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BIOSYNTHESIS OF PLANT STEROLS-IV. 

AN INVESTIGATION OF A POSSIBLE MODE OF 
14/3HYDROXYLATION IN DIGITOXIGENIN’” b 

E. CASPI and D. 0. Lnwrs* 

The Woraster Foundation for Experimental Biology, S-bury, Massachusetts, 01545 

(Rec&ed 15 November 1967) 

Ah&act-Hypothetical biosynthetic routes for the introduction of 14~hydroxyls into C/D tmns (Ma-H) 
steroids am discus&. Several theoretical possibilities based on established chsmicel prowssea, WhiChtllU 

sustxptible to experimsntal evahAatio& arc fotwarduL In the light of these hypothcsa the role of 14cr- 
hydroxy progcaterone, one of the theoretically posaiile intumadiatu in the biosynthesis of cardenolidm, was 
explored. It was shown that under the cxpcrimantaJ conditions employed the ldH-14cr-hydroxy progesterone 
was not incorpotated into digitoxigsnin in Digfrul& ianaru. The synthesis of the tritiated praauso risdcscrii 
anditwaoproMdthatEa.80percentofthetritiumhadthelastercochcmistryandaminimumofccl.lSper 
cent had the 1jMcreochcmistry. 

ONIZ of the characteristic features of the cardenolide molecules is the presence of an hydroxyl 
group at G14 having the fl configuration. This is of special interest since hydroxylation 
of steroids at non-vinylogous carbon atoms occurs by a direct displacement of a hydrogen; 
the incoming hydroxyl assuming the stereochemistry of the removed proton.’ 

Evidence gathered in recent years indicates that cholesteroL4 pregnenolor~e~~~ and pro- 
gesterone,6 all of which have a trans junction between rings C and D (14a-H), are incorporated 
into cardenolides. Hence if the hydroxylation proceeds via the known mechanism a product 
having a 14a-hydroxyl, instead of the 14/?-hydroxyl, would be expected. Frequently the 
contradiction is circumvented by invoking a new, yet unknown, mechanism of this hydroxyl- 
ation. In such instances an ionic reaction similar in principle to a Walden inversion is tacitly 
inferred. Postulating novel hypotheses can be fruitful in solving problems, provided the 
hypotheses are amenable to experimental scrutiny. Though it is not unreasonable to assume 
a Walden-type mechanism for the 14/%hydroxylation, a critical evaluation of the concept is 
difhcult and at least at present the idea cannot be properly appraised. It is conceivable that 
eventually the actual mechanism will be proved or disproved by the elimination of orher 
posibiliries and/or by studies with the pure 14/3-hydroxylase. 
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Because of the limitations of the experimental evaluation of the concept of the “14@ 
hydroxylase,” we have considered several alternative possibilities of explaining the reaction. 
The approach we chose was to attempt to explain the reaction on the basis of acceptable 
chemical transformations which are amenable to testing. Our assumption was that a 14a-H- 
steroidal precursor of cardenolides could undergo a normal hydroxylation and then this 
hydroxyl could be transposed into a 14jLalcohol. To illustrate the point, several such 
possibilities will be mentioned. 

One might first assume that the sequence of events is initiated by the displacement of 
the 14a-hydrogen in 1 and formation of a 14a-hydroxy intermediate (2). The feasibility of 
this reaction is supported by the isolation of 14a-hydroxylated steroids from plant source~.~~* 
The tertiary alcohol (2) on dehydration could give the 14,15 olefin (3) which upon &face 
oxidation would yield a 14/3,15/3+poxide (4). Again the presence of a 14/?,15,%epoxy moiety 
in bufadienolides lends some indirect support for this view. Finally reductive opening of 
the epoxide (4) by an attack at C-15 could provide the 14&alcohol. If the &hydration of 2 
yields the 8,14 double bond (not shown in the flow sheet) instead of 14(15), this would not 
alter the principle of the concept. The olefin could give an 88,14fi epoxide which upon 
reductive attack at C-8 will yield the 14p-alcohol. 

,@ ,@ d” ,&b 
1 2 3 4 

The transformation of the 14a-alcohol does not necessarily have to be ionic. In essence, 
a free radical process is equally possible, particularly in view of the fact that the biosynthesis 
of cardenolides occurs in the leaves .5*6 Under the influence of sunlight, the 14a-alcohol could 
give an oxy-radical(6). Such radicals are known to rearrange into keto radicals9 of the type 
7,8 and 9. Reclosure of the ring may proceed with inversion to yield the 14&oxy radical (10) 

5 6 7 

‘K.NA KAIWSHI, M. KOFEEDA, S. SASAIU, M. L. CHANO and H. Y. Hsu, Chem. Cotmum. 915 (1966). 
* M. N. GALBRAITH and D. H. S. HORN, Chem. Conutrrm. 905 (1966). 
p K. H~JSLER, J. KALVODA, G. ANNER and A. W-, Ifefv. C&n. Acru 46,352 (1%3). 



Biosynthesis of plant stcrols-IV 685 

and finally the alcohol (5). The operation of this type of mechanism was demonstrated by 
Heusler et al.g in the free radical transformations of lib- and 4cS_hydroxy steroids of the 
5a-H series. 00 treatment with lead tetraacetate the 1 lgalcohol gave the f~,llaaxido- 
5a-H product while the 4@lcohol provided the 4a,9a-oxide-5@H compound, For the 
present argument, it is immaterial which bond is actually broken and which keto radical (7, 
8 or 9) is formed. Ah three intermediates could reclose to 10 and eventually give 5. 

The initial hydroxylation does not have to be limited to carbon 14 and may just as well 
take place at G15, 8, etc. Such hydroxy compounds could be transformed into the 14/I- 
alcohols either via an olefin or a radical mechanism similar to those described. 

We considered it worth while to explore several such possibilities and we first tested the 
role, if any, of Irla-hydroxy progesterone in the biosynthesis of cardenolides. The projected 
route was to administer simultaneously 4-%progesterone and l-3H-14a-hydroxy pro- 
gesterone to a Digifah brata plant and to establish whether both isotopes or only “XI is 
incorporated into digitoxigenin. The experimental design was based on the observation 
that the progesterone which is incorporated into cardiac aglycones (cu. 2 per cent) will serve 
as an internal control. 

The initial problem with which we were faced was the preparation of l-3H-14a-hydroxy 
progesterone. A convenient starting material was 14a-hydroxy progesteroner” (11) which 

could be dehydrogenated with 2,3_dichloro-5,6dicyanobenzoquinone (D.D.Q.) to the 
l&lien-Zone. Selective catalytic tritiation would then lead to the l&ditritiated product. 
To avoid possible in~~~tion~ complications, it was considered advisable to remove the 
labile tritium from G2 and it was clear that under the condition of base catalyzed e#libra- 
tion partial epimerization at G17 would take place. Consequently the approach was slightly 
modified in that the I&-hydroxy progesterone (11) was first reduced with sodium boro- 
hydride to 12 and then the G3 ahylic moiety was reoxidized with D.D.Q. to yield 13a. 
The acetate (13b) was transformed to the dien-one (14) which was then selectively tritiated 
in the presence of tris-triphenylphosphine rhodium chloride.” The C-2 tritium was removed 
by equilibration with aqueous methanol& potassium hydroxide and the resulting compound 
(16) was rigorously ptied by thin-layer and paper c~omato~phy. The purified 16, 
which gave a single radioactive zone on TLC, was oxidized (chromium trioxide-pyridine) 
to 17. The l-3H-14a-hydroxy progesterone gave a single radioactive spot on TLC and the 
specific activity of a sample diluted with cold material remained unchanged in several 
crystallizations (see Experimental part). 

Though by this criteria the product (17) appeared homogeneous, it was considered 
desirable to test further its purity by preparing a derivative. Consequently a diluted sample 
of 17 (3.86 x lo6 dpm~m-mole) was converted to the l~ehydro~e~ (18) by treatment 

10 We thank Dr. J. A. Hog& The Upjohn CO., Kalamazoo, Michigan, for a generous gift of thia compound. 
1’ A. J. BIRCH and K. A. M. WALKER,J. Clu?m. Sot. C 1894 (1966). 
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with ethylene glycol and ptoluenesulfonic acid. At this point, rather unexpe&edly, 18 
showed a 10 per cent increase in specific activity (4.24 x lo6 dpm/m-mole). Conversion of 
the dilcetal(l8) to the monolcetal(l9) did not further change the specific activity. A com- 
parable increase in spec%c activity (14 per cent) was observed when 17 (6.87 x IO6 dpm/m- 
mole) was treated with chloranil to yield the 4,6-dien-3-one12 (28) (7.83 x lo6 dpmjm-mole). 

H R 

HO 

12 13a; R=H 
b; R=Ac 

144'; R=Ac 

15 X-3H; Y-3H; R=& 
16 X=sH; Y=H; R=W 

17 

In view of these results the I-311-14a-hydroxy progesterone (17) was further puritied by 
TLC but the spectic activity of diluted samples remained unchanged. Consequently the 
observations were viewed as involving retained solvent (of crystallization) in 17 and this 
product was used in the biosynthetic investigations. 

To determine the sterochemistry of the isotopic hydrogen at Cl two sets of experiments 
were performed. Ringold et aLI have shown that introduction of a Gl double bond by 
dehydrogenation of a 3-ketone with D.D.Q. proceeds via the trans diaxial elimination of the 
lar and 2/3 hydrogens. The 1,4,6-trien-3-ones are known to rearrange in the presence of 
acids to I-methyl-fhydroxy benzenes. 14vsJ This rearrangement proceeds by the migration 
of the Cl0 methyl to C-1 and elation of the Cl hydrogen.rera 

Treatment of the 4,6-dien-3,2Odione (20) with D.D.Q. in refiuxing dioxan yieIded the 
1,4,6-trien-3,20-dione (21) which retained 22 per cent of tritium. On the other hand when the 
trien-dione (21) was exposed to acetic anhydride and p-toluenesulfonic acid a mixture of 
aromatic products was formed as evidenced by TLC and NMR spectroscopy. The formation 
in this instance of a mixture of aromatic products can probably be traced to the 14a-alcohol. 
Presumably in addition to the de*14- and Es -aromatic products, the 14cta-acetoxy and other 
phenols were formed. In any event the aromatic mixture retained ea. 5.5 per cent of the tritium 
initially present in 20. Based on these results it may be concluded that cu. 78-80 per cent of 

12 E, J. Aam and G. D. LNBACW, J. Am. Chcm. Sot. 82,4293 (1960); 79.1257 (1959). 
1’ H. J. RINWLZI and A. TURNER, C&m. & I&. 211 (l%Z); H. 3. RINW~, M. HAYAW and V. STEFANOVIC, 

f, Bfof Chem.238,1960 (1%3). 
14 EZ. C&PI, P, IL GROVER and Y. SW, J. Am. Ckm. SM. 86.~2463 (1964). 
1s E. Char, Rev. Fort. Quimica 6,145 (1964). 
16 H. J. BRODIE, M. I~YANO and M. GUT, J. Am. C&m. Sot. 84,3766 (lP62). 
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the tritium in 17 has the la-stereochemistry and a minimum of cu. 15 per cent has the l/S 
orientation. 

A mixture of the l-3H-14a-hydroxy progesterone (154 p) and 4JCprogesterone 
(18.9 w) (3H/14c ratio 8-l) was then administered to a D. Ian&u plant6*17 After 2 weeks 
the plant was harvested and processed as previously described.6J8 The distribution of the 
tracers in the various fractions is summarized in Table 1. It is evident that the 3H/14C ratios 
of the ligroin and chloroform extracts approach that of the administered mixture of “pre- 
cursors”. On the other hand, proportionally much larger amounts of tritiated products were 
present in the remainin g fractions. The fact that considerably larger amounts of tritiated 
materials were found in the washings of the leaf could indicate a “better” absorption of the 
4-14C progesterone or its transformation products. Processing of the plant led to the net 
recovery of co. 402 and 32.5 per cent of the administered tritium and ‘% respectively. 

TABIZ 1. R~~xo~criviw XN THE FRACl-IONS OBTAINgD BY PR ocRRslNa* OF THB Digitah Iu?&ltu 
PLANT APIXR ‘WE APPLICATION OF l-3H-14cr-HyDRO~ PROCXSFERONZ (1% ,uc) AND 

‘t-l%-PROWSRIRONR (18.9 pc) (3H1’4-C 8.1) 

Extract 

Leafwa~hings (unabS5rbed radioact.) 
L&roin 
aloroform 
Chloroform/ethanol (2:l) 
chloroform~ethimol(3 : 2) 

Comcted recoveryt (“4 

Acid hydrolysis of chloroform extract* 

3H ( x 10’ dpm) W ( x 106 dpm) 3Hi”C ratio 

3-49 l-17 30-O 
0*78 oC!o 8.8 
7.17 9.85 7.29 
2-62 l-18 22.2 
2.4 2-02 11.9 

40.2 32.5 

6.67 9.34 7.14 

l For the description of the fractions See Ref~. 6 and 18. 
t Corrected for unabsorbed radimtivity found in the leafwashings. 

As in the previous instance the isolation of digitoxigenin was carried out on the chloro- 
form extracL6 Acid hydrolysis of the glycosides (3H/*% 7-29) in this fraction did not 
influence the 3H/*%Z ratio of the aglycones (7.14). On the other hand, upon c~o~to~ap~c 
fractionation of the aglycones, the 3H/1% ratio of the products in the “digitoxigenin” zone 
fell off rapidly (Table 2). After four chromatographic separations a small amount of tritiated 
material was still associated with the area corresponding to digitoxigenin (3H/14c ratio O-45). 
The triated impurity was finally removed by co-crystallization with cold material whereby 
only 14c-digitoxigenin was obtained. If the reasonable assumption is made that the WZ 
recovered from the last chromatography was indeed incorporated into digitoxigenin then 
ca. l-88 per cent of the absorbed 4J’Gprogesterone was metabolized to digitoxigenin. 
The usual transformation of progesterone into digitoxigenin is of the order of 2 per cent. 
Hence it may be concluded that as far as progesterone is copcerned its metabolism was not 
impaired. 

In anal-g the present results certain inherent f&&mental limitations must be kept in 
mind. From the outset it was obvious that the two different exogeneously supplied steroids 
will be absorbed, transported and metabolized at different rates. Burstein et ~1.‘~ provided 

1’ R. D. BENNPIT and E. HEFCUNN, Phytochem. 4,475 (1965). 
18 J. VON Euw and T. REIaisnu~, tlelv. c/l&n. Actfa 47,711(1964). 
‘9 S. B- and B. BHAVNANI, Endoerbiogy 8,351(1%7); S. B- 

crirwl. 40, 188 (1962). 
and R. I. DOWMAN, Aeta En& 
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a matfiematical treatment of several biological models of this type and pointed out the 
dithculties and limitations of interpreting such results. Hence any conclusions derived from 
the present investigation should only be viewed “as a lirst approximation” of the events. 
With this limititation in mind, it may be stated that 14a-hydroxy progesterone is not a 
precursor of cardenolides, In reaching this conclusion it is assumed that the metabolism of 
the 14=-hydroxy progesterone was not blocked toMy by the s~~~~usly administered 
progesterone. DiiTerently stated, the observed lack of incorporation of isotopic hydrogen 
into digitoxigenin is inherent in the nature of the tritiated steroid and is not due to the inter- 
ference of progesterone. On the other hand it is evident that the progesterone was incor- 
porated in nearly normal amounts into digitoxigenin. 

TAB- 2. cHRGMAMWHIC ISOUTION OF DIGl’KXlGEMN FROM THE 
AsXLWIYDROLYZED CHLGROFGRM FRACTION+ (3s/l’(= 7.14) 

Chromato8rapbic systemt Digitoxigenm zone JH/l(C 

TLGBenzene~ethyl-acetate (1:4) 4.44 

Ligroin~olu~e~~.BuOHIM~H~~O (5: 5 : 3 :4: 6) 1.51 

Benzen~/hieOH/H~O (221 :l) 0.76 

Toiuencpropykne glycol 0.45 

l For description of the fraction see Table 1 and Refs. 6 and 18. 
t Tbe systems were used sequentiaIly. TLC was carried out on silica gel HF~u 

&krc&A. G.), paper chromatography on Whatman No. 1 filter paper. Solvents--in 

C&ystallization of material, from last chromatography with cold digitoxigenin. 

Crop 1 3.47 x 105 dpm/m-molel*C No 3H 
Crop 1 recryst. 3.48 x 10s dpm/m-mole*% No 3H 

Whether other Ma-hydroxy intermediates are involved in the formation of cardenolides 
can obviously not be answered at this point, It is conceivable, for example, that the ‘*early” 
introduction of the 14&-hydroxyl inhibited the metabolic transformations in the direction 
of digitoxigenin. The role of 14cw-hydroxy intermediates, if any at all, in the biosynthesis 
of cardenolides requires further investigation. 

EXPERIMENTAL 

1.r. spectra were taken on solids incorporated in KBr. NMR spectra were obtained at 60 MC on ClX& 
solutions cmWning tetramethylsilane as internal standard in deuterated chloroform on a Varian Associam 
DA 60 spectrometer. ‘Ibq chemical shifts an exprapsad in cycles per second. Mps. were recorded on a hot 
stage and are corrected. Analyses were performed by I. Beetz, Kronacb, Germany. Mass spectra wera 
obtained on a Varian Associates M 66 instrument. Silica gel HFzu produced by Me& A. G., Danmtadt, 
Germany, was used for TLC. The samples were counted in a Nuclear Chicago Model 6860 Scintillation 
Counter. The scintillation fiuid consisted of 4 g of 2,Sdiphenyloxazole and IO0 mg of p&is-[2+phenyl- 
oxaznlyl)j&nxen0 diss~fvcd in 1000 ml of toluene. 

To 100 mg X4a-hydroxy progesterone dissolved in 5 ml methanol was added 25 mg NaBH,. The reaction 
wz? shown to be completed after O-5 br @LC). Water was added to the reaction mixture and the steroid trio1 
extra&d with ether. Ihe combined extracts were washed with water and dried, and upon removal of the 
solvent the trio1 (12) was obtained (102 mg). The i.r. was devoid of carbonyl absorption and showed a broad 
hydroxyl band at co. 3400 cm-l. 
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A mixture of the above trio1 (l2) (102 me). D.D.Q. (70 mg), and dry dioxan (10 ml) was allowed to stand 
at room temperature for 16 hr. Then ether was added and the organic solution was washed thoroughly with 
a NasSsOs solution, water and dried. Removal of solvent yielded 862 mg of 14u,2O@dibydroxypregu~-3- 
one, m.p. 148-151”. v?& 3470 fhydroxyl), 1665,161O @en-3-o& cm-r. NMR 3425 (1H; G4) 70 (doublet 
3~4~3~~1~ CHs) 72 (19 CH& 566 (18 CH& Mass spectrum m/e 332 @I*) 314 (M-18); 296 (314-18); 

The alcohol 13a was acetylated in acetic anhydrid~pyridine in the usual manner to give l3b, m.p. 253- 
255”. p& 3500,1725,1665,1615 cm-‘. NMR 343 (1H; C!&) 120 (CH$XXI), ‘71(3H,doubletl=6; 21 CHs) 
‘71 (19 CH,) 49 (18 CH3); m/e 374 (M+); 356 (M-18), 314 (M-60). wound: C, 73.30, H, 8%. CWc. for 
Ct3H3,0r: C, 73-76; H, 915 %.) 

208-Acetoxy-14a-Hydraxypre~l,~n-3snc (14) 

A mixture of 13b (108 mg), D.D.Q. (150 mg) and dry dioxan (10 ml) was retluxed overnight. At the 
termination of the experiment the dioxan was removed at reduced pressure and then benxene (20 ml) was 
added. The organic solution was washed with a saturated solution of sodium sulfite, water, dried and, upon 
removal of solvent, 14 was obtained. Crystallization from ethyl acetate afforded 40 mg of 2O#-acetoxy- 
l~-hy~o~~-l,~~-3~nc (14); m.p. 258-262”, vs 3500,1725,1660,1620 and lOtI cm-r. NMR 
422 (IH; doublet J-10; CXH) eu. 372 (IH; quartet; GZ). 365 (1H; C&i); 675 (half of doublet; other 
half obscured by the 19 CH3; 21 CH3); 73-5 (19 CH3) 50 (18 CH3). (Found: C, 74+E; H, 853. C&c. for 
Cs$&O,: C, 74.16; H, 866ok.) 

The ~~toxy-14a-hy~a~~-l,edica-2one (14) (10 mg) in 25 ml ethyl acetate and 2.5 ml dioxan 
was tritiated for 35 hr in the usual nranner employing ~~phenylph~p~ rhodium chIorideJr (25 mg) 
as catalyst. The tritium gas was then removed and the reduction completed with Hr. The solvent was distilled 
under nitrogen and the residue was fractionated on TLC (ethyl acetate/benmne, 1 :I). The appropriate zone 
was eluted and further purified by continuous TLC (benxene/methanol(99-1; 22 hr)). Subsequently the 
material was again chromatographed in the first system and a single zone was detected. 

1-3H-l4a,#)8-D~y~o~pre~n-~ne (16) 
~ec~de~~to~ph~~-~t~ted~te~(~~~lv~~ IS mlof2~~tKOH~~~ol 

and the solution was flushed with NZ for half an hour. The mixture was reiiuxed under N2 and aliquots of 
the solution were removed at intervals for counting. When the count was constant (4 hr) the refh&ng was 
terminated and the majority of the methanol was ranoved under reduced pressure. The residue was diluted 
with water and the steroid was recovered with ethyl acetate. 

The residue, after removal of solvent, was chromatographed on TLC (ethyl acetate/benzene, 3 :l). ‘Ibe 
zone corresponding to 16 was rechromatographed on paper in ~e~~t~noi~~ter, 2:1:X (Z+=@S), 
An Jiquot of the dial extract from this paper, when again ~~o~t~ph~ in the same system, showed a 
single symmetrical radioactive peak corresponding to 16. A second equilibration was carried out under 
analogous conditions and proceeded without loss of tracer. 

1-3H-14a-Hyciroxy Progesterone (17) 
The 1-3H-l~~~y~oxyprego-e+n-3-one (16) was dissolved in dry pyridine (1 ml) and CrQs (5 mg) 

was added. The mixture wss stored at room temperature for 5 hr then hot benzene was added and the solid 
was removed by filtration through Celite. The filtrate was washed thoroughly with water and dried. The 
residue, after removal of soivent, was purified by TLC (benzene/ethyl acetate, i :l). The 14a-hydroxy pro- 
gesterone zone was extracted from this plate and diluted with 5 mg of “cold’* material and crystallii from 
ethyl acetate to give a first crop of 2@ mg. An aliquot of this material was further diluted with 14a-hvdmxv 
progesterone a&l recrystallized and the-following crops were counted: crude material 4854 c/m/mg; f&t 
crop, 4863 clmlmg; second crop, 4886 clmlmg; first crop recrystalhxed, 4910 c/mlmg. Rechromatography 
of this material on TLCand on paper did not change its specikactivity. 
above was subsequently administered to the plant. 

The “once diluted” first crop described 

1-3~-~~-5,143,~&~t~y~e~ a%~&& (18) 
A sample of l-SW-14a-hydroxy progesterone (100 mg; sp. act 3-86 x 106. dpmtm-mole) was suspended in 

ethylene glycol(75 ml) and 20 ml of the glycol was removed at 80’ under reduced pressure. A catalytic amount 
of p-toluenesulfonic acid was then added and the mixture slowly distilled under vacuum (0.5 hr). After the 
addition of a few drops of pyridine, the cooled mixture was poured into ice-water. The product was extracted 

44 
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with ether and washed with saline to yield upon removal of solvent a white solid. Recrystallixation from 
methanol/methylene chloride gave the diketal(70 mg). IILP. 161-162”, of constant specitlc activity (x 10s 
dpm/m-mole); crude 418; 1st tryst. 4.34; 2nd tryst. 4.32; vs no carbonyl absorption; NMR (CDCW 
324 (1H; C&H); 312;s (1H; ClS-H); 232 [8H; C3, 20 ketals); fl.5 (21 CHs); 62-S (7”; 18 and 19-CHs); 

e/m 400 (M+); 99 (Q-CHTcH2 -G=C-CH==CHs)+; 87 @--CHs-CH&B-C-CH3)+. (Found: 
C, 74.96; H, 9.06. Calc. for C2,Hs60,: C, 74.66; H, 8.97 %). 

To a solution of dr*-progesterone dike&I (50 mg; sp. act. 432 x 106 dpmlm-mole) in 5 ml acetone was 
added 3 mg ofp-tohrenestdfonic acid. After standing at room temperature for OS hr a few drops of pyridine 
were added and the acetone was removed in a stream of nitrogen. Dilute NaHCOs was added to the residue 
and thepr~u~~t~ off. R~~~tionfromethyla~ld~ ~emono~~(31 mg),m.p. W-203”. 
Specific activity437 x 106 dpmjm-mole; P& 1710 cm -1. NMR (CDCls) 323 (1H; C&H); 310 (1H; ClS-H); 
237 (4H; 3-ketal); 129 &H&Q); 625 (19 CHs); 52.5 (18 CHs); elm 356 (M+), 99. Found: C, 77-32; H, 8-98. 
C&k. for C&&O3 : C, 77.49; H, 99S%. 

l-sH-l4a-Hy~~pre~~,~~-3,~io~ (20) 

To a solution of I-3H-14a-hydroxy progesterone (50 mg; sp. act. 7.87 x 106 dpm/m-mole) in redistilled 
t-butanol (5 ml), chloranil(l37 mg) was added and tbe mixture was refluxed for 3 hr. Most of the r-butanol 
was distilled off, then CHCla was added and the solution was wasbed with water (3 x 6 ml), 5 % NaOH 
(3 x 6 ml), and water (3 x 6 ml). The isolated product (47.3 mg) was reerystallixed &om ethyl acetate to give 
20 (25 mg), m.p. 180”. SpecitIe activity (x 1W dpm/m-mole): 1st tryst. 787; 2nd tryst. 780; V= 3410; 
1705 (G20 carbonyl). 1660,165O and 1620 (4,6+&n-3-one) cm-r. NMR (CDCfs) 373 (2H; C6and G7); 
343 (IH; C-4); 128 (CH&O); 68 (19 CT&); SOS (18 CH3); e/m 328 (hi+) 310 (M-18). 

0 

20 NO 4’; PH-100%) 
21 d’--; (‘H-22 %) 

To a sohttion of l~H-l4a-hydroxyprego4,6dien-3,2O-dione (20) (25 rag; sp. act. 7.83 x 10s dpmlm-mole) 
in dry dioxan was added D.D.Q. (60 rug), and the mixture was refluxed for 18 hr. A further 60 mg of D.D.Q. 
was then added and atIer another 6 hr reflux the dioxan was removed under reduced pressure. 

CHC13 was added, and the solution was washed with water (x 3), a S % NaOH (x 3) and again with 
water (x 3). After drying, the solvent was removed to leave a residue which was crystaihxed from ethyl 
acetate to give 21(13-l mg). Mp. 244-246”; specific activity (x 106 dpmjm-mole): 1st tryst. l-79; 2nd tryst. 
1.79. F& 3360, 1700. 1645, 1620 cm-l. NMR (CDCIs) 424 (1H; doublet J= 10; Cl); 380-360 multiplet 
~~cu~~C-2, 4,6 and 7); 1275 (CH$.XI); 72 (Cl9 CHs); e/m 326 @I+); 308 (M-18); 293 (308-1S); 265 



Biosynthesis of plant stew&-IV 691 

Dietwne-phenol Rearrangenmt of 21 

A sample of 21(20 mg; sp. act. l-79 x 10s dpm/m-mole) was dissolved in acetic anhydride (1 ml) containing 
ptoluenesulfonic acid (6 mg) and the mixture was warmed on a water bath (co. 90’) for 3 hr. The solution was 
stored for 3 hr at ambient temperature and then poured into a solution of NaHCOs and water. The products 
were extra&d with CHCls and the organic solution was washed with water, dried and concentrated to yield 
a yellow gum (25.2 mg). TLC revealed the presence of three major products and several minor ones. The 
NMR indicated the presence of aromatic protons, olefinic protons, and acetates. Because of the scarcity of 
material no further purification was undertaken and the crude gum was counted as such. For computation 
of specific activity on arbitrary molecular weight of 352 corresponding to 3-acetoxy-l-methyl-19nor-pregna- 
1.3,s (lo), 14tetraen-2O-one was chosen. The arbitrary specific activity of this mixture was 4’38 x 10s 
dpm/m-mole. 

Aahinistration of the Steroid to Digitalis lanata mrd Proceshg of the Plant Material 

The leaves were washed with ethyl acetate and a mixture of 1-3H-14ar-hydroxy progesterone (154 +) 
and 4-tCprogesterone (18.9 +) (JH/lrC 8-l) was deposited on their surface from an acetone solution. 
Subsequently the leaves were sprayed with a 10% solution of silicon oil20 DC 200 in ligroin (60-900). The 
washings of the container were applied in the same manner after 7 days. The plant was ihuminated for 16 hr 
daily with light of 12 x 10, lu/ms and watered as ncccssary. Arfter 14 days the leaves were harvested and 
processed as previously described.6*1* The distribution of the tracers in the fractions is summarkd in Table 1. 
The cbromatographic method of isolation and the final recrystalliition of the digitoxigenin is presented 
in Table 2. 

20 We thank the Dow Corning Company for a gift of the silicon oil. 


