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RECENT STUDIES ON THE SYNTHESIS OF NATURAL PRODUCTS

Robert V. Stevens

Department of Chemistry, University of California, Los Angeles 90024

Synthetic chemists have always marveled at Nature's ability to elaborate a fantastic
variety of structurally diverse and frequently very complex substances fram a few relatively
simple starting materials. Plants, for example, manufacture thousands of alkaloids from
CO, --a one carbon synthon! The total synthesis of alkaloids has occupied a central role in
natural products chemistry for many years. Landenberg is credited with having synthesized
the first alkaloid, coiine in 1886. This was followed at the turn of the century by nico-
tine, papaverine and the famous Robinson-SchOpf synthesis of atropine. Subsequent progress
in alkaloid synthesis was rather slow to develop until 1944, when Woodward announced his
landmark synthesis of quinine. In 1952, Gates published the first synthesis of morphine,
and shortly thereafter Woodward announced that strychnine had been conquered. These accam—
plishments served as milestones for contemporary organic synthesis and have been followed by
many other notable achievements which have contributed to "the art and science" of organic
chemistry as a whole.

Our own program in alkaloid synthesis was initiated over a decade ago and was concerned
with the development of general methodology for the facile elaboration of a whole host of
structurally quite diverse families of alkaloids. In particular we were able to demonstrate
the utility of endocyclic enamine synthons such as 1 and § Although the synthesis ard
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chemistry of exocyclic enamines (g) had been developed continuously for well over two dec-
ades, it seemed remarkable to us that fram the standpoint of alkaloid synthesis their endo-
cyclic counterparts (1. and §) had been largely ignored. It is interesting to note that in
those alkaloids where a pyrrolidine (or pyrroline) ring is discernible, one almost invariably
finds nuclear "substitution"” on only one side of the molecule; the other side is usually de-~
void of any substituents (see 3). By analogy with their exocyclic counterparts, we reasoned
that endocyclic enamines 1. and 5 should react with electrophilic reagents on the B-carbon.

It should be noted further that such a process simultaneocusly renders the a-carbon electro-
philic and therefore susceptible to capture by nucleophilic reagents as depicted in g and §
In this fashion we anticipated that the substitution pattern noted above might readily- be
elaborated. Further scrutiny of these alkaloids reveals that many of them incorporate either
a hydroindolone (4) or hydroquinolone (8) moiety into their nucleus. We felt that annulation
of endocyclic enamines 1 and 5 with methyl vinyl ketone, or derivatives thereof, might pro-
vide a facile entry into these fused ring systems. These thoughts set the stage for a re-
markably general approach to alkaloid synthesis.

To illustrate the utility of these concepts I would like to turn your attention to the
Sceletium alkaloids -- particularly one designated as A-4. By analogy with the biosynthet-
ically unrelated lycopodine family we reasoned that in addition to A-4 one might also find
pyridone rings or quite possibly even structurally rearranged isomers. Our ‘synthetic plan
took this possibility into account.

HC...

Lycopodine

OCH3 OCH, CH,;
CH3 Hs Ha
_’ _»
Z “NH N Z “NH 7
CH; CH; ~ CH, ]
0 NS
A-4

The requisite endocyclic enamine was prepared efficiently by means of the acid catalyzed
cyclopropylimine rearrangement. Annulation with methyl vinyl ketone affords the prototype
Sceletium alkaloid-mesembrine. Alternatively, annulation with the substituted enone shown
provided an intermediate which incorporates all of the necessary carbons. This substance
was readily converted to the corresponding dihydropyridone. As a footnote, as we had antici-
pated, this substance was subsequently found in the plant by Professor Jeffs of Duke
University--an interesting case where total synthesis preceded structure elucidation.



Synthesis of natural products 1319

e
cl OMe
] 1)2LDA-HMPA
ci _—
N
Me
e
OMe
Me
N 0
Me

MeNH.
o
—

e
e
2)DIBAL-H ¢HO
e
%/éfve Me
|
V4
N N
M

|
Me
Mesembrine

l S

MVK
A/ e 0
Me oMe
o}
r|lle ~_-C0:Me

NH;
Me

OMe
Me Me
TFA
N NH N ~ “NH
| HO llVl
Me o e (o]

The synthesis of Sceletium A-4 itself required adjustment of the ester function to an
aldehyde, and this was achieved by protection of the ketone as a dimethyl ketal followed by

controlled reduction with i-Bu2NH. Treatment of the ketal aldehyde with NHZOH-Hcl in

ethanol-water afforded the natural product.
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Although we are continuing to exploit this new methodology, I should like to turn our
attention to same very old methodology and its application to a very contemporary problem
in alkaloid chemistry -~ insect pheremones. The Coccinellidae family (ladybugs) have long
been valued by farmers and children throughout the world which lead to the old English
rhyme:

"Ladybug, ladybug,

fly away home,

Your house is on fire,

and your children will burn!"

The various species of ladybugs play an important role in controlling plant pest populations.
A dramatic example occurred in California in the late 1800's when the Australian cottony
cushion scale insect (lcerya purchasi) was accidentally introduced and threatened to destroy
the valuable citrus orchards. Entomologists them imported its natural predator the
Australian ladybug Rodolia cardinolis which conquered the menace within two years. When
alarmed, ladybugs exude a yellowish, bitter fluid which serves as an effective defense
mechanism against predators. Recently, the structures of several new alkaloids has emerged.
The structures of those bases which are known to date and same of their chemical intercon-
versions are shown below.

“CH; RCOH “CH “CH,

3 3

I

coccinelline precoccinelline propyleine
l Ac0
Hz
—>
“CHj, “CHj3 “CHj
myrrhine convergine
LiAIH‘iT RCO,H
CH3 CH; "CH;
hippocasine oxide hippocasine hippodamine

The synthesis of each of the saturated alkaloids has been reported recently by
Professor Ayer's group of Alberta. A key intermediate was prepared fram 2,4,6-collidine
by the convenient sequence outlined:



Synthesis of natural products 1321

HN
CH,

major

When exposed to TsOH in hot toluene this intermediate cyclized to a ketone possessing the
myrrhine stereochemistry. Clearly this is the result of a thermodynamically controlled re-

action.

HO._ CH,
=
2TsOH e
{ tol. ’ > N #3
Hs CH, Hs;

HO_ .-, CH,

H, H, NEA

myrrhine

Under less vigorous conditions the myrrhine ketone was also produced together with an iso-

meric ketone which turned ocut to have the hippodamine stereochemistry resulting from a subtle
epimerization of the iminium salt. Professor Ayer astutely realized that the hippodamine
ketone incorporates the same relative stereochemistry as that found in precoccinelline except

for the methyl group:
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4 z
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CH3s CH,

Z:=0
=H; myrrhine
o Y4
= H «
CH CH;
Hs 3

hippodamine

CHs

precoccinelline

By employing 2,6-lutidine rather than 2,4,6~collidine in the same sequence of reactions he
was able to generate a mixture of two ketones possessing the myrrhine and precoccinelline

stereochemistry:
i Ow (2
N T > Tow —» Al
A Hs g HOAc 8 v4

H CHj; THF H

CHali;
H socl |
CH £ o poo

3

<« -

b

precoccinelline myrrhine

Our own interest in these alkaloids came fram a consideration of one of the oldest re~
actions in alkaloid synthesis--mainly, the famous Robinson-Schopf reaction., This remarkable
reaction generates four new bonds in a single process which I have designated as a,b,c,d.
Now, inspection of these tricyclic alkaloids reveals four virtually identical bonds could be
generated from an amine dialdehyde and acetone dicarboxylic ester. It seemed to us that such
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a reaction should occur with almost mathematical certainty and for that reason very nearly
abandoned such an approach until we realized that there was a much more fundamental question
to be raised -- stereochemistry.

Robinson - Schdpf Reaction

o.R H , coRr H
CHO
CHNH, =0 —» =0 —» 0
CHO
CO.R 4 9 coR H
| CHO CO.R
i NH,
HO o
0.R

As Professor Ayer's studies clearly demonstrated — the precoccinelline skeleton is the
thermodynamically least stable of the saturated bases:

&"CH;

precoccinelline
meso

&,

myrrhine
meso

hippodamine
(di)

i}

Furthermore, in the approach we envisaged there is the distinct possibility that all of the
chiral centers will be scrambled by either retro-Mannich or retro-Michael reactions. There-
fore, what appeared at first glance to be a method which could not fail, on reflection, be-
came a method in which many potential perils were clearly discernible. We therefore initi-
ated a study to determine the stereochemical course of the Robinson-Schopf reaction under
kinetically controlled conditions.
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The necessary starting material we selected was an acetal-ester which had been prepared

previously from Pb(QAc) 4 oxidation of a~hydroxycyclopentanone. We prepared this substance
by the alternate method shown:

#cHo K.CO; CHO HC(OMe) H(OMe)z
- CH:OH
CH;0,C” “CO,CH; 0 CH,0,C co,CH TsOH CH;0.C

cozcn,

aq. NaCl
DMF ref.

v
‘:"'=°=‘l/<:23cus — Q ‘{C:(?;:):":l_’ cn,o,c/(\ el

Self-Dieckmann condensation and decarbomethoxylation afforded a ketone which was reductively
aminated via the Borch procedure:

CH(OMe)z 2 NaH DME H(OMe),
cu,ogc HOAc cH,0,c P cHMe),
H(OMe),

aq. NaCI
DMF ref.

CH(OMe), NH,0Ac CH(OMe)z
o, L] (S,

With the amine acetal in hand we were ready for the crucial experiment which I can only de-
scribe as one of the most delightful in my career. After acidification with hydrochloric
acid to hydrolyze the acetal moieties the pH of the solution is adjusted to 5.3 and buffered.
Addition of methyl acetone dicarboxylic ester produces a clear aqueous solution which slowly
turns cloudy and after a period of time crystals appear. Without extraction the aqueous
solution was filtered to collect the crystals which corresponded to a greater than 70% yield
of a single product! In view of the potential hazards documented above you can imagine our
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delight in securing this result which also suggested samething of fundamental interest con-

cerning the stereochemistry of the Robinson~Schopf reaction.

With the aid of spectral data,

especially the infrared spectrum which was devoid of trans-quinolizidine bands in the
2700 - 2800 an-l region and the CMR spectrum which showed the campound was meso, we were able
to assign the stereochemistry as indicated.

GE}:‘M),

H(OMe),

pH 5.3

COCH;

(o)

CO,CH,
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We believe the stereochemical course of this reaction is determined by the fundamental
principle of maximum orbital overlap in the transition for this kinetically controlled proc-

€ss.

Inspection of models reveals that nucleophilic addition to cyclic imminium salts of
this type can occur via two possible pathways both of which maximize orbital overlap.

How-

ever, one must proceed via a boat-like transition state and in the absence of other consid-
erations it is necessarily one of higher energy:

Principle of Maximum Obital Overlap - kinetic control

A complete analysis in the case at hand is shown below.

two possible half-chair conformations for this intermediate.

H
rRH ;

— .
R

H

Y4
N~
Hh?

It should be noted that there are
Even though the one with an

equatorially disposed side chain will undoubtedly be favored, the other (less populated)

1325
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conformation should not be dismissed fram consideration a priori for it might react faster
kinetically. However, such a possibility could be ruled out in this case when coupled with
the additional requirement for a chair-like transition state. Clearly, such attack is hin-
dered in this case.

0N= %ﬁ
\—/ H >
ol X2 — é\ﬁo CH. \%SO‘CH'
Ho OCH,CO,CH, OH

[/ CO.CH,
LR ;
==\ H
OHT\%H"— #>  OHC H
o 0,CHs
H o}
COCH,

The final stages of our synthesis are outlined below. The esters were removed under essen-—
tially neutral conditions to minimize any possible epimerizations. The tricyclic ketone was
sluggish to react with Wittig reagents but reacted smoothly with the silyl lithium reagent
to generate an intermediate which we assume has the stereochemistry shown (convex attack).
In view of Professor Ayer's observations concerning the lability of olefins in this series
we decided to generate the double bond in situ under reducing conditions. In this fashion
we were able to generate the methyl group of precoccinelline in one flask.

aq. NaCl Me,SiCH,Li;
DMF ref. NHCI
o 1o CHaSiMes

BFy Et,0
wet THF

v

convex
/ attack
HZ >
z \ *‘!}d-c}’ aY
‘CHy CH

precoccinelline

I would like now to turn our attention to rather different methodology which we have
been investigating for the synthesis of natural products of the type shown below. In prin-
ciple, one could employ the concept of hamoconjugate addition to each of these targets.
However, a serious problem encountered frequently in such reactions is a competing or pre-
dominant 1,2-carbonyl addition process.
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I have outlined below a few well-known examples of hamoconjugate additions. You will
note that in same cases the reaction proceeds in modest yield. Of special interest to us is
the last entry where the reaction failed entirely.

oA
o CO,C.Hs :
RO C“V RO

Li* 2 371%
0 0
0
CO,C,Hs R,Culi COC.H,
-—
R
R = CH 607
R = CH,=CH 607
CN
& /\/l\
D< - R €O,C.H,
CO.C:Hs 57
707
CO,C.Hg 0,CHs
CO,C,H;
THPO *»  THPO-- C0.C.Hs
AR

E. J. Corey ET AL., J. AM. CHEM. Soc., 94, 4014 (1972);
TeTRAHEDRON LETT., 4705 (1976).

P.AA.C. 51/6—H



1328 ROBERT V. STEVENS

It occurred to us that desirable homoconjugate additions involving organametallic re-
agents might benefit substantially from the concept of "spircactivation" introduced recently
by Professor Danishefsky at the University of Pittsburgh. This group has convincingly dem-

onstrated the enhanced reactivity of cyclic acylals towards a variety of nuéleophiles other
than organometallic ones. The following results are typical:

“SPIROACTIVATION" DANISHEFSKY

D(ozczns Q o
NUCLEOPHILE (>§: ><
COC,H, d o
Hy Po-C NO REACTION 1007
PIPERIDINE VERY SLOW 190% (5-10°, 30 min)
PyrRIDINE NO REACTION 92% (RT, 48 HR)

Nearly all of the cyclic acylals studied by this group were prepared by the indirect method
outlined below. The conditions required to'convert the malonate moiety into the spiro-
activated cyclopropane were ill-suited for our purposes.

Unfortunately, the direct copper
catalyzed method fails.

0,CHs ¢ €0:C:Hs
N >
z CO.C:Hs

CO.C:Hs

)LOAc

CO:H
—
H,SO4
CO:H

DANISHEFSKY AND SINGH, J. QRG. CHEM., 41, 1668 (1976)

We have now examined in some detail the photochemical decomposition of diazo Meldrum's acid
in the presence of a variety of olefins:

PHOTOCHEMICAL CYCLOPROPANAT1ONS

0, 0,
0 O,
I~ °>< 2537 A N,
quartz
o
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We have found the reaction to be quite general as the following tables indicate. In some
cases the yields of cycloadduct can be improved substantially by the employment of a Lewis
acid catalyst (either ZnCl2 or BF3) . The precise nature of the catalytic effect remains
unknown but in some cases can be quite dramatic. In other cases the catalyst had a dele~
terious effect presumably due to the lability of same of the cycloadducts themselves.

OLEFIN ProbucT CAtALYST  SoLvENT % YIELD
[o]
O °>< NoNE  CHCl, 66
0 INCl, THF 84
(o]
H,C
Q/CH; (}i:y NONE CHyCly 76
'i‘o o INCly THF POLYMER

0
C.H
CHs ;‘ ® o)
O/ >< NONE  CH,CI, 54
: ) (o]

NONE CH,ClI, 64

NONE  CH,CI, 87

Ro—-@ Rw InCl,  THF 70 ant1
o] 13 syn

R = SiMe,tBu o

OR 0O
@ <:‘>§;}< NONE CHJCI, 73
¢

H
& H NONE THF 40
Exo-Endo
o .
O:

It is interesting to note that in the case of isoprene, attack on the more substituted
hence more nucleophilic double bond occurs preferentially. Quite possibly then, selective
additions may be possible in systems containing isolated double bonds of different types
although this has yet to be tested.
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NONE CH,Cl, 59
C, Hn\l C.H, InCly THF N.R.
l BF3 ' ET20 CH2C12 82
o
\ o
4\lr NONE CH,CI, 72
° 1
3
\ % o
X
o

It should also be noted that olefins which are electronically deficient, either by direct
conjugation or via inductive effects, fail to react further -- underscoring the electronically
deficient character of the species undergoing reaction:

Olefins Which Fail to React

OR OR O

; ; o none M THF N.R.

@ OX ZNCle THF N.R.

OR oR BF3'ET,0 THF  N.R.
a R = SiMe,tBu
b R= Ac

E

E — NONE THF N.R.
ER " % cn, o

OSiMe,tBu

In spite of the above limitations it is clear that an impressive number of olefins can
be induced to undergo cyclopropanation to produce these activated systems. With this foun—
dation securely laid we turned our attention to hamoconjugate openings with various organo-
metallic reagents. Initial attempts were very frustrating. As the following table illus-
trates either no reaction was observed or camplex mixtures were generated from a variety of
organcametallic reagents:
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(1) RyCulr or RMGBR + CuBR (CAT.) IN ETHER GIVE A COMPLEX MIXTURE
(2)  RMeBr 1N THF — nc REACTION
(3) RLI IN ETHER OR THF GIVE A COMPLEX MIXTURE

@ C3H7/’Q§>15ﬁl(xBu)2 Li* IN HEPTANE-ETHER REACTS

H3
VERY SLOWLY BUT PROVIDES -A COMPLEX MIXTURE

(5)  C3HyC=C—AL(1Bu)) IN BENZENE GIVES A COMPLEX MIXTURE

(6) RLr 1N THF — HMPA 61VES EXCLUSIVELY 1,2 ADDITION

After considerable effort we discovered that simple Grignard reagents either in ether
or in CH2C12 cleanly react in the desired homoconjugate manner. In this fashion we succeeded
in adding alkyl, aryl, and acetylenic Grignard reagents. Curiously, we have been unable to
add smoothly vinyl Grignard reagents under similar conditions.

CeH,,MgBr
CH,Cl, -40°
'Y

Addition to unsymmetrical systems proved to be interesting, Whereas most nucleophilic
openings of unbiased three-membered rings occur via attack on the least substituted carbon,
in the two cases shown below we observed that the major product was one of attack at the
most substituted site--an observation which played a role in our subsequent plans.

c 0,
3¢
>< CH,MgBr MgBr,
Et,0 ELO 00 ©
H o or
Me Mg

; °>< CH3MgBr

(]
d o Et,0 0
A
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With these results in hand let us review the scope of this methodology in broad terms.
By means of the photochemical addition process we are able to generate from olefins a variety
of spiroactivated cyclopropanes. These intermediates, in turn, undergo homoconjugate addi-
tion reactions with variocus Grignard reagents (or other nucleophiles) to produce cyclic
acylals substituted on the y-carbon. A much older procedure involving simple conjugate
addition can be employed to prepare derivatives substituted on the f~carbon. This brings us
to the next consideration. Aside from their trivial hydrolysis and decarboxylation to sub-

stituted acetic acid derivatives, what other functional groups can be derived from this
moiety.
HOMOCONJUGATE ADDITION

O, o,
") Wl g .
253 u
) N; — X —
R 4 R 4 R
0“0

CONJUGATE ADDITION

Q
Pyr. R Nu R
o] —> —>» Nu
(o} o R

o}

We have recently addressed ourselves to this question with some partially gratifying re-
sults. For example, we have found that the enolates react quite smoothly with ozone in
hydroxylic solvents to insert a hydroxyl group between the two carboxyl groups. As the
second example illustrates, this can be achieved even in the presence of an acetylene moiety
which is of importance to our subsequent plans.

o . oK’ 04 COH
_O3, oH
% — z 3( ROH
o OZR
o O R :CHs 89%

R :=C:Hs88
R:=H 84

K*"0_ 0. 0,H
Q | OH
:))X —» s COCHs
—> ~CsH, CH,OH 2 CH,
86%
We suspect that the initial ozonide decamposes in the manner shown to produce an alkoxide
intermediate which then undergoes hydrolysis to the acid derivative with ejection of ace-

tone. Alternatively, the alkoxide intermediate may eject acetone by formation of an
a~lactone derivative which would then suffer facile hydrolysis.

o oot

l -0,
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The hydroxyester can be reduced with Na/NH3 to the corresponding acid diol and cleaved with
periodate to a carboxylic acid. Alternatively, we discovered this can be achieved by direct

treatment with basic t-BuOCH.
“K* o OH
3y O,H
= CH,OH
o 0,CH,

|
t-BuOOH |
t-BuOK Na NH,

v

310, O H
*—_
O\cO,H \Ecoz"‘

OH

Other functional groups which can be generated readily from this intermediate include
o~hydroxyesters, pyruvates and aldehydes:

H A
CO,H — OH
O,R CO,R

R =CH, 100
R=H 79%

l Pb(0AC), E:(OAC)‘

: I/ : ~CHO
0,R 91%

R:=Et 78%
=H 86%

Having demonstrated the hamoconjugate opening of these spirocactivated systems with
organcmetallic reagents and several functional group manipulations of the resultant Meldrum's
acid moiety we turned our attention to applications in the field of natural products syn-
thesis. Brefeldin A was an obvious candidate. Photochemical cvclopropanation of various
cyclopentenol derivatives proceeded in high yield to provide a mixture of regioiscmers.
Although the one we desired proved in all cases to be the major product, it was not until we
amployed the smaller methoxymethylene protecting group that a highly favorable ratio was
produced. 1In short, the concept of increasing the size of the protecting group to shield
against attack fram that side failed -~ the ratio seemed to be independent of the size of
these very bulky protecting groups. In retrospect, this is precisely what one could have
predicted with the aid of models. I have shown the conformation in which protection of the
double bond would be maximized. However, when R becames too bulky it can simply rotate away
from the double bond leaving it partially exposed.

BHS.Mezs; —@ —O
RO |
@ H,0, HO" HoO

/
2537 A N%\__:X
¢
o l/ MOy
RO--O',:Q( . Ro--q>§:c}( "
d o

R = t-BuMe.Si 15:85 R
R :t-BuPh,Si 15:85
R-Tr 15:85
R:=CH,OCH, 595

%
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We were pleased to observe that hamoconjugate addition occurred smoothly to open the
cyclopropane with camplete inversion of configuration. If we now campare this product with
our target we see what is required for the synthesis of this substance. The Grignard re-
agent must incorporate a protected hydroxyl and the Meldrum's acid moiety must be transformed
to an appropriate functional group for elaboration of the lactone ring.

oo\]'\

o)
| Yo Et,0 | o
+si0- X — tsio it
(o] ° 'v%\caH'l
Bng\%\c H 84%
37

n oM

H o
1 Z O _H
HO- N
= CH,

The requisite acetylenic Grignard reagent had already been prepared by the Crabbé group
using the Tanabe-Eschenmoser fragmentation as a key step.

NNHTs
o
T +
Bri OSiMe, OSiMe,
I~ n-Buli; S~~
MgBr,

The crucial combination of synthons proceeded without incident. Further deployment of
this intermediate could proceed along several lines. At the time of this writing we have
simply degraded the side chain to a carboxylic acid by means of basic t-BuOOH. This sub~
stance has just been reported by Professor Bartlett at the University of California,
Berkeley as an intermediate in his elegant synthesis of Brefeldin A. Thus we have in the
formal sense demonstrated the utility of this methodology in a total synthesis. Alternative
deployment of this intermediate is also being pursued.

o
H H +
Mo"@i&( —» Momo- SiMe,
Hd OSiMe,t-Bu
B"MQ\//\/\)\
l t-BuOOK
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A second application to natural products total synthesis is also being pursued and has
already brought some interesting surprises. In principle, many diterpenoids can be assembled
efficiently by homoconjugate addition of various aryl Grignards with the highly substituted
spiroactivated system shown. We have prepared this substance and observed that reaction with
phenyl Grignard itself produces two products. These two substances proved to be epimeric at
the newly generated quaternary center. It is apparent, therefore, that in this highly con- -
gested system prior opening to a zwitterionic intermediate had occurred to some extent.
Fortunately, the ratio was found to be temperature dependent varying fram 9:1 at low tempera-
tures to 3:2 at room temperature.

e

Our approach to taxodione relies on the assumption that a more sterically demanding
Grignard reagent mighﬁ capture the zwitterionic intermediate to produce exclusively the
correct stereochemistry. At the time of this writing we have just prepared the requisite
Grignard reagent by the path shown below and await its reaction with the spiroactivated

cyclopropane.
OCH, BuLi OCH,
ulbl
CH,0. TMEDA CH,0
R L
1, i

X

OCH,
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