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Stereoselective to ta l  syntheses o f  diterpene resin acids ( I ) -ca l l i t r is ic  acid (1) and ( I ) -podocarp ic  acid (2) are de- 
scribed. T h e  synthetic approach t o  b o t h  na tura l  products ut i l izes a highly stereoselective reductive el imination- 
a lky la t ion reaction for  establishing the axial stereochemistry o f  the carbomethoxyl functional group a t  posit ion 1 
in esters 12A and 12B. Thus treatment o f  v i n y l  esters 11A or 11B w i t h  lithium meta l  in liquid ammonia /DME fol- 
lowed by methy l  iodide effects comcomitant reduction, deoxygenation, and stereoselective a lky la t ion in a single 
step, therefore prov id ing a general synthetic procedure for the construction o f  podocarpane type natura l  prod-  
ucts. 

T h e  diterpene class of naturally occurring substances 
forms an enormous group of plant and  fungal products de- 
rived, biogenetically, from four isoprene units via geranyl- 
geranyl pyrophosphate.' Notable features of t he  diterpene 
natural products are the fascinating variation encountered 
in their structures and  the wide range of their biological ac- 
tivities. Two diterpene molecules, which have common 
structure features in rings A and B, are resin acids callitrisic 
acid (1) and podocarpic acid (2). Callitrisic acid (1) was iso- 

C h a r t  I 

I PH 

1 - 2 - 

lated from the Australian white cypress pine Callitris colu- 
melaris in 1967.2 Several syntheses of callitrisic acid (1) have 
been r e p ~ r t e d . ~  Interestingly enough Haworth and Baker's 
synthesis? the first total  synthesis of a diterpenoid natural  
product, occurred 28 years before callitrisic acid (1) was iso- 
lated. Podocarpic acid (2) was first isolated in 1873 from Po- 
docarpus cupressiu m. d The structure and  stereochemistry 
of podocarpic acid (2), however, were not characterized until 

1940a5 A number of syntheses of podocarpic acid (2) and 
deoxypodocarpic acid have been published.6 The  latter acid 
has been successfully converted to  podocarpic acid (2); 
therefore, synthesis of i t  also constitutes a total  synthesis of 
podocarpic acid (2). Both callitrisic acid (1) and podocarpic 
acid (2) have common structural  features in rings A and B; 
namely, they both have a trans A,B .ring fusion, an axially 
oriented carboxylic acid functional group a t  position 1, an  
axial methyl group a t  position 4a, and an equatorial methyl 
group a t  position 1. During the course of our investigations 
aimed a t  a total  synthesis of t he  antifungal antibiotic LL- 
Z1271cu we developed a new and highly stereoselective method 
for the construction of ring A of podocarpane type natural  
products. This new method has general applicability in the  
synthesis of podocarpane type naturally occurring substances 
as exemplified by our previously reported ~ y n t h e s e s . ~ g , ~ g * ~  We 
wish to  report, herein, the full details of our total syntheses 
of diterpene resin acids (f)-callitrisic acid (1) and (&)-PO- 
docarpic acid (2). 

Synthesis of (&)-Callitrisk Acid ( 1 ) .  T h e  start ing ma- 
terial chosen for our synthesis of (&)-callitrisic acid (1) is 6- 
isopropyl-1-methyl-2-tetralone (8A, Scheme I), which was 
previously prepared by Stork and Schulenberg8 from cumene 
as well as 2-acetonaphthone by lengthy multistep sequences. 
We have developed a short  and  efficient alternate route to  
tetralone 8A beginning with 4-isopropenylisopropylbenzene 
(3).9 Epoxidation of alkene 3 with m-chloroperbenzoic acid 
(m-CPBA) in the presence of disodium hydrogen phosphate 
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Scheme I 
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a )  E-CPBA, Et20, Na2HP0,,, b )  BF3.0Et2, Et20, c )  Cr03, H2S04, H ~ O .  

acetone,  d )  S0Cl2, C6H6, e )  anhydrous A1Cl3, CH2C12, -20*2', CH2=CH2. 

in ether gives oxirane 4 in 90% yield.1° Treatment  of epoxide 
4 with 1.2 equiv of borlon trifluoride etherate in ether for 40 
min a t  0-25 "C followed by an  aqueous workup affords alde- 
hyde 5 in quantitative yie1d.l' Oxidation of aldehyde 5 with 
Jones reagent a t  0-25 OC for 30 min produces crystalline 
carboxylic acid 6 (mp 68-69 "C) in 95% yield.12 Treatment  of 
carboxylic acid 6 with 1.5 equiv of thionyl chloride a t  room 
temperature for 24 h followed by removal of excess thionyl 
chloride via codistillation with benzene gives acid chloride 7 
in 97% yield.13 Finally, tetralone 8A was prepared from acid 
chloride 7 utilizing Sims and co-workers' modification of the 
Friedel-Crafts reaction.I4 Acid chloride 7 was added dropwise 
to a stirred suspension of 1.03 equiv of anhydrous aluminum 
chloride in dry dichloromethane a t  -20 f 2 "C. As soon as  a 
homogeneous, light green solution of acid chloride-aluminum 
chloride complex formed (about 5 min after the addition) then 
a gentle stream of ethylene was allowed to  bubble into the 
stirred reaction mixture over a period of 20 min. The  resulting 
green-brown solution was stirred for an additional 10 min a t  
-20 f 2 "C, and then allowed to  stir for 3 h a t  room temper- 
ature. After aqueous workup a t  0 "C, tetralone 8A was ob- 
tained in 95% yield (83% overall yield from alkene 3). This 
reaction can be monitored by GLC, but  it can also be conve- 
niently monitored, simply and  reproducibly, by the color 
change of the reaction mixture. 

Robinson annelation of tetralone 8A with 1.3 equiv of 
methyl vinyl ketone in the presence of a catalytic amount  of 
sodium ethoxide in absolute ethanol affords tricyclic enone 
9A (Scheme 11, R1 = H; R2 = i -Pr )  in 75% yield.15 Simulta- 
neous reduction of enone 9A to  a t rans  A,B ring fusion and  
introduction of t he  carbomethoxyl group a t  position 1 were 
accomplished using Stork and  co-workers' reductive carbo- 
methoxylation procedure.I6 Sequential treatment of enone 
9A with 3 equiv of lithium metal in anhydrous liquid ammo- 
nia-ether, quickly removing the ammonia, adding excess 
anhydrous dry ice (freshly sublimed twice), quenching with 
water, extracting with ether to  remove neutral side products, 
acidifying with 10% hydrochloric acid solution a t  0 OC, and  
esterification with ethereal diazomethane produces crystalline 
@-keto ester 10A in 64% yield. Keto ester 10A was found to  
exist exclusively in the keto form. Compounds with 2-keto- 
1-carbomethoxyl functional groups in trans-decalin rings are 
reported to  exist in the keto form as  opposed to  the  enol 
form." Wenkert and  Jackson rationalize this observation by 
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a )  HVK, EtOH, NaOEt; b )  t i ,  NH3. Et$ ;  c )  -NH3: d )  COz; e )  H30t. 0": f )  

CHzN2. E t z O ;  g )  NaH. MPA; h )  CH30CH2Cl; i )  L i ,  NH3. ME; j) CH31;  k )  

K O k B u ,  OMSO; 1 )  n -PrSL i ,  HHPA m )  H I ,  HOAc. 

a combination of two facts: first, A1.2-alkenes in trans-fused 
decalin rings are energetically unfavorable configurations; 
second, there is a strong steric repulsion between the carbo- 
methoxyl group a t  position 1 and the equatorial hydrogen a t  
position 10 (the peri e f f e ~ t ) . ' ~ J ~  

Alkylation of @-keto ester 10A using 1.2 equiv of sodium 
hydride in hexamethylphosphoric triamide (HMPA) followed 
by addition of 1.2 equiv of chloromethyl methyl ether gives 
vinyl ether ester 11A in 96% yield.19.20 Finally, reductive 
elimination-alkylation of vinyl ether ester 11A using 7 equiv 
of lithium metal in anhydrous liquid ammonia/l,2-dime- 
thoxyethane (DME),  followed by quenching with excess 
methyl iodide, affords (*)-methyl callitrisate (12A) in 74% 
yield as  the only isomer observed (NMR, GLC) or isolated 
(LC). Methyl ester 12A was cleaved t o  (f)-callitrisic acid (1)  
in 98% yield using potassium tert-butoxide in anhydrous di- 
methyl sulfoxide (MezSO) a t  100 "C for 6 h followed by 
acidification.2 Both synthetic callitrisic acid and  methyl cal- 
litrisate were identical with authentic samples21 with respect 
to IR, NMR, TLC, GLC, and LC. 

Synthesis of (A)-Podocarpic Acid (2). T h e  start ing ma- 
terial chosen for our synthesis of podocarpic acid (2) is tricyclic 
enone 9B (Scheme 11, R1 = OCH3; RZ = H )  previously pre- 
pared by Kuehne from 2,7-dimethoxynaphthalene via 7- 
methoxy-1-methyl-2-tetralone (8B).22,23 Reductive carbom- 
ethoxylation16 of enone 9B affords crystalline b-keto ester 10B 
in 409/0 yield. Alkylation of /3-keto ester 10B using sodium 
hydride in HMPA followed by chloromethyl methyl ether 
gives vinyl ether ester 11B in 91% yield.*9p20 Reductive elim- 
ination-alkylation of vinyl ether ester 11B using 6.1 equiv of 
lithium metal in DME followed by the  addition of excess 
methyl iodide produces (*)-methyl 0-methylpodocarpate 
(12B) in 80% yield as t he  only isomer observed (NMR, GLC) 
or isolated (LC). Synthetic ether ester 12B was identical with 
an authentic samplez4 prepared from (+)-podocarpic acid (2) 
with respect to  IR, NMR, TLC, and  GLC. Ester 12B can be 
selectively and quantitatively cleaved to 0-methylpodocarpic 
acid using lithium n-propylmercaptide in HMF'A.25 The latter 
ether has been converted t o  (f)-podocarpic acid (2) with hy- 
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driodic acid in refluxing glacial acetic acid; therefore, our 
synthesis of (&)-methyl 0-methylpodocarpate (12B) consti- 
tutes a total  synthesis of ( f ) -podocarpic  acid (2). 

This new reductive elimination-alkylation reaction which 
is utilized in converting vinyl ether esters l l A , B  t o  equator- 
ially methylated esters 12A,B, respectively, are highly ste- 
reoselective. This high degree of stereoselectivity results from 
two reinforcing principles of stereoelectronic control: first, i t  
is well known tha t  exocyclic enolate anions (such as the  ester 
enolate anion gener,ated by reduction of vinyl ether esters 
1 1A,B, with lithium m liquid ammonia/DME) in cyclohexane 
rings have a decided preference for alkylation in which the 
alkylating agent approaches from the less hindered equational 
direction;268 second, the exocyclic enolate anions, generated 
in the reaction (11A,B, - 12A,B, respectively), are also seri- 
ously hindered on the @ side (axial direction) by a 1,3-axial 
methyl interaction of'the methyl group a t  position 4a.26b This 
sequence of events from vinyl ether ester l lA,B, to  esters 
12A,B, respectively, represents a new type of reductive 
elimination-alkylation reaction. This reaction sequence is 
unique because i t  effects reduction, deoxygenation, and  
concomitant stereoselective methylation is a single step, thus 
providing an efficient and general pathway for the construc- 
tion of podocarpane type natural products. 

An Al te rna te  Synthe t ic  Rou te  t o  @Keto  Esters 10A,B. 
An alternate synthetic route to  ,&keto esters 11A,B (Scheme 
111) was investigated in the hope of circumventing the often- 

Scheme 111 

&Ab \ &" \ 

times troublesome reductive carbomethoxylation reaction 
(SA,B - 10A,B, respectively). Although this alternate route 
produces keto esters lOA,B, in good overall yield (44-52%), 
the stereoeselectivity in the reduction step (14A,B - 10A,B 
+ 15A,B, respectively) is considerably less efficient (Table I) .  
Acid-catalyzed Robinson annelation of 1.6 equiv of methyl 
5-methoxy-3-oxopentanoate with 6-isopropyl-l-methyl-2- 
tetralone (8A) in refluxing benzene for 60 h in the presence 
of a catalytic amount  of p-toluenesulfonic acid28 gives a 
mixture of tricyclic alcohol 13A (15%) and keto ester 14A 
(38%). When the same annelation is performed in refluxing 
toluene for 48 h a mixture of keto ester 14A (39%) and  enone 
SA (25%) was obtained. Utilizing trifluoromethanesulfonic 
acid in refluxing toluene for 70 h to  effect the annelation re- 
action also affords a mixture of keto ester 14A (20%) and 
enone SA (24%). Optimum conditions for the conversion of 
tetralone SA to  tricyclic enone ester 14A were determined to  
be as follows. A solution of 1.6 equiv of methyl 5-methoxy- 

a )  p T r O H ,  C6H6; b) CF3S03H, C,H8 

Table I 

Product 
ratio Yield, 

Compd Reagents and conditions 10:15 % 

14A 5% Pd-BaS04/EtOH/SO m i d l  63.2:36.8 950 
atm/RT 

68.6:31.4 946 
5% Pd/C/EtOH/l h/ l  atm/RT 52:48 90" 
5% Pd-SrC03/MeOH/17 h/ l  atm/ 4654 8Eia 
RT 
PtOz/HOAc/l8 h/ l  atm/RT TraceTrace c 
Li/NH& -BuOH/THF 68.5:31.5 90" 
Zn/HOAc/Et20/6 h/RT 69:31 60" 

LiAlH(Ot-Bu)3/Et20/20 h/RT Trace Trace d 
N ~ A ~ H Z ( C H ~ O C H ~ C H ~ O ) ~ / C U B ~ /  No reaction 
THF 

14B 5% Pd-BaSOJEtOH/3 h/ l  atm/ 69.5:30.5 95" 
R T  

73526.5 9t16 

NaBHd/pyridine/50 min/RT 58:42 90" 

Estimated by GLC. Isolated yield. Complex mixture. 
Allylic alcohol in 85% yield. 

3-oxopentanoate, 6-isopropyl- 1 -methyl-2-tetralone (9A), and 
a catalytic amount  of p -toluenesulfonic acid in toluene was 
allowed to  stir a t  reflux for 8 h using a Dean-Stark water 
separator to afford a mixture of keto1 13A and enone 14A in 
a 3:2 ratio, respectively. This crude mixture was then heated 
a t  reflux for 1 h in toluene in the presence of a catalytic 
amount of trifluoromethanesulfonic acid using a Dean-Stark 
water separator to  give enone 14A in 68% overall yield from 
tetralone 8A. T h e  best method found for the acid-catalyzed 
Robinson annelation of methyl 5-methoxy-2-oxopentanoate 
with 7-methoxy-1-methyl-2-tetralone was to heat this mixture 
in refluxing benzene in the presence of p-toluenesulfonic acid 
for 72 h using a Dean-Stark water separator followed by 
treatment with a catalytic amount of trifluoromethanesulfonic 
acid in refluxing toluene for 1 h again using a Dean-Stark 
water separator to give tricyclic enone ester 14B in 72% overall 
yield from tetralone 8B. 

A number of methods for reduction of enones 14A,B to 
@-keto esters 10A,B, respectively, were explored (Table I). The 
best conditions for catalytic hydrogenation of enones 14A,B 
were with 5% palladium on barium sulfate in absolute ethanol, 
which affords a mixture of trans @-keto esters lOA,B and cis 
@-keto esters 15A,B in 73.5-68.6 and 26.5-31.4% yield, re- 
s p e ~ t i v e l y . ~ ~ ~ ~ ~  Compounds 15A,B were each homogeneous 
on TLC; however, each showed two peaks in a ratio of 81- 
80:19-20, respectively, on GLC analysis. Spectral analysis (IR, 
NMR) showed that  each compound 15A,B exists as a mixture 
of enol-keto tautomers in a ratio of 70-75:30-25, respective- 
ly. 

The use of dissolving metal reagents for the reduction of 
a,P-unsaturated ketones to saturated ketones with the more 
stable configuration a t  the @-carbon atom has been widely 
utilized in stereoselective ~ y n t h e s e s . 3 ~  Interestingly enough, 
when enone 14A is reduced with 2.2 equiv of lithium metal in 
liquid ammonia/tetrahydrofuran (THF)/ ter t -  butyl alcohol 
(1.25 equiv) both trans @-keto ester 1OA and cis @-keto ester 
15A were produced in 90% yield as a 68.5:31.5 ratio, respec- 
tively. Reduction of enone 14A with zinc powder in glacial 
acetic a ~ i d - e t h e r ~ ~  for 6 h a t  room temperature also gives a 
mixture of trans @-keto ester 10A and cis p-keto ester 15A in 
60% yield as a 69:31 ratio, respectively. 

Enone esters 14A,B should be good electrophiles in a Mi- 
chael reaction and therefore compounds 14A,B may readily 
undergo 1,4-reduction with appropriate hydride reducing 
agents. Reduction of enone esters 14A,B in this fashion is 
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expected to  be a facile process because these reactions should 
produce very stable enolate anions of either @-keto esters 
10A,B or 15A,B. Adank and co-workers reported the  use of 
sodium borohydride in pyridine to  effect lP-reduction of some 
en one^.^^ Reduction of enone 14A with 1.23 equiv of sodium 
borohydride in dry pyridine a t  room temperature for 50 min 
produces a mixture of ,trans @-keto ester 10A and cis @-keto 
ester 15A in 90% yield aq a 5842 ratio, respectively. Dilling and 
Plepys recently reportled tha t  t he  reduction of certain a,p- 
unsaturated ketones could be effected by lithium tri-tert- 
butoxyaluminum hydride in ether to  give primarily saturated 
ketones.34 However, when enone 14A was treated with 2.56 
equiv of lithium tri-tert- butoxyaluminum hydride in ether 
for 20 h at room temperature only reduction to  the  corre- 
sponding allylic alcohol was observed. This was confirmed 
spectroscopically (IR 3400 cm-l, OH; 1725 cm-l, conjugated 
ester) and by oxidation of this alcohol back to  enone 14A with 
Jones reagent.12 Recently, Semmelhack and Stauffer reported 
that  complex hydridometallic species generated from sodium 
bis(2-methoxyethoxy)aduminum hydride and copper(1) bro- 
mide in THF a t  0 "C selectively reduces some +unsaturated 
esters and ketones.35 But, when enone ester 14A was allowed 
to react with this complex, generated in situ, only unchanged 
starting material was recovered quantitatively. 

Conclusion 

Both (f)-callitrisic acid (1) and (f)-podocarpic acid (2) 
have been successfully synthesized in a limited number of 
specific and highly stereoselective steps. The  best method for 
the preparation of trans @-keto esters 10A,B is via Stork and  
co-workers' reductive carbomethoxylation procedure, al- 
though reduction of enone esters 14A,B provides a good, bu t  
less stereoselective, alternative pathway. Reductive elimi- 
nation-alkylation of vinyl ether esters l lA,B has been shown 
to be a very efficient and stereoselective method with general 
applicability for the construction of ring A of podocarpane 
type natural  products. 

Expe r imen ta l  Sec t ion  

General Procedure. Melting points were determined on a 
Fisher-Johns, a Thomas-Hoover, or a Buchi melting point apparatus. 
All melting points and boiling points are uncorrected. Evaporative 
distillation refers to bulb to bulb short-path distillation in which the 
bulb was heated in an Aldrich Kugelrohr apparatus.36 The tempera- 
tures cited for these distillations refer to the maximum temperature 
attained by the air chamber during the distillation. Microanalyses 
were preformed by Spang Microanalytical Laboratory, Ann Arbor, 
Mich. Analytical gas phase chromatography (GLC) was performed 
on a Varian Aerograph Model 1400, equipped with a flame ionization 
detector with helium as the carrier gas, using the following types of 
columns and flow rates: (a)  5-ft, stainless steel, 0.125-in. column, 
packed with 3% SE-30 on Varaport-30, 100/120 mesh (Varian); (b) 
6-ft, stainless steel, 0.125-in. column, packed with 5% OV-17 on 
Varaport-30,80/100 mesh (Varian); (c) 6-ft, stainless steel, 0.125-in. 
column, packed with 5% FFAP on Varaport-30, 80/100 mesh (Varian); 
flow rates of 15 mL/min at  ambient temperature for all columns. Silica 
gel PF 254 + 336 (E. Merck No. 7748) and silica gel 60 (E. Merck No. 
7734,70-230 mesh, available from Brinkmann Instruments) were used 
for thin layer and column chromatography, respectively. Infrared (IR) 
spectra were recorded on a Perkin-Elmer Model 700, or a Perkin- 
Elmer grating infrared spectrophotometer, Model 237B. Samples were 
taken as 10% solutions in spectroquality carbon tetrachloride or 
chloroform using balanced 0.1-mm sodium chloride cells or were taken 
as thin films between sodium chloride plates. Nuclear magnetic res- 
onance (NMR) spectra were measured on a Varian Associates Model 
T-60 spectrometer in the solvent indicated. Mass spectra (MS) were 
obtained on a Hitachi Perkin-Elmer Model RMU-6H single-focusing 
mass spectrometer. 

Finally, for all reactions performed under an atmosphere of dry 
nitrogen, the equipment was dried in an oven at  120 "C for several 
hours, then allowed to cool in an atmosphere of dry nitrogen using an 
apparatus designed by Johnson and S ~ h n e i d e r . ~ ~  All liquid transfers 
were made with nitrogen-filled syringes. The term "petroleum ether" 
refers to Raker "Analyzed Reagent", bp 30-60 "C. The general workup 

procedure was to extract the aqueous layer with ether (three times); 
the combined ethereal extracts were washed with water (three times) 
and saturated sodium chloride solution (once), and then dried 
(NazS04), filtered (through N a ~ S 0 4  or MgSOd), and concentrated 
in vacuo. 
2-Methyl-2-(4-isopropyl)phenyloxirane (4).1° rn-Chloroper- 

benzoic acid (m-CPBA, 40.2 g of 81.3% assay,3s 189.4 mmol, Aldrich), 
disodium hydrogen phosphate (NazHP04,30.7 g, 216.2 mmol), and 
anhydrous ether (300 mL, freshly distilled from lithium aluminum 
hydride) were placed in a 1-L three-necked round-bottomed flask, 
equipped with a mechanical stirrer, a thermometer, and a pressure- 
equalizing addition funnel. The stirred suspension was cooled in an 
ice bath and 4-isopropenylisopropylbenzenes (16.03 g, 100.0 mmol) 
dissolved in dry ether (100 mL) was added under nitrogen as a slow 
stream over a period of 30 min. The rate of addition was adjusted so 
that the temperature of the reaction did not rise above 5 "C. After 
stirring for 1 h the ice bath was removed and the mixture was further 
allowed to stir at room temperature with monitoring by GLC (column 
a). After stirring for 4 h a t  room temperature, the reaction was com- 
plete and the resulting white suspension was transferred to a separ- 
atory funnel using ether and enough water to dissolve all the solid 
material. The organic layer was separated and the aqueous layer was 
extracted with ether (three times). The combined ethereal extracts 
were washed with cold 5% sodium hydroxide solution (3 X 100 mL), 
then worked up in the usual way. Evaporative distillation (50 "C at  
0.2 mm) gave 15.88 g (90.1%) of pure oxirane 4: IR (film), 3060 (C-H, 
epoxy), 3030 (C-H, aromatic), 2980,2960, and 2890 (C-H, aliphatic), 
1895, 1795, and 1720 (1,4-disubstituted aromatic overtone), 1604, 
1510,1450, and 1418 (aromatic skeletal), 1455 (-CH3, bending), 1380 
and 1365 (isopropyl), 910,865,790, and 750 (epoxy ring), and 835 cm-1 
(C-H bending, aromatic); NMR (CC4) 6 1.25 (d, 6, J = 7 Hz, 
-CHMeZ), 1.56 (s, 3, -CH3), 2.38-3.12 (two overlapped m, 3, epoxy 
methylene and -CHMe*), and 6.96-7.29 ppm (m, 4, aromatic). 

Anal. Calcd for C12H160: C, 81.77; H, 9.15. Found: C, 81.71; H, 
9.26. 
2-(4-Is0propyl)phenylpropanal(5).~~ Boron trifluoride etherate 

(3.0 mL, 24.4 mmol, distilled from calcium hydride) was added at 0 
"C (ice bath) to a stirred solution of oxirane 4 (3.55 g, 20.1 mmol) 
dissolved in anhydrous ether (50 mL, freshly distilled from lithium 
aluminum hydride) under nitrogen. After stirring for 10 min, the ice 
bath was removed and the reaction mixture was allowed to stir for 30 
min at room temperature. The reaction mixture was then diluted with 
ether (100 mL), washed with saturated sodium bicarbonate solution 
(4 X 40 mL), then worked up in the usual way to give 3.55 g (100%) of 
aldehyde 5 as a colorless liquid. The crude product was used imme- 
diately for the next reaction without further purification. The ana- 
lytical sample was prepared by evaporative distillation (35 "C at 0.02 
mm) of a small sample: IR (CC4) 2960 and 2875 (C-H, aliphatic), 2800 
and 2700 (-CHO and overtone), 1725 (CO), 1506, 1455, and 1420 
(aromatic skeletal), 1380 and 1365 (isopropyl), 1280,1055,1015, and 
825 cm-l (C-H bending, aromatic); NMR (CC14) 6 1.25 (d, 6, J = 7 
Hz,-CHMe2), 1.40 (d, 3 , J  = 8 Hz, COCHCH3), 2.88 (m, 1, J = 7 Hz, 
-CHMe*), 3.52 (quartet of doublets, 1, CHsCHCHO), 6.90-7.30 (m, 
4, aromatic), and 9.60 ppm (d, 1, J = 2 Hz, -HCCHO). 

Anal. Calcd for C12H160: C, 81.77; H, 9.15. Found: C, 81.63; H, 
9.01. 
2-(4-Isopropyl)phenylpropanoic Acid (6).12 To a vigorously 

stirred solution of aldehyde 5 (30.0 g, 170.0 mmol) in reagent grade 
acetone (800 mL) at 5 "C (ice bath) was added Jones reagent (70 mL 
of 2.67 M solution, 187 mmol) at such a rate that the reaction tem- 
perature was maintained at 5 "C (over a period of 1 h). After stirring 
for 10 min, the ice bath was removed and the resulting orange mixture 
was further stirred for 30 min at room temperature. The excess oxi- 
dizing reagent was then quenched by dropwise addition of 2-propanol 
until the orange color disappeared in the upper layer of the two-phase 
mixture. The reaction mixture was diluted with ether (600 mL) and 
water (400 mL), then the organic layer was separated, and the aqueous 
layer was extracted with ether (4 X 150 mL). The combined organic 
extracts were washed with water (once), then extracted with saturated 
sodium bicarbonate solution (5 X 300 mL). The total basic extracts 
were acidified at  0 "C (ice bath) with stirring, with 10% hydrochloric 
acid solution. This acidified solution was then worked up in the usual 
way to afford 31.1 g (95.1%) of crystalline carboxylic acid 6. The an- 
alytical sample was prepared by recrystallization (three times) from 
methanol and water, followed by sublimation (40 "C at  0.02 mm): mp 
68-69 "C; IR (cc14) 3300-2500 (-C02H, dimeric), 1710 (CO), 1510, 
1460, and 1410 (aromatic skeletal), 1420 (-OH bending), 1290 (C-0), 
1230 (-COz-), and 925 cm-* (-OH bending, dimeric); NMR (CC14) 
6 1.26 (d, 6, J = 7 Hz, -CHMe2), 1.48 (d, 3, J = 8 Hz, -CH3), 2.86 (m, 
l,J = 7 Hz,-CHMe2),3.63 ( q , l , J  = 8 Hz,-CHCO~H),6.95-7.32 (m, 
4, aromatic), and 12.01 ppm (s, 1, -C02H). 
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Anal. Calcd for CIzH&: C, 74.97; H, 8.39. Found: C, 74.95; H, 
8.28. 

2- (4-Isopropyl) phe nylpropanoic Acid Chloride (7) .I3 Car - 
boxylic acid 6 (14.65 g, 76.3 mmol, dried over phosphorus pentoxide 
for 24 h at  room temperature under reduced pressure), thionyl chlo- 
ride (8.2 mL, 115.0 mmol), and a few boiling stones (silicon carbide) 
were introduced in a flask attached with an efficient condenser 
carrying a calcium chloride drying tube. The mixture was allowed to 
react for 24 h a t  room temperature followed by 30 min at  50 "C (bath 
temperature). The resulting yellowish-green liquid was then trans- 
ferred to a round-bottomed flask with anhydrous benzene (10 mL, 
freshly distilled from calcium hydride) and the excess thionyl chloride 
was removed azeotropically with benzene on a Buchi rotoevaporator. 
After about an equal volume of dry benzene (20 mL) was added to the 
concentrate, the azeotiropic distillation was repeated. Evaporative 
distillation (45 "C at  0.02 mm) of the crude product afforded 15.63 
g (97.3%) of pure acid chloride 7 as a colorless liquid: IR (Cc4)  3030 
(C-H, aromatic), 2960 and 2870 (C-H, aliphatic), 1785 and 1840 (CO), 
1510,1450, and 1420 (aromatic skeletal), 1375 and 1365 (isopropyl), 
920 (C-CO-Cl), and 710 cm-l (C-Cl); NMR (CC14) 6 1.28 (d, 6, J = 
7 Hz,-CHMe2),1.56 (d: 3 , J  = 7 Hz,COCHCH3),2.88 ( m , l , J  = 7 Hz, 
-CHMe2), 4.02 (q, 1, J = 8 Hz, -COCHCH3), and 7.23 ppm (s, 4, ar- 
omatic). 

Anal. Calcd for CIzH[150Cl: C, 68.41; H, 7.18. Found: C, 68.38; H, 
7.22. 

l-Methyl-6-isoprop:yl-2-tetralone (8A).l4 Anhydrous aluminum 
chloride (6.80 g, 51.0 mmol, J. T. Baker) and dry dichloromethane (500 
mL, freshly distilled from phosphorus pentoxide) were placed under 
nitrogen in a 1-L three-]necked flask equipped with a magnetic stirrer, 
a condenser, a gas inlet tube, and a pressure-equalizing dropping 
funnel. Acid chloride 7 (10.40 g, 49.4 mmol) dissolved in anhydrous 
dichloromethane (120 mL) was added to the stirred suspension at  -20 
f 2 "C (external, temperature dry ice/acetone) slowly over a period 
of 15 min. As soon as a homogeneous light green solution of acid 
chloride-aluminum chloride complex started to form (5 min after the 
addition of 7 started), a gentle stream of ethylene was bubbled into 
the vigorously stirred mixture a t  -20 f 2 "C (external temperature) 
over a period of 20 min. After stirring for 10 min the cooling bath was 
removed. The resulting brown solution was allowed to stir for 3 h at  
room temperature, them cooled in an ice bath and the red-brown re- 
action was carefully quenched with ice-water (150 mL). The resulting 
mixture was then stirred until all of the solid material was dissolved 
to give a colorless two-phase system (30 rnin). The organic phase was 
separated and the aqueous phase was extracted with dichloromethane 
(3 X 100 mL). The combined organic extracts were washed with 5% 
hydrochloric acid solutilon (once), water (once), and saturated sodium 
bicarbonate solution (twice), then worked up in the usual way to give 
a slightly yellow oil of crude ketone 8A. Evaporative distillation (55 
"C at 0.02 mm) of the crude product 9.44 g (94.5%) of pure ketone 8A 
as a colorless liquid. 2,4-Dinitrophenylhydrazone derivative, recrys- 
tallized (three times) from ethanol and water, mp 143-144 "C (lit.s 
142.5--144 "C). Semicarbazone, recrystallized (three times) from 
methanol: mp 166-16'7 "C (lit.8 166-166.5 "C); IR (CCl4) 3030 
(C-H, aromatic), 2960 and 2870 (C-H, aliphatic), 1890 and 1762 
(1,2,4-substituted aromatic overtone), 1715 (CO), 1495,1452, and 1425 
(aromatic skeletal), 1385 and 1360 (isopropyl), 1165, 1050, and 1015 
(1,2,4-substituted aromatic ring, bending), and 985,880, and 820 cm-I 
(C-H bending, aromatic); NMR (CC14) 6 1.28 (d, 6, J = 7 Hz, CHMez), 
1.42 (d, 3, J = 7 Hz, -lCOCHCH3), 2.3-3.1 (m, 5, ring methylenes, 
-CHMe2), 3.39 (q, 1, J = 7 Hz, benzylic methine), and 7.06 ppm 
(unresolved s, 3, aromatic); GLC analysis on column a (column tem- 
perature 150 "C, retention time 11.4 min) and column b (column 
temperature 180 "C, retention time 14.0 min) shows the product to 
be greater than 99.9% of a single substance. 
2,3,4,4a,9,10-Hexah:ydro-7-isopropyl-4a-methyl-2-oxophen- 

anthrene (SA)l5 To a stirred solution of ketone 8A (0.744 g, 3.67 
mmol) in absolute ethanol (2 mL) at  -30 "C (bath temperature, dry 
ice/acetone) under nitrogen atmosphere was added sodium ethoxide 
(6.8 mg, 0.1 mmol). After stirring for 10 rnin at -30 "C, the pale yellow 
solution was cooled to -65 "C (bath temperature, dry ice/acetone) 
and methyl vinyl ketone (0.40 mL, 4.93 mmol, freshly distilled, bp 81 
"C) was added dropwis)e to it. After the temperature of the cooling 
bath was allowed slowly to rise to 0 "C (30 min), the reaction mixture 
was stirred for 1.5 h a t  0 "C (ice bath), then for 24 h at room temper- 
ature, followed by 3 h at, reflux. After the red-brown reaction mixture 
was cooled to room temperature, it was poured into a separatory 
funnel containing water (29 mL), ether (20 mL), and 5% hydrochloric 
acid solution (5 mL). The organic layer was separated and the aqueous 
layer was extracted with ether (3 X 20 mL). The combined ethereal 
extracts were washed with saturated sodium bicarbonate solution (1 
X 20 mL), then worked up in the usual way to give 1.102 g (118%) of 

a red oil. Chromatography on silica gel (100 g, 70-230 mesh, E. Merck) 
in a 1.5-cm diameter column using a 20:80 mixture of ether and pe- 
troleum ether to elute 50-mL sized fractions gave 0.70 g (75.0%) of 
pure enone SA in fractions 24-31. The analytical sample was prepared 
by evaporative distillation (72 "C at  0.02 mm) of a small sample of 
chromatographed product: IR (CC14) 3050 (=CH), 3030 (C-H, aro- 
matic), 2960,2930, and 2870 (C-H, aliphatic), 1675 (CO), 1625 (C=C), 
1495,1450, and 1410 (aromatic skeletal), and 950,880, and 820 cm-' 
(C-H bending aromatic); NMR (CC4) 6 1.22 (d, 6, J = 7 Hz, 
-CHMeZ), 1.55 (s, 3, -CH3), 1.82-3.03 (m, 9, methylenes), 5.75 (s, 1, 
-C=CH), and 6.80-7.22 ppm (m, 3, aromatic); GLC analysis on col- 
umn a (column temperature 200 "C, retention time 15.6 min) and 
column b (column temperature 240 "C, retention time 12.8 min) in- 
dicates the product to be greater than 99.5% of a single product. Anal. 
Calcd for ClsH220: C, 84.99; H, 8.72. Found: C, 84.90; H, 8.61. 

Methyl 1,2,3,4,4a,9,10,10aar-Octahydro-7-isopropyl-4a~- 
methyl-2-oxo-la-phenanthrenecarboxylate ( 10A).16 Anhydrous 
liquid ammonia (100 mL, distilled through two potassium hydroxide 
towers) was collected in a 250-mL, three-necked, round-bottomed 
flask equipped with a magnetic stirrer and a dry ice condenser 
carrying a soda-lime drying tube. Lithium wire (5 cm, 29.0 mg-atom) 
was cut, washed in hexane to remove mineral oil, quickly dried with 
Kimwipe, and then added to the vigorously stirred ammonia in four 
small pieces. After the resulting dark blue mixture was stirred at reflux 
(-33 "C) for 10 min, a solution of enone 9A (2.460 g, 9.67 mmol) dis- 
solved in anhydrous ether (40 + 10 + 10 mL, freshly distilled from 
lithium aluminum hydride) was added rapidly (5 min) to it (after the 
addition, the reaction mixture remained blue). As soon as the addition 
was complete, dry ice and acetone in the condenser were replaced with 
ice-water and the remaining ammonia was evaporated in a warm 
water bath as quickly as possible (15 rnin). After the soda-lime drying 
tube was replaced by two Drierite towers, 40 mL of dry ether was 
added and the resulting suspension was heated (hot water bath) at 
reflux for 15 min to drive off any residual ammonia. The reaction 
contents were then cooled to -78 "C (dry ice/acetone) and excess 
anhydrous, powdered dry ice (ca. 2.5 g, doubly sublimed and con- 
densed with liquid nitrogen) was added to the white slurry. The 
cooling bath was then removed and the resulting slurry was allowed 
to stir for 30 rnin at  room temperature, followed by quenching at -78 
"C with a large excess of powdered dry ice (50 g) and cold water (50 
mL). After the cooling bath was removed and the slightly yellow re- 
action mixture thawed, it was transferred, with a small amount of cold 
water, to a precooled separatory funnel. The ether layer was then 
separated and set aside; it was subsequently washed with saturated 
sodium chloride solution, then dried (NaZS04) and concentrated in 
vacuo to give 0.758 g (30.6%) of a red oil, which was found largely to 
be the trans reduction product of enone SA. Very cold ether (200 mL) 
was then added to the aqueous layer and the resulting two-phase 
system was carefully acidified (pH -2) at 0 "C with stirring by 
dropwise addition of cold 10% hydrochloric acid solution. The aqueous 
layer turned cloudy and then became clear as the freed carboxylic acid 
dissolved in the ether layer. After the layers were separated, the 
aqueous layer was extracted with very cold ether (4 X 50 mL). The 
very cold ethereal extracts were combined and washed with cold 
saturated sodium chloride solution (2 X 200 mL), then allowed to filter 
(glass wool) into a stirred excess ethereal diazomethane solution at 
0 "C (ice bath). After the mixture was stirred for 30 min at room 
temperature, the excess diazomethane was titrated with glacial acetic 
acid until only faintly yellow diazomethane color remained. The re- 
sulting solution was then dried (Na2S04), filtered (MgS04). and 
concentrated in vacuo to give 1.982 g (65.2%) of a slightly yellow, 
crystalline keto ester 10A. Trituration of the crude product in ether 
gave 1.940 g (63.7%) of pure keto ester 10A: mp 106.5-107 "C; IR 
(CHC13) 3030 (C-H, aromatic), 2955 and 2870 (C-H, aliphatic), 1740 
(CO, ester), 1710 (CO), 1495,1455, and 1428 (aromatic skeletal), 1380 
and 1355 (isopropyl), 1270 and 1150 (C-0-C). and 820 cm-I (C-H 
bending, aromatic); NMR (CDC13) 6 1.22 (d, 6, J = 7 Hz, CHMe2), 1.35 
(s, 3, -CH3), 1.5-3.1 (m, 10, methylenes and methine), 3.40 (d, 1, J = 
12  Hz,-COCHCO-),3.80 (s,3, COOCH3),and 6.90-7.33 ppm (m, 3, 
aromatic); GLC analysis on column a (column temperatures 222 "C, 
retention time 9.84 min) and column b (column temperature 225 "C, 
retention time 9.13 min) shows $-keto ester 1OA to be a single prod- 
uct. 

Anal. Calcd for C&2603: C, 76.40; H, 8.33. Found: C, 76.27; H, 
8.30. 

Methyl 1,2,3,4,4a,9,10,10aa-Octahydro-6-methoxy-4a~- 
methyl-2-oxo-la-phenanthrenecarboxylate ( 10B).16 To a stirred 
solution of lithium (0.047 g, 6.77 mg-atoms) in anhydrous liquid am- 
monia (50 mL) was added rapidly enone SB (0.482 g, 1.99 mmol, dried 
over phosphorus pentoxide under reduced pressure) dissolved in 
anhydrous ether (10 + 2 + 2 mL, freshly distilled from lithium alu- 
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minum hydride). Then the ammonia was quickly evaporated with a 
hot water bath (5 min). The soda-lime drying tube of the dry ice 
condenser was replaced by a Drierite tower and 10 mL of dry ether 
was then added to the reaction mixture, followed by refluxing for 15 
min to drive off any residual ammonia. The reaction was then cooled 
to -78 "C (dry ice/acetone) and excess anhydrous dry ice powder (ca. 
2 g, sublimed through two Drierite towers, condensed by liquid ni- 
trogen, resublimed, and recondensed) was added. After the cooling 
bath was removed, the reaction mixture was stirred for 30 rnin at  room 
temperature followed by 30 min in a water bath at room temperature. 
Then, the reaction was cooled to -78 "C and excess powdered dry ice 
(10 g) was added followed by 10 mL of water. When the solid reaction 
mixture melted, it was transferred, with cold water (three times) and 
ether (three times), to a separatory funnel containing ice-water. The 
ether layer was separated and set aside; subsequent evaporation of 
the solvent gave 0.210 g (43%) of a yellow solid, the major component 
of which was identified to be the trans reduction product of enone 9B. 
After 25 mL of ether was added, the aqueous layer was acidified with 
hydrochloric acid solution (1:l mixture of concentrated HC1 and ice). 
The layers were separated and the aqueous layer was extracted with 
cold ether (2 X 50 mL). The combined cold ethereal extracts were 
washed with cold saturated soidum chloride solution (2 X 25 mL) and 
then allowed to filter (glass wool plug) into excess ethereal diazo- 
methane solution at  0 "C (ice bath). After the mixture was stirred for 
30 min at  0 "C and 30 min at  room temperature, the excess diazo- 
methane was titrated with glacial acetic acid. The resulting solution 
was then dried (Na2S04), filtered (MgS04), and concentrated in vacuo 
to give 0.332 g (55.2%) of crude keto ester 10B. Chromatography of 
the crude product on silica gel (75 g, 75-325 mesh, E. Merck) using 
a 50:50 mixture of ether and petroleum ether to elute 35-mL fractions, 
gave 0.238 g (39.6%) of pure keto ester 10B in fractions 8-12. The 
analytical sample was prepared by recrystallization (three times) from 
ether and chloroform: colorless, cubic crystals, mp 146-147 "C; IR 
(CHC13) 2945 and 2835 (C-H), 1740 (CO, ester), 1710 (CO), 1605,1500, 
and 1430 (aromatic skeletal), 1290 and 1145 (C-0-C), and 1045 cm-I 
(Ph-0-C); NMR (CDC13) tS 1.35 (s, 3, -CH3), 1.4-3.0 (m, 9, methylenes 
and methine), 3.40 (d, 1, J = 12 Hz, -COCHCO-), 3.78 (s, 6, PhOCH3 
and -COOCH3), and 6.6-'7.2 ppm (m, 3, aromatic). 

Anal. Calcd for CI~H22104: C, 71.50; H, 7.33. Found: C, 71.38; H, 
7.26. 

Methyl 3,4,4a,9,10,10aa-Hexahydro-7-isopropyl-2-(methox- 
ymethoxy)-4a~-methyl-l-phenanthrenecarboxylate (1 lA).19,20 
Sodium hydride (0.0994 g of 50% dispersion in mineral oil, 4.14 mmol, 
Ventrol) was worked up with anhydrous ether (2 X 3 mL, freshly 
distilled from lithium aluminum hydride) under dry nitrogen. The 
residual ether was thoroughly evaporated with warming (infrared heat 
lamp) and nitrogen purging. Keto ester 10A (1.0832 g, 3.44 mmol) 
dissolved in anhydrous hexamethylphosphoric triamide (HMPA, 25 + 10 + 5 mL, freshly distilled from calcium hydride and collected over 
molecuiear sieves 13X) wai slowly added to the sodium hydride. After 
stirring for 3 h at  room temperature, the pink-brown mixture was 
cooled to 0 "C (ice bath) and chloromethyl methyl ether (9.32 mL, 4.2 
mmol) was added. The cooling bath was then removed and the reac- 
tion mixture was allowed to stir for 2 h at  room temperature. The 
resulting white slurry was poured into ice-water (200 mL) and satu- 
rated sodium bicarbonate solution (100 mL), and worked up in the 
usual way to give 1.4062 g (113.7%) of a light green oil. The crude oil 
was chromatographed on silica gel (100 g, 70-230 mesh, E. Merck) in 
a 1.5-cm diameter column )using 2080 mixture of ether and petroleum 
to elute 25-mL fractions. Fractions 19-26 gave 1.194 g (96.4%) of pure 
vinyl ether ester 11A as a colorless liquid. The analytical sample was 
prepared by evaporative tiistillation (102 "C at  0.02 mm) of small 
sample: IR (cc14) 2960 and 2900 (C-H, aliphatic), 1725 (CO, ester), 
1670 (C=C), 1498,1460, and 1428 (aromatic, skeletal), 1375 and 1365 
(isopropyl), 1290 and 1150 (CO-C), 1250 (=C-0-C), 1190,1165,1070, 
and 1038 (-C-0-C-0-C-), and 985,880, and 820 cm-I (C-H bending 
aromatic); NMR (cC14) 6 1.10 (s, 3, -CH3), 1.26 (d, 6, J = 7 Hz, 
-CHMe2), 1.4-2.6 (m, 9, methylenes and methine), 2.86 (q, 1, J = 7 
Hz,-CHMe2),3.45 (~,3,-OCH2CH3),3.75 (s,3,-COOCH3),4.85 (AB, 
2, J = 7 and 4 Hz, -OCH&), and 6.85-7.10 ppm (m, 3, aromatic). 

Anal. Calcd for C22H3004: C, 73.71; H, 8.44. Found: C, 73.69; H, 
8.50. 

Methyl 3,4,4a,9,10,10a~a-Hexahydro-6-methoxy-2-(methoxy- 
methoxy)-4a/3-methyl-I~~phenanthrenecarboxylate (llB).19.20 
Sodium hydride (0.573 g of 57% dispersion in oil, 13.6 mmol, Ventron) 
was washed with anhydrous ether (3 X 5 mL, freshly distilled from 
lithium aluminum hydride) under dry nitrogen atomosphere. After 
the ether was removed as above, anhydrous hexamethylphosphoric 
triamide (HMPA, 10 mL, freshly distilled from calcium hydride and 
stored over molecular sievies 13x1 was added, followed by keto ester 
10B (3.024 g, 10.0 mmol) dissolved in dry HMPA (20 + 5 + 5 mL). 

After stirring for 3 h at  room temperature, the resulting brown reac- 
tion mixture was quenched with chloromethyl methyl ether (2.0 mL, 
26.3 mmol) and the mixture was allowed to stir for an additional 2 h 
at  room temperature. The resulting yellow mixture was then poured 
into a separatory funnel containing ice-water (100 mL), saturated 
sodium bicarbonate solution (50 mL), and ether (50 mL). After the 
layers were separated, the aqueous layer was extracted with ether (5 
X 40 mL). The combined ethereal extracts were washed with water 
(5 X 100 mL) and saturated sodium bicarbonate solution (2 X 100 
mL), then dried (Na2S04), filtered (MgS04), and concentrated in 
vacuo to give 3.60 g (104%) of yellow oil. The crude product was re- 
crystallized from ether and hexane to give 3.140 g (90.6%) of pure 
crystalline IlB, mp 87-88 "C. An analytical sample was prepared by 
recrystallization from ether: mp 88-89 "C; IR (CC14) 2960 and 2870 
(C-H, alipahtic), 2850 (PhOCH3), 1720 (CO, ester), 1670 (C=C), 1604, 
1500,1450, and 1425 (aromatic skeletal), 1360,1290 (C-0-C), 1250 
(=C-0-C), 1195, 1170, 1070, and 1040 (-C-0-C-0-C-), and 985 
cm-l (C-H bending, aromatic); NMR (CC4) 6 1.09 (s, 3, -CH3), 
1.4-3.0 (m, 9, methylenes and methine), 3.40 (s,3, -OCH20CH3), 3.66 

-OCH20-), and 6.6-7.2 ppm (m, 3, aromatic). 
Anal. Calcd for C20H2606: C, 69.34; H, 7.57. Found: C, 69.30; H, 

7.53. 
Methyl 1,2,3,4,4a,9,10,10aa-Octahydro-7-isopropyl-4a~- 

methyl-la-methyl-lg-phenanthrenecarboxylate (Methyl Cal- 
litrisate) (12A). Lithium wire (3.4 cm, 19.6 mg-atoms) was cut, then 
added to anhydrous liquid ammonia (100 mL, distilled through two 
potassium hydroxide towers, then from sodium metal). After the dark 
blue mixture was refluxed (-33 "C) for 20 rnin with stirring, was 
added to it vinyl ether ester 11A (1.005 g, 2.80 mmol) dissolved in 
anhydrous 1,2-dimethoxyethane (DME, 30 + 15 + 15 mL, freshly 
distilled from lithium aluminum hydride and collected over activated 
molecular sieves 3A), followed by stirring at reflux (-33 "C) for 10 
min. The blue reaction mixture was then rapidly quenched with excess 
methyl iodide (2  mL, 32.2 mmol) and the resulting white slurry was 
allowed to stir at  reflux (-33 "C) for 1 h. The reaction flask was 
warmed (hot water bath) with stirring for 1 h, allowing ammonia to 
evaporate. After the mixture was cooled to room temperature, it was 
poured into ice-water (100 mL) and acidified to pH -2 with 1Ooh 
hydrochloric acid solution. After the layers were separated, the 
aqueous layer was extracted with ether (5 X 50 mL). The combined 
ethereal extracts were washed with saturated sodium sulfite solution 
(3 X 100 mL), then worked up in the usual way to give 0.926 g (105%) 
of a light yellow oil. The crude product was chromatographed on silica 
gel (100 g, 70-230 mesh, E. Merck) in a column of 1.5 cm diameter 
using a 5:95 mixture of ether and petroleum to elute 25-mL size 
fractions. Fractions 24-31 gave 0.655 g (74.4%) of pure crystalline 
(&)-methyl callitrisite (12A), mp 94-95 "C. Recrystallization (three 
times) of a small sample from ether gave analytically pure ester 12A 
as elongated prisms: mp 94-94.5 ".C (lit. 91-92,3a 98-99 oC3b); IR 
(cC14) 3030 (C-H, aromatic), 2960,2875, and 2850 (CH, aliphatic), 
1728 (CO, ester), 1610,1495,1455, and 1415 (aromatic skeletal), 1378 
and 1360 (isopropyl), 1265 and 1150 (C-0-C), 985,880, and 820 (C-H 
bending, aromatic), and 1180, 1230, and 1130 cm-1; NMR (CC14) 6 
0.95 (s, 3, Cia CHs), 1.20 (d, 6 , J  = 7 Hz,-CHMez), 1.24 (s, 3, C1 CHB), 
1.42-2.95 (m, 11, methylenes and methines), 3.58 (s, 3, -OCH3), 6.75 
(s, 1, Cs H, aromatic), and 6.98 (AB, 2, CbH and CS H, aromatic). 

Synthetic (&)-methyl callitrisate was found to have identical 
physicochemical properties with the authentic sample;*1 IR and NMR 
spectra of both samples were superimposable; both samples had 
identical Rf values on TLC and retention time on GLC both in sepa- 
rate and coinjected samples using columns a and b. GLC data on 
separate and coinjected samples of (%)-methyl callitrisate are listed 
below. 

Column Column temp, "C Retention time, min 

(s, 3, -COOCH3), 3.70 (s, 3, PhOCH3), 4.80 (AB, 2, J = 6 Hz, 

a 220 10.31 
b 240 13.00 

Anal. Calcd for C21H3002: C, 80.21; H, 9.62. Found: C, 80.30; 
H, 9.61. 

Methyl  1,2,3,4,4a,9,10,10acr-Octahydro-6-methoxy-4aj3- 
methyl-la-methyl-16-phenanthrenecarboxylate (Methyl  
0-Methyl  Podocarpate) (12B). T o  a stirred solution of lithium 
(0.122 g, 17.6 mg-atoms) in anhydrous liquid ammonia (100 mL) 
was added vinyl ether ester 11B (1.005 g, 2.90 mmol) dissolved 
in anhydrous 1,2-dimethoxyethane (DME, 20 + 5 + 5 mL, dis- 
tilled from lithium aluminum hydride and stored over molecular 
sieves 3A). After the blue reaction mixture was stirred a t  reflux 
(-33 "C) for 10 minutes, it was rapidly quenched with methyl 
iodide (1.0 mL, 16.1 mmol). The  resulting slightly yellow slurry 
was allowed to  stir a t  reflux (-33 "C) for 1 h, then the ammonia 
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was removed by distillation in a hot water bath for over a period 
of 1 h. The reaction mixture was then poured into ice-water (50 
mL) and acidified (pH -2) with 10% hydrochloric acid solution, 
and the aqueous mixture was extracted with ether ( 5  X 50 mL). 
The combined ethereal extracts were washed with 10% sodium 
sulfite solution (50 mL), water (4 X 50 mL), and saturated sodium 
chloride solution (50 ml), then worked up in the usual way to give 
0.863 g (98.4%) of crude product. Recrystallization of crude 
product from chloroform and hexane afforded 0.699 g (79.7%) of 
pure crystalline (f)-methyl 0-methyl podocarpate (12B), mp 
129-134 "C. The analytical sample (mp 136-137 "C, lit. 128-129,6b 
128-130 "C6c) was prepared by column chromatography on silica 
gel followed by recrystallization (twice) from chloroform and 
hexane: IR (CHC13) 3030 (C-H, aromatic), 2985 and 2860 (C-H, 
aliphatic), 1720 (CO, ester), 1610,1578,1500, and 1455 (aromatic 
skeletal), 1465 and 1380 (CH2, bending), 1250 and 1050 (C-0-C), 
and 980,880,810 cm-1 (C-H, bending, aromatic); NMR (CDC13) 
d 1.05 (s, 3, C&H3), 1.28 (s, 3, C1 CH3), 1.35-2.90 (m, 11, meth- 
ylenes and methine), 3 66 (s, 3, -COOCH3), 3.76 (s, 3, PhOCH3), 
and 6.7-7.3 ppm (m, 3, aromatic). 

Synthetic (&)-methyl 0-methyl podocarpate was identical with 
an authentic sample24 prepared for (+)-podocarpic acid with 
respect to IR, NMR, TILC, and GLC. GLC data both on separate 
and coinjected samples using columns a, b, and c are listed 
below. 

Column Column temp, "C Retention time, min 
a 220 13.1 
b 250 13.8 
C 240 24.9 

Anal. Calcd for C19H2603: C, 75.46; H, 8.67. Found: C, 75.33; 
H, 8.59. 

1,2,3,4,4a,9,10,10a~-Octahydro-7-isopropyl-4a~-methyl- 
la-methyl-lg-phenanthrenecarboxylic Acid (Callitrisic 
Acid o r  4-epi-Dehydroabietic Acid) ( l )?  A mixture of methyl 
callitrisate (12A, 0.080 E:, 0.25 mmol) and potassium tert- butoxide 
(0.100 g, 0.89 mmol) in anhydrous dimethyl sulfoxide (Me2S0, 
6 mL, freshly distilled from calcium hydride and stored over ac- 
tivated molecular sieves 4A) was stirred at  100 "C (bath tem- 
perature) for 6 h. After the reaction mixture was cooled to  room 
temperature, it was poured into ice-water (20 mL). The aqueous 
mixture was then extracted with ethyl acetate (2 X 10 mL) to 
remove neutral impurities, followed by acidification at  0 "C, with 
stirring, with 1096 hydrochloric acid solution. The freed carboxylic 
acid was extracted with ethyl acetate ( 5  X 10 mL). The combined 
ethyl acetate extracts were worked up in the usual way to give 
0.078 g (101.4%) of lighi: yellow crystals. The crude product was 
chromatographed on silica gel (16 g, 70230 mesh, E. Merck) in a 
1-cm diameter column using a 20:80 mixture of ether and petro- 
leum ether to elute 5-mI, fractions. Fractions 15-20 yielded 0.0745 
g (97.5%) of pure (f)-callitrisic acid (1). Recrystallization from 
ethyl acetate gave (f)-callitrisic acid (1) as colorless prisms: mp 
200-201 "C (lit. 202-203,3a 202 0C3b); IR (CHC13, saturated so- 
lution) 3300-2500 (OH, dimeric carboxylic acid), 2960 and 2875 
(C-H, aliphatic), 1725 (shoulder) and 1695 (CO, acid), 1609,1495, 
1470, and 1410 (aromatic skeletal), 1455 (-CH2, bending), 1378 
and 1365 (isopropyl), 1265 (C-O), and 987, 885, and 825 cm-1 
(C-H, bending, aromatic); NMR (CDC13, saturated solution) 6 
1.09 (s, 3, Cla CH3), 1.2;! (d, 6, J = 7 Hz, -CHMe2), 1.35 (s, 3, C1 
CH3), 1.4-3.0 (m, 12, methylenes and methine), 6.90 (s, 1, CS H,  
aromatic), 7.10 ppm (A13,2, Cg H and c6 H,  aromatic), and 11.0 
ppm (bs, 1, -C02H). 

methyl-2-oxo-1-phenanthrenecarboxylate ( 1 4 A p  Isopropyl 
ketone 8A (3.480 g, 17.2 mmol), methyl 5-methoxy-3-oxopenta- 
noateZ7 (4.135 g, 25.8 mmol), toluene (80 mL), and p-toluene- 
sulfonic acid (0.150 g) were placed, under nitrogen, in a 100-mL 
two-necked flask fitted with a Dean-Stark water separator. After 
refluxing for 8 h, the resulting red-brown mixture was diluted with 
ether (100 mL), then poured into water (100 mL) and saturated 
sodium bicarbonate solution (100 mL). After the layers were 
separated, the aqueous layer was extracted with ether (three 
times). The combined ethereal extracts were washed with satu- 
rated sodium bicarbonate solution (once), then worked up in the 
usual way to give 6.507 g of a red oil. The IR and NMR spectra of 
this crude product showed that it was a mixture of enone ester 
14A and keto ester alcohol 13A in about 3:2 ratio. This crude 

Methyl  2,3,4,4a,9,lO-Hexahydr0-7-isopropyl-4ag- 

product dissolved in toluene (80 mL) was refluxed with a catalytic 
amount of trifluoromethanesulfonic acid (2 drops) for 1 h under 
nitrogen atomosphere. The water formed during the reaction was 
removed by a Dean-Stark water separator. The resulting dark red 
reaction mixture, after a similar workup as described above, gave 
5.440 g of crude enone ester 14A. The crude product was chro- 
matographed on silica gel (544 g, 70-230 mesh, E. Merck) in a 
3-cm diameter column using a mixture of 25:75 ether and petro- 
leum to elute 250-mL fractions. Fractions 35-45 gave 3.6709 g 
(68.3%) of pure crystalline enone ester 14A. The analytical sample 
was prepared by recrystallization (four times) from ether: mp 
139.5-140 "C; IR (CHCl3) 3030 (C-H, aromatic), 2985,2950, and 
2840 (C-H, aliphatic), 1725 (CO, ester), 1665 (CO), 1623 (C=C), 
1495,1450, and 1430 (aromatic skeletal), and 1245 and 1030 cm-l 
(C-0-C); NMR (CDCl3) 6 1.26 (d, 6, J = 7 Hz, -CHMeZ), 1.63 (s, 
3, -CH3), 2.0-3.1 (m, 9, methylenes and methine), 3.86 (s, 3, 
-OCH3), and 6.8-7.3 ppm (m, 3, aromatic); MS mle 312 (P+), 297, 
280,265,252,238, and 223. 

Anal, Calcd for C20H2403: C, 76.80; H, 7.74. Found: C, 76.82; 
H,  7.73. 

Methyl 2,3,4,4a,9,10-Hexahydro-6-methoxy-4a~-methyl- 
2-oxo-1-phenanthrenecarboxylate ( 14B).28 A mixture of ke- 
tone 8B (2.44 g, 12.8 mmol), methyl 5-methoxy-2-oxopentanoate~~ 
(2.097 g, 13.09 mmol), and p-toluenesulfonic acid (0.10 g) in an- 
hydrous benzene (50 mL, freshly distilled from calcium hydride) 
was refluxed, with a Dean-Stark water separator, for 72 h under 
nitrogen. The resulting greenish-brown mixture was diluted with 
ether (100 mL), then poured into saturated sodium bicarbonate 
solution (200 mL). After the layers were separated, the aqueous 
layer was extracted with ether (3 X 100 mL). The combined or- 
ganic extracts were then washed with saturated sodium bicar- 
bonate solution (once), then worked up in the usual way to give 
a greenish-yellow oil. This crude product dissolved in toluene (40 
mL) was allowed to reflux for 1 h in the presence of a catalytic 
amount of trifluoromethanesulfonic acid (2 drops). The water 
formed from the reaction was removed by a water separator. The 
resulting dark red reaction mixture, after a similar workup as 
described above, afforded 3.925 g of crude enone ester 14B as a 
red oil. The crude product was chromatographed on silica gel (600 
g, 70-230 mesh, E. Merck) in a 4-cm diameter column. The col- 
umn was eluted with 8 L of 25:75,6 L of 30:70,5 L of 35:65, and 
5 L of 40:60 ether and petroleum ether solutions, respectively, 
taking 250-mL fractions. Fractions 59-75 yielded 2.786 g (72.3%) 
of pure enone ester 14B as yellow crystals. A small sample was 
recrystallized from ether (four times) to give analytically pure 
14B: mp 980 "C; IR (CHC13) 3030 (C-H, aromatic), 2990 and 2935 
(C-H, aliphatic), 1728 (CO, ester), 1665 (CO), 1620 (C=C), 1610, 
1575, 1500, 1450, and 1430 (aromatic skeletal), and 1290, 1245, 
and 1040 cm-l (C-0-C); NMR (CDCl3) 6 1.62 (s, 3, -CH3), 
1.95-3.05 (m, 9, methylenes and methine), 3.80 (s, 3, PhOCH3), 
3.86 (s, 3, -COOCH3), and 7.33-6.66 (m, 3, aromatic); MS mle 300 
(P+), 268,253,240,225,198,197,83,74, and 31. 

Anal. Calcd for Cl~H2004: C, 71.98; H ,  6.71. Found: C, 71.97; 
H,  6.63. 

Catalytic Hydrogenation of Isopropyl Enone  Es te r  
( 14A)?9930 Catalytic hydrogenation was performed on a Slop- 
ing-Manifold hydrogenator,*g at  room temperature and essen- 
tially under atmospheric pressure of hydrogen. Enone ester 14A 
(0.0814 g, 0.26 mmol) was added to a magnetically stirred sus- 
pension of 5% palladium on barium sulfate (0.0273 g, MCB) in 4 
mL of absolute ethanol. After 30 min, the theoretical amount of 
hydrogen had been consumed and with an additional 20 min, 
there was no more change in hydrogen uptake. The reaction 
mixture was then filtered through Celite on a sintered glass filter 
and the solvent was removed in vacuo to give 0.0957 g of a light 
yellow oil. The crude product on TLC (microscope glass coated 
with silica gel, eluted by a mixture of 40:60 ether and petroleum 
ether) showed two spots of R f  values 0.44 and 0.91. On the other 
hand, GLC analysis of the crude product on column a (column 
temperature 210 "C) showed essentially three peaks of retention 
times 6.6,8.1, and 12.0 min in a ratio of 30.0:63.2:6.8, respective- 
ly. 

The crude product was chromatographed on silica gel (11 g, 70-230 
mesh, E. Merck) in a 1-cm diameter column. The column was eluted 
with a mixture of 20:80 ether and petroleum ether taking 5-mL sized 
fraction per every 15 min. Fractions 4-9 gave 0.02412 g (31.4% of total 
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yield) of A/B cis-fused keto ester 15.4 as a colorless liquid and fractions 
15-21 gave 0.05272 g (68.6%) of crystalline G/B trans-fused keto ester 
10A (mp 105-107 "C) in 94% total yield. 

Keto ester 10A prepared by catalytic hydrogenation was found to 
have identical properties on TLC and GLC, and superimposable 
NMR and IR spectra with the one prepared via the reductive carbo- 
methoxylation procedure. 

On the other hand, in GLC analysis using column a (column tem- 
perature 210 "C), cis-fused keto ester 15A, homogeneous on TLC, 
showed two peaks of retention times 6.0 and 12.6 min in a ratio of 
81:10, respectively. Evaporative distillation (140 "C at  0.5 mm) pro- 
vided analytically pure keto ester 15A: IR (CHC13) 3030 (C-H, aro- 
matic), 3000, 2960, and 2875 (C-H, aliphatic), 1745, 1715 (small 
shoulder, CO, ester and ketone), 1650 (CO, conjugated ester), 1618 
(C=C), 1496,1455,1445, and 1420 (aromatic skeletal), 1380 and 1360 
(isopropyl), 1285 and 1240 (C-0-C), 1190 (=C-0),1055,1010, and 
825 cm-l (C-H bending, aromatic); NMR (CDC13) 6 1.25 (distorted 
d, 9, -CHMeZ and -CH3), 1.5-3.1 (m, 10, methylenes and methine), 
3.80-3.84 (fused s, 3, -OCHz), 6.85-7.45 (m, 3, aromatic), and 12.40 
ppm (s,0.7,=COH). 

Anal. Calcd for C2clH:1603: C,  76.40; H, 8.33. Found: C, 76.46; H, 
8.35. 

Catalytic Hydrogenation of Methoxy Enone Ester 14B.29*30 A 
solution of enone ester 14B (9.3778 g, 1.26 mmol) in dry ethanol (10 
mL) was hydrogenated :in the presence of 5% palladium on barium 
sulfate (0.1265 g, MCB). .4fter stirring for 2 h, 1 equiv of hydrogen was 
consumed and the reaction mixture was further stirred for 1 h without 
additional hydrogen upta.ke. After filtration followed by concentration 
of the filtrate in vacuo, 0.:3785 g of a viscous liquid was obtained, which 
was crystallized on standing. The crude product on TLC (microscope 
glass coated with silica ,gel, eluted with 30:70 ether and petroleum 
ether solution) showed two spots of Rf values 0.18 and 0.63, respec- 
tively. GLC analysis of the crude product on column a showed (column 
temperature 220 "C) three peaks of retention times 5.02,6.0, and 8.63 
rnin in a ratio of 17.8:69.5:12.7, respectively. 

chromatographed on silica gel (38 g, 70-230 
mesh, E. Merck) using a 1.5-cm diameter column eluting with a so- 
lution of 3070 ether and ]petroleum ether, taking 15-mL size fractions. 
Fractions 4-7 gave 0.0989 g (26.5% of total yield) of crystalline cis- 
fused keto ester 15B (mp 120-120.5 "C) and fractions 16-20 afforded 
0.2750 g (73.5%) of crystalline trans-fused keto ester 1OB (mp 144- 
145.5 "C) in 98% total yield. 

The trans-fused keto ester 10B produced by catalytic hydrogena- 
tion was found to have !superimposable IR and NMR spectra with 
those of the one synthesized via the reductive carbomethoxylation 
procedure. TLC and GLC analysis of the two samples revealed that 
they were identical. On tlne other hand, A B  cis-fused keto ester 15B, 
homogeneous on TLC, in GLC analysis using column a (column 
temperature 220 "C) produced two peaks of retention times 5.02 and 
8.63 min in a ratio of 80:20, respectively. An analytical sample of keto 
ester 15B was prepared by recrystallization (three times) from ether: 
mp 120-120.5 "C; IR (CQ) 3030 (C-H, aromatic), 3000, 2950, and 
2925 (C-H, aliphatic), 2850 (PhOCHz), 1745-1725 (CO, ester and 
ketone), 1654 (CO, ester, enolic), 1610 (C=C), 1500,1445, and 1425 
(aromatic skeletal). 1280 (=C-0), and 1230 and 1045 cm-l (C-0-C); 
NMR (CDC13) 6 1.32 (s, 3, -CH3), 1.5-2.9 (m, 9, methylenes and 
methine), 3.73 (s, 3 PhOCHs), 3.79 (s, 3, -COOCH3) 6.46-6.98 (m, 3, 
aromatic), and 12.26 pprn (s, 0.75, =COH). 

Anal. Calcd for C18H2204: C, 71.50; H, 7.33. Found: C, 71.57; H, 
7.32. 
. Dissolving Metal Reductions of Isopropyl Enone Ester 

14A.3',32 To a stirred solution of lithium (4 mg, 0.58 mg/atom) in an- 
hydrous liquid ammonia (10 mL) was added enone ester 14A (0.040 
g, 0.128 mmol) dissolved in a mixture of anhydrous tetrahydrofuran 
(THF) and dry ter t -  butyl alcohol (3.0 mL, 0.16 mmol); the solution 
was made by mixing 19.6 mL of THF (freshly distilled from lithium 
aluminum hydride) to 0.2 mL of tert-butyl alcohol (freshly distilled 
from calcium hydride). After addition of enone 14A, the blue color 
persisted for 2 min, then the reaction was quenched with solid am- 
monium chloride. After the ammonia was evaporated, the reaction 
mixture was extracted with ether (5 X 100 mL). The combined ethe- 
real extracts were washed with saturated sodium chloride solution 
(3 X 100 mL), then dried (Na2S04), filtered (MgS04), and concen- 
trated in vacuo to yield 0.0405 g of a light yellow oil. GLC analysis of 
the crude product on column a (column temperature 210 "C, retention 
times 6.94,8.40, and 12.0 min) indicated that trans-fused keto ester 
IOA and cis-fused keto ester 15A were produced in a ratio of 68.5:31.5 
in 90% total yield. 

Metal Hydride Reduction of Isopropyl Enone Ester 14A.33,34 
A mixture of enone ester 14A (0.020 g, 0.064 mmol) and sodium bor- 
ohydride (3 mg, 0.079 mmol) in anhydrous pyridine (1.5 mL, freshly 

The crude product 

distilled from calcium hydride) was stirred for 50 min at  room tem- 
perature. Then, the mixture was poured into water (100 mL) and 10% 
hydrochloric acid solution (10 mL), followed by extraction with ether 
(5 X 50 mL). The combined ethereal extracts were washed with sat- 
urated sodium bicarbonate solution (100 mL), then dried (NaZSOA), 
filtered (MgS04), and concentrated in vacuo to afford 0.0228 g of an 
oil. The crude product of GLC analysis using column a (column 
temperature 210 "C, retention times 7.12,8.63, and 12.81 min) showed 
that trans-fused keto ester 10A and cis-fused keto ester 15A were 
produced in 5842 ratio in 90% total yield. 
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Penic i l l in  sulfoxides are converted t o  3-halo-3-methylcepham-4-carboxylic acid esters or the corresponding ce- 
phem derivatives by heating the  penic i l l in  sulfoxide precursor in the polyhaloalkane solvent in the presence o f  a n  
equimolar amount  of a neutra l  or basic catalyst, respectively. Basic catalysts such as pyr id ine or 4-picoline af ford 
cephem derivatives, whereas the  quaternary ammonium salts br ing about the format ion o f  3-halocepham deriva- 
tives. 

Several recent articles have reported the  conversion of 
penicillins into cephalosporins by treatment of penicillin 
sulfoxides with reagents such as anhydrides,2 acids,3 diazo 
compounds-amine hydrochlorides,4 2-mercaptobenzothiazole 
followed by halogenation and dimethylformamide treatment,5 
thionyl chloride-triethylamine,6 and trimethylchlorosilane- 
a - p i ~ o l i n e . ~  

The present paper describes a novel, convenient process for 
t he  conversion of penicillin sulfoxides to  a variety of ce- 
phalosporin derivatives. Most of the reported reactions, 
whereby the expansion of penicillin sulfoxides to  ceph systems 
have been carried out ,  have involved acidic reagents. I t  was 
speculated tha t  the reaction should also proceed under basic 
conditions. For this purpose, sulfoxide 1 was treated with a 

I 
0 0 

I 
COVR' 

2 CO,R 
3 

number of basic reagents in a variety of solvents. The  desired 
deacetoxycephem 2 was indeed obtained in certain instances; 
however, in most cases the major or only product was the  
known2,8 isothiazole 3 (Table I). 

The  best yields of cephem 2 were obtained in the presence 
of pyridine in 1,Z-dichloroethane. The  reaction was then re- 
peated with various molar ratios of pyridinemlfoxide 1, 
ranging from trace amounts to  very large molar excesses of 
base. The  best results were obtained when 2 mol of pyridine/ 
mol of sulfoxide 1 was used. In the  presence of a large excess 
of pyridine, the quaternary salt 4a precipitated out of solution 

+ XCH2CHzX - (=JcH2cH2x x- 

4a,X = C1 
b,X=Br 

in crystalline form and it was found tha t  this salt was a better 
catalyst for the rearrangement than  pyridine itself. In 1,2- 
dichloroethane in the presence of 1 to  2 mol of salt 4a/mol of 
sulfoxide 1, the only detectable product obtained was a novel 
cephalosporin, which was subsequently shown to  be cepham 
5a.10 

0 

C02R' 
54X=Cl 
b,X = Br 


