dry pyrldine was added‘and the aolution sub-
jected to ultraviolet radiation from a 450 watt Hanovia
gercury lamp for 15 nr. A sample was removed for analysis;
. (CD013)3 1,25 (8, C-20 CHy), L34 (s, 028 GH3), 3.77
(s, C-12 OCH3 and C-19 COOCH3), 7.45 (d, =9 H3, C-14 aromat-
ic proton) (dihydroxy ester 95); 1.1 (s), 1.37 (8), 3.75
(a), 463 (s,broad), 8.0 (4, J=9 H3) {unidentified compounds }
PePele | : o ~ |

10.4 Various Mgdel Comgoggdg
8
1. . 2-OXO—6-methoxY-ha? -methyl -1.2.3.h.ha.9.10.1gg

-octahydrophpnanthrone_gg.

The general procedure of Stork and Darling (146)

was used.
A solution of 2-oxo-6-methpxy-uaf-mathyl - 2,3l

42,9,10,- hexahydrophenanmhrene 49 (0.5914 &, 0.0024 mol)

jn 3 ml dry dioxane and 3 ml anhydrous diethyl ether was
added dropwise to 25 ml of ammonia containing 1ithium wire

(0.0721‘» g' 0.0103 ml). )
After 5 minutes, ammonium chloride (2.12 g) vas

Sy

added and the ammonia a;loued to evaporate. To the residue

was added 10 ml of water and the ketone extracted with 3x15

1 of benzene. Removal of the solvent gave 0.5767 & (97%)



v
¥
of product, m.Pe 119-120°; p.m.T. (GDCl3)3 1.23 (s, 3H,
c-ha CH3), 3.72 (s, 34, C-6 OCH3) 6.5 = 7.1 (m, 3H, C=3,
7, 8 aromatic gyotona) PePele (11t.(169)m.p. 130°).
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5 GoMethoxy-hep -Methyl-1.2,3.b.ta,9,10,08 =

octahydroghenanthreneAg%

A mixture of 2-oxo-6-methoxy-hap-methYl-l,2,3,h,

1a,9,10,10a - octahydrophenanthrehe (0.4942 g, 0.0020 moll,
8 m1 of 95% nydrazine, and 12 ml of freshly:distilled ethylene
glycol (108°/50 mm) was heated to lhd for 2 he
On cooling, potassiﬁm nydroxide (5 gg was -added and
the reaction heated to 200-205° and maintained'for 3 h.
Dimethyl sulfate (0.75 2, 0.0060 mol) was added O A
the cocled mixture. After agitating for 21 h, fifty ml of
water was added and the product extracted with 2x25 mi of
penzene and 2x25 ml of dieth&l ether. Evaporation of the
golvent in vacuo-gave 0.4521 & (97-5%).0f a dark viscous
liquid § 1T Smax (CHC14) 2930, 2860, 1610, 1575s 1520
1375 cm T3 pem.Te (cDC13) 3 1,03 (8, 38, C-le Cig), 2.4~
2.8, (m,2H, [C-9 CHz ) 3.67 (8, 3H, C-6 QEH3), 6.5-7.0:(m,
3, C-5,7,8, aromatic prot,ons).p.p.m.;(Lit.(l?o)bop-lzoflom)
3 f/ _E)_:Methoxytetralix_x_}j_ '
A mixture o£'6-methoxy—1-tetralona 52 (0-5322 & -

0.0030 mol), 6 ml of 95% hydrazine, and 12 ml qf freshly-
heated to 1h'°’and maintained

distilled ethylene glycolzmhs
for L he

At roon temperature, potassium hydroxide (5.0 8»
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0.089 mol) was added and the température\paintaineé at 200-
o] . |
210° for.5 h. “Upon cooling, dimethyl sulphate (0.75 g, 0.0060
nol) was added and the solution agitated for 15 h before

pou;ing‘into an equal volume‘of water. The product was ex-
cracted with 3x20 ml of benzene, the evaporation of which gave
6.methoxytetralin af'a dark liquid, p.m.T. (cDcly) @ 1.5-1.8
(m, 4H, C-2,3 CH2), 2.4-2.8 (broad, 4, C-1,k CH2), 3.63

(s, 3H, C-6 OCH3 ), 6.4=6,9 (m, 3H, €-5,7,8 aromatic protons)
PeDeles;, (Lit.(157) b.p. 129-131/11fm). | o t
e Methyl Podocarpate 2k ‘ | . ;

K Recrystallized podocarpic acid 23 (0.65 g, 0.0025
nol) was suspended in 10 ml of diethyl gthér at room temper-

sture and a freshly prepared othereal solution of diazomethans
was added. Additional diazomethane solution Was added at
intervals to maintain an excesa a8 indicated by the - yellow

colouration. After & h, the volume of the mother liquor

was reduced until crystallization. Further cooling followed

by collection and drying of the white crystals gave 0.65 g

(95%) of-meﬁhylpodocarpate 5k, m.p.-208-209°;' i.r. ¥ max.

(kBr) 3450, 2960, 2860, 1690, 1610, 1505, 1380, 1250-1150
m.T (cnc13-pyr1d1ne)51.oo (s, 38, C=20

(broad) cmfl; P
), 2.70-3.00 (broad, 2, ¢-7 CHp),

CH3), 1.23 (s, 3H, C-18 CH3

3'58 (5’4}1, 0‘19 COOCHB) p.p.m.i(Lit. (152) m.p. 21105'212000)

5. ‘ O-Methylpodocarpinol_gg
od of Zeiss and co-workers (147) was used.

The meth

J A suspenéibn of'lithiqm~q%uminum hydride (10.0 &,

At oy N

__..—-Mtﬂ:rﬁfr‘a
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0.263 mol) 1n,;§8 ml of dry diethyl ether was stirred and |
" cooled in an jce bath during the dropwise addition of methyl

0-methylpodocarpate (20.0 g, 0.0663 mol) in 300 ml of dry
gthel. | |

After 60 h at- room tempe:ature, the solution was
carefully poured over ice and acidified with 5% sulfuric acid.
The ether layer was collected and the aqueous layer further

9
axtracted with 200 ml o: ather.

Work-up of the combined organic extracts in the usual
manner gave 18.1 8 (99.5%) of crude produ&t which was recry-
stallized from ether ylelding 1h.7 8 (80.5%) of O -methyl~
podocarpinol, meP- 92.0-92.5%; 1.r.Smax (KBr) 3400(b}, o "I’
2910, 2880, 1612, 1580 14,95, 1380, 1100-1000 (b) cm~t; | : |
o.mr. (CDC13)31.05 (8 3 6-20 CG3), 1.19 (8, 31 c-18
CHy), 2.83 (broad, 2H, C-7 CHz)) 3:T (q, J=11.5 H3» 2B, ~
c-19 CHp), 3.73 (s, 3H, C-12 OCH3 ), 6.6-7.1 (m, 3H, c-11,13
1L aromatic protéﬁg) p.p.ﬁ.; (Lit. (1&7) m.pe 91°)

6o O-Me£hxlpodocagpinol pcetate 56

Q-mathylppdobarpinol (1.2048 8 0.00£§ mol) was v

4issolved in 1 ml of pyridine and tO this 80

1 ml of acetic anhydridd. After 4 h on @ stea
an eQual volume of water was added and -

jution was added

m bath and 36 -

h at room temperature,
xtracted with ox5 ml of ether. The combined 8X=

trécts‘Were washed with 2%5 ml of Sﬂjhﬁdrophloric acid, 2x5°
o give 1.3546 &

the product &

ml of water, .and then evaporated in vacuo

(97-5%)‘0f1acetate, m.pe 69-72°; {,r.\ max (KBr) ?930.

_‘Mz—.yuu-. T Pk
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2890, 1730, 1605, 1580, 1490, 1370, 1250, 1235 en-l; pem.r.

(coc1y) 8 1.03 (s, 3H, C-20 Cii3), 1.22 (s, 3H, C-18 CH3),
,.07 (s, 3H, C-19CHp0C0 C3), 2,87 (m, 2H, C-7 CHz)y 377
(s, 3H, C-12 OCHB), ,.20 (g, J=11.0 Hj3, 24, C-19 El_'l_%VOCOCH3), i

6.9"7-2 (m’ BH’ C"ll’ 13! 1h)p.p.m.‘(1‘it.(ls6) mepe 72_730).
7 O-Methylpodocarpinallil ' -

" The method of Bible (153) was used with some modi fications.
Chromic anhydride (1.50 g, 0,015 mol) in 15 ml . M

of dry pyridine was added dropwise, with cooling, to a solut-

1oh of O-methylpodocarpiﬁol (2.001k g 0.0073 mol) in 15 ml" °
of dry‘pyridine. After 1.5 h at room tegpefature, the
product was extracted with 2x25 ml of dié;hyl ether. The
combined éther extracté were waahed with 25 ml of 10% g ;;_
hydrochloric acid, and, finally, with 2x15 ml of water.
Drying of the ethereal solution over anhydrous magqgsium
sulfate followed bY avﬁporation of the solvent in vacuo
gave 1.8142 € (91.5%) of the aldehyde, MePe ;31.5—133°;
i.r.\¥max (KBr) 3000, 2960, 2850, 2790, 2970, 1715, 1612,
1575, 1505, 1385 cm; pom.Ts (cDt13) 8 1.03 (s, 34, C-20
CH3), 1.08 (s, 3H, c-18'0H3), 2,88 (broad, gn, c-7 CH2),
3.73 (s, 38, C-12 0CH3), 6-5-7+0 (m, 3H, C-11,13,1k aromatic
ﬁrotons), 9.75 {8, 1 ¢-19 CH) p.p.me (1it (148) m{p.

133f1350)0 ‘ . o
O-Methylpodocarpane = 58 o
8. The method of venkert (154) was8 used with modifications.

O-Mbthylpodocarpinal (1.1087 B, 0.0041 mol), 10 ml

and 15 ml of freshly-distilled ethylene

of 95% hydrazine,
4 at 140° for L-h. After

glycol were heated and maintaine
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cooling to room temperatufe_, potassium hydroxide (9.0 g,

0.16 mol)} was added and the mixture héated to 2000 for 9 h.

Excess dimethyl aulfq.te was added to the cooled
nixture and agitation -continuefl fof 2, h at room temperature.
Fifty ml of ‘wat,er wags added and the ﬁmduct extract;ed with
‘2x25 ml of benzene and 25 ml of diqetl'xyl ether" Evaporation
ir;‘ vacuo gave 0.8991 g |(85.5%) of ‘O-meﬂlylpodocarpanq as
an 0il, i.r.\¥max (CHC13) 2980, 2910, 1612, 1585 (sh), 1505,
1390, 1380, 1360 cm"l; p.m.Te (CD013)8 6.92 (s, 3H, C-19
CHB),.l.l'? (s, 3H, C-20 CH3), 1,23 (s, 3H, C-18 CH3), 2.80

(broad, 2H, C-7 CHp), 3,73 (s, 3H, C-12 0CH3), 6.5-7.0 .|
(m, 3H, ¢-11,13,14 aromatic pnotona-) p.p.m.(Lit.(154)m-p-31-32°)-
9. Methyl O-methyl - p637 - podocarpate 59 '

Methyl O-methy-l;?-oxopodbcarpate. 35 (1.08 &) 0.0034
mol) in 10 ml of 95% ethanol containing 0.1 g sodiund hydroxide
was treated in a dropwise manner by & golution of godium

borohydride (0.5 & 0.013 mol) in 2 ml of water.
After 15 h at room temperature, the reaction was

acidified with 104 h-ydrOchloric acid and the product extracted o

with diethyl ether. Evaporation of the solvent gave &-

_residue which was then rec
0.70 g (68.3%) of white crystals, m.Pe 80.0-81,50; PomeTe

(cDC13) O 0.87 (s, 38, C-20 CH3)s 230 (s, 3H, C-18 CH3),

3.68 (s, 3H, C-12 ocH3), 379
2.1 (m, 58, C-6H, T8 c-11, 13»

(s, 3H, C-19 coocHTY, 6.38-

13 aromatic protons) peDole

(11t.(155) mp. 85-86°)- -
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10. Methyl 3% -Hydroxy-o-methylpodocarpato 62

| Methyl 3-oxo-O-methylpodocarpate (0,3008, 0.95 mmol)
‘dissolved in 20 ml of methanol was treated with a solution of
godium borohydride (0,100 g, 2 63 mmol) in 10 ml of methanol.

pfter 1 h, the golvent was evaporated and 10 ml_ of water

added to the raaidue. The organic material vas axtr;acted with
2X 10 ml of diet.hyl ether. Evaporation' of the solvent gave
0.299 g (99.8%) of a white ‘powder jdentified as 62 by its
onr Spectrum; PemeTs (cDC13) & 1.07 (8, 3 C-20 .CH3), 1. 50
(s, 38, C-18 CH3), 2 2.7-2.9 (broad, 2, C=7 Chz}y 3.72 (s, 3H
0-19 COOCH3), 3. 78 (s, WM, c-12 OChy and C-3 CH), 6.6-Ted

(m, 3H, c-11, 13,14 aromatic protons; p p.m. + mass spectrun \

(SOeV)m/e 318(M+,caled. for C|9H260u-' 3181831 ff?\lnd;- imﬁﬂ)\_\\

11. 6p, 78 -Dihydroxypodocarpic-w, 6§ -lactone 97

A solution of 6'-hydroxy-7—oxo-12-aéetoxypodocarpic
-19, b}-lacrone 4y (3. o8 g, 0,00L0 mol) in 10 ml of 95% eth-
ariol’ wag Yeooled to g=-10°C. and t.reat.ed with a suspension of

sodium borohydride (0.300 g 0.0080 mol) in ethanol. After

15 h, the solvent waé evaporated and 25 ml of 10% hydrochloric

acid added to the residuee. Eh:traction with ethyl acetate and
work-up in the usual manner gave 1.0 E (89%) of 6%, 78~ diny-
droxypodocarpic"‘- 19, !-lactone 97; mePe 203-207° .0,V Dax
(KBr) 3490, 33705 3040 1780, 1600 cw” -1, p.m.r. (CDC13)

1.28 (s, 3H, C-20 CH3), 1.36 (s, 3H, C-18 CH3), 225 (d, 1H,
J-6H3 c-5 CH), 2.90 (broad, 14, OH), 5,10 (m, 2H, c-6H and
CWH) 6.5-6.8 (my on, ©-11,13 aromatic protons), 7.1 (d,

W, J=9 Hq, C-1k aromatic proton) PepeBe

__.Mwﬂw s
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12, Mot%'gwl 6p - Dihydroxypodocarpte (1N

Hydrolyaia of the lactone was carried out by the

mothbd recorded on page 178 for compound 47.

| Dihydroxy=-lactone 97 (1.00 g, 0.0033 mol) was con-
vorted into the fx:éo acid which was immediately treated with
an etheroal golution of diagomethane to give, after evapora-
tion of the solvent, compound Sk (1,01 g, 95 1%) which was
rocrystallized from nethanol, Mepe lh2=Lble 593 4.7 \max
(Kbr) 3550, 3300, 3030, 1750 1600, 1500 em -1, p.a.r. (0DC13)
51.07 (s, M, C=20 Cig) 132 (s, 3H, C-18 CHy), 2435 |
(d, 1H, J=6 H3, c-s CH)y 3. 72 (s, 3H, C-19 COOCH3 )y & 82
(m, 2K, C-6H, c-TH), “Ef%-& 9 (m, 2H, C-11, 13 aromatic pro-
to_ns), 7.60 {d, 1H, J=9H3, c-1l aromatic proton) PePsBei.
nass spectrum (80eV) m/_e‘v320 (M+caled. for C18H2405°

320.1624; found: 320.1645) .
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0.  -GENERAL CONCLUSIONS

10.1 Synthetic
The functionalization of the C-2b methfl group-

of theptricyclic{diterpenoid system by means of a 1,6-
nydrogen transfer using the Barton reaction has been un-
successful despite the apparent proximity of the two
nitrite ester centres, c-7 and- C-12, to the angular
"metg§1 group in question. | ,

The méjor synthetic objective pf this work was tb.u

derlve a substrate, in a minimum number of steps, upon which

a

the Barton reaction could be performed. obvious centres of .

jnterest 1in this-regard were the C-12 and c-7 alcohol func-

[

e ons which were readily and efficiently generated by re- ¥

duction of‘fhe aromatib ring and by oxidation’ of the benz-

ylic position, respectively, of the podocarpic acid

systen. The fallure of the Barton reaction on the C-12

alcohol was aptributed to a twist conformation of ring ©

as suggested by coupling data.

Efforts. to functionaliZe carbon-20 through the c-7

aleohol were also unsucce

lacton in an attempt to force the twWo reaction centres

e final result.

closeritogéther did not alter th
se to the 6P-alcohol

It became obvious thataarecour

the lactone ring in 1,7 would have

through the opening of

ra steps jnvolved, the overall

to be made. Despite the ext
c acid 25 to the 6Fs

erting podocarpi 7p—diol

‘h16k

process of conv

L ssful»— Formation of the C-19, 63~
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g, i carried out roadily and in good yield. Although

‘kmonolyqiu of the 6f-nitrite ester 95 gave results which

Wuroe inconcludive. successen roported,olaowhore for eimiliar

yystems indicate this to be the preferred pathway to C-20

1Wmctionalization.-

In yiew of the progress made on attachment of the

t-furyl groupb and on the generation of the exocyclic

1ene'ut.C g (60), it 1q.ronuonable”to assume that
O-»12 ether through,

methy

uuneration of th 19—;20 jactone and 2

in part by,;he,Barton .reaction mny be ¢lose at hand and

‘yynthesis of the sciadin structure may be uoon realizud.

"

—

Lyl

-




10.2  Carb o&-.Myw.&Lc_ﬂs_mwm
Subatituont effacts for a variety of functional

166

groups have bnen dovelopad for the oxygennted diterpen-
oids of the podocarpig acid serles. The useful applicat-
ton of simple model compounds %0 utudy analogous effects
in more complex mblocularﬂaituationa.ﬁas beon amployed

" and 111uatrated rathor dramatically in the compounds
reported 1n this thoais. As more and more data is accum=
ulated on substituent effects in a variety of molecular
‘environments, the facility for uomi-quantitatively assign-
ing tho cheﬁioal'ahirt of a givon carpon vecomes easier.
_Ultimately it would be desireable to readily calculate
all factors for a givﬁn carbon atom in & partioular‘
aystem, whether those factors be electric, steric, or
magnetic, and apply these to some reference chemiqal shifts

to obtain the ahift value for that carbon.

At this stage, howsver, the development of Pourier
\"gg;ntu coupled with ‘the experimental

o

tranaform NMR instr
techniques deacribed (Sectdon 3. 2) and used throughout

13
this work illuntrate dramatically the application of C
NMR to the annlyais of compounds: previounly impossible

to analyze by other magnetic resonance techniques.

LA
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