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INTRODUCTION

THE STEROIDAL cardenolides comprise one of the most interesting group of naturally occurring
substances which are efficacious in the treatment of heart diseases. As components of arrow
poisons, primitive people had used these substances for times immemorial.

The cardenolide-bearing plants have been found to occur in a dozen of plant families.’ 2
The compounds are found in almost all parts of the plant, but the total amount or relative
distribution in any given plant may vary with ecological factors, stage of development, time
.of harvest and mode of drying, etc.

Naturally occurring cardiotonic steroids are classified into two broad groups, cardeno-
lides (I) and bufadienolides (II), depending on the nature of lactone ring at C-17 of the basic
nucleus. The cardenolides constitute the predominant group in nature and are C,; steroids
having an «:B-unsaturated y-lactone (butenolide) ring, whereas bufadienolides are C,,
steroids having a doubly unsaturated six-membered lactone (x-pyrone or hexadienolide)
ring. Chemical variations of these structural patterns are numerous and usually involve
configuration at centres 3, 5, 17 and the presence or absence of oxygen functions and double
bonds in the molecule.

RO

(I) Cardenolide (II) Bufadienolide

R = H or sugar moiety

* Communication No. 1387 from the Central Drug Research Institute, Lucknow, India.

! CH. TAMM, Fortschr. Chem. Org. Naturstoffe 13, 137 (1956); ibid. 14, 71 (1957); L. F. Feser and M.
FIESER, Steroids, p. 727, Reinhold, New York (1959); L. HiLr, N. A. CHERNYKH ef al., Rast. Resur. 2,
433 (1966); Chem. Abst. 66, 22155 (1967); T. ALDAY-REDONNET, Farmacognosia (25, 1 (1965); N. L
Linizov and A. GuBANov, Farmatsiya (Moscow) 16, 29 (1967); T. REICHSTEIN, Naturwissenschafien 54,
53 (1967).

*J. H. HocH, A Survey of Cardiac Glycosides and Genins, University of South Carolina Press, South
Carolina, U.S.A. (1961).
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Cardenolides are used in clinical practice® and a formidable amount of data has accu-
mulated regarding structure-activity relationship in this group.* Bufadienolides, on the
other hand, are mainly of theoretical interest because of their very low therapeutic index
and serious side-effects. The present review, therefore, is limited to the cardenolides and
covers various developments during 1960-1967, with emphasis on chemical and biochemical
aspects. Progress prior to 1960 has been covered by an excellent survey? published in 1961.

ISOLATION AND IDENTIFICATION

The poor stability of cardenolides towards acids and bases, their lability to hydrolytic
enzymes and their presence often in very small amounts in plants had been a great hinderance
to their detection and isolation. Recent refinements in chromatographic techniques® ¢ have
provided a more efficient tool for their separation and characterization and the advent of
thin-layer chromatography’ (TLC) opened up a new era in the detection, isolation and identi-
fication of these compounds.

The modern physical tools, e.g. i.r. and u.v. have been increasingly used in the last decades
in structural determinations of cardenolides. The recent additions, NMR,® ORD? and mass
spectroscopy,’? have vastly increased the efficiency of organic chemists probing this field.

CHEMICAL CONSTITUENTS
Genins

A consolidated list of new cardiac genins isolated during the period 1960-1967 together
with their structural assignments, is given in Table 1.

In the 5«-series, seventeen new substances have been isolated. The novel additions to
this type are C-2 and C-15 hydroxylated genins like 8-anhydrogomphogenin, afrogenin and
alloglaucotoxigenin.

In the more predominant digitalis-strophanthus type (58-series), the isolation of 3e-
hydroxy genins (carpogenin, carpogenol, 3-episarmentogenin, 3-epicorotoxigenin and its

3 J. W. WILsoN, Medicinal Chemistry (edited by A. BURGER), p. 626, Interscience, New York (1960).

4 K. K. CHEN, J. Med. Pharm. Chem. 3, 111 (1961); Idem, Arch. Intern. Pharmacodyn. 140, 8 (1962);
B. T. BROWN, A. STAFFORD and S. E. WRIGHT, Brit. J. Pharmacol. 18, 311 (1962); K. Tokrra, C. IsoNo
and Y. KiBAYAsH1, Nippon Yakurgaku Zasshi 58, 350 (1962); Chem. Abst. 60, 6077 (1964); K. K. CHEN,
1st Intern. Pharmacol. Meeting, Stockholm, Vol. 3, p. 27, Pergamon Press, Oxford (1963); CH. Tamm,
ibid. p. 11 (1963); W. FOERSTER, Arch. Intern. Pharmacodyn. 148, 334 (1964); F. G. HENDERSON and
K. K. CueN, J. Med. Chem. 8, 577 (1965).

5 R. NEHER, Steroid Chromatography, Elsevier Publishing Co., Amsterdam (1964).

6 E. BAKER-SKRZYDLEWSKA and M. ZELECKA, Pharmazie 22, 115 (1967); A. ErLBaNowskA and F.
KaczMmARek, Herba Pol. 12, 173 (1966); Chem. Abst. 67, 84898 (1967); K. GRADE, W. FOERSTER and
S. ScHULZECH, Biochem. Pharmacol. 16, 1299 (1967); L. NoveRr, G. BAUMGARTEN and M. LUCKNER, J.
Chromatog. 32,93, 123, 141 (1968).

7 E. STAHL and V. KALTENBACK, J. Chromatog. 5, 458 (1961); C. R. DUNCAN, ibid. 8, 37 (1962); A.Gawmp,
P. STUDER, H. LINDE and K. MEYER, Experientia 18, 292 (1962); R. W. JELLIFFE, J. Chromatog. 27, 172
(1967); E. StaHL, Thin-Layer Chromatography, p. 272, Academic Press, New York (1965).

8 R. F. ZUERCHER, Helv. Chim. Acta 46, 2054 (1963); N. S. BHAccaA and D. H. WiLLiamS, Applications of
NMR Spectroscopy in Organic Chemistry, Holden-Day, San Francisco (1966).

9 F. BURKHARDT, W. MEIER, A. Furst and T, ReICHSTEIN, Helv. Chim. Acta 50, 607 (1967).

10 G, SPITELLER, Z. Analyst Chem. 197, 1 (1963); H. BupzikiEwicz, C. Dserassi and D. H. WILLIAMS,
Structural Elucidation of Natural Products by Mass Spectrometry, Vol. 11, p. 106, Holden-Day, San
Francisco (1964); M. V. ARDENNE, R. TuMMLER, Ek. WEiss and T. REICHSTEIN, Helv. Chim. Acta 47,
1032 (1964); R. BRANDT, W. STOKLIN and T. REICHSTEIN, ibid. 49, 1662 (1966); R.BRANDT, H. KAUFMANN
and T. REICHSTEIN, ibid. 49, 1844 (1966); St. HorrMaNN, Ek. WEiss and T. RercHSTEI, ibid. 49, 1855
(1966); U. P. GEiGER, Ek. WeIss and T. REICHSTEIN, ibid. 50, 194 (1967); M. B. E. Favez and S. A. R.
NEeGM, Chem. Ind. (London) 1361 (1968).
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TABLE 1. CARDIAC GENINS 1ISOLATED 1960-1967

Name Structure (see I)

Acoflorogenin 12-0H; 4*®
" 16-Acetoxystrophanthidin 58-OH; 16B-OAc; 19-oxo

3-0-Acetylstrophandogenin 58, 168-OH; 3B-OAc; 19-oxo
Adenitoxologenin 168, 19-OH
Adigenin 168-0—CO—CH,—CH(CH;),
Adynerigenin 8, 1488-epoxy
Afrogenin 2a,?, -OH; 5a¢-H
Anhydrocanarygenin 43056
B-Anhydrogomphogenin 2a-OH; A4'0%; 54.-H
B-Anhydrouzarigenin 414039, 5¢-H
Alloglaucotoxigenin 158-OH; 19-0x0; 5a-H
Antiarigenin 58, 128-OH; 19-oxo
Antiogenin 58, 128-OH
Bipendogenin 58, 11«-OH
Calotropagenin 126-OH; 19-ox0; S«-H
Canarigenin 44
Canescegenin* 118-OH; 19-oxo; 5«-H
Carpogenin 3«-OH; 19-0x0
Carpogenol 3a, 19-OH
17BH-Coroglaucigenin 19-OH; 5«-H; 17«-lactone ring
16-Dehydrostrophanthidin 5B-OH; 4'¢aD
16-Dehydrostrophanthidol 58, 19-OH; A!¢un
Sa-Desarogenin 11-ox0; S5o-H
Diffugenin 58-OH; 4'“%; 19-0x0
Diginatigenin 128, 168-OH
Dihydrocalotropagenin 12¢,19-OH; 5«-H
3-Epicorotoxigenin 3a-OH; 19-0x0; S5a-H
3-Epi-17gH-corotoxigenin 3a-OH; 19-0x0; 5«-H; 17«-lactone ring
3-Episarmentogenin 3, 11a-OH
118, 128-Epoxydigitoxigenin 11,128B-epoxy
Gratogenin 1B, 58, 11«-OH
Hyrcanogenin 44%); 19-0x0
Mallogenin 118-OH; 5o-H
Menabegenin (= 178H-digitoxigenin) 17«-lactone ring
Pachygenin 459 19-0x0
Pachygenol 19-OH; 4%®
Panogenin 118, 19-OH; 5«-H
Sarmentosigenin A(= Nigrescigenin) 58, 11«-OH; 19-oxo0
Securigenin* 118-OH; 19-0x0; 5«-H
Strophandogenin 58, 168-OH; 19-oxo
Strophanthiline A 11«-OH; 40
17BH-Strophandogenin 58, 168-OH; 19-0ox0; 17«-lactone ring
Strogogenin 1B, 58, 11a-OH; 19 — 11 lactone
Syriogenin 128-OH; 5«-H
Tanghinigenin 7,8BB-epoxy
178H-Uzarigenin 5a-H; 17a-lactone ring
Xysmalogenin 45®

* Ref. 81 for ORD and structural assignment.

178H isomer) have been reported for the first time. Two acetoxy genins and an interesting
genin carrying a 16-O-isovaleryl group (adigenin) have been added to the rather rarer group
of ester genins. The other new variants encountered are C7-8, C8-14 and C11-12 epoxides
e.g. tanghinigenin, adynerigenin and epoxydigitoxigenin, the ring A or B unsaturated genins,
e.g. xysmalogenin, pachygenin, pachygenol and canarigenin and 4'¢'” genins such as
16-dehydrostrophanthidin and 16-dehydrostrophanthidol. Strogogenin is the first cardiac
aglycone bearing an additional lactone ring.
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The C14-15 anhydrogenins have been so far obtained through dehydration, acid hydro-

lysis of glycosides or during the course of chromatography over activated adsorbents and,
therefore, the C-14 hydroxyl has been assumed to be an integral part of the natural genins.
During this period at least three such anhydrogenins (diffugenin, strophanthiline A, -
anhydrouzarigenin) have been claimed to be occurring naturally.

Five new 178H genins (butenolide substituent in 17« position) have been characterized
and it has been shown that the plants elaborating these genins contain certain enzymes which

e oem o Fre thic annBianratianal invasainn Tha snnuvasaian ll Af cavanral manma
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genins into 17B8H isomers chemically by the action of sodium tosylate and sodium acetate
has been accomplished. These isomers have lower R, value than their normal congenors
and they do not yield isogenins.

The transformation of sarmentogenin into cortisone was first reported by Lardon and
Reichstein, but recently chemical conversion of digitoxigenin by a much simpler route to a
compound bearing cortisone side-chain has been achieved.!? A remarkable rearrangement
O1 mgrtoxrgemu to a C-nor-cardenolide h uﬁ.‘v‘iﬁg Spir (o) \.,/u ring j‘t.iﬁCuuu has been ft‘:p(‘)rwu 13
The general scope of this reaction and the ease with which it proceeds (via isogenin) indicate
that such compounds may eventually be encountered in natural sources.

Sugars
Reichstein et al.'4 have reviewed the sugars obtained from the cardenolides which are
comprised of normal sugars, 2-deoxy sugars and a special group of carbocyclic sugar deriva-

o o G B Y I

UVCS Apart II'OIIl gll.ICOSC, me HOl'H]d,l sugar S are unuram.neu deOﬂCKObe mostly OI D'GCOK)’
type and the new additions are 6-deoxy-D-glucose, 6-deoxy-D-allose, L-vallarose, D-javose, 2,3-
O-dimethyl-pD-fucose, 2-O-methyl-D-fucose, 2-0O-acetyl-1-vallorose, 2-O-acetyl-L-thevetose
and 2-O-acetyl-L-acofriose (Fig. 1). For the first time 2-O-methyl and 2-O-acetyl sugars
have been isolated. D-Xylose, the first aldopentose, has been isolated from certain cardiac
glycosides.

The 2-deoxy sugars'® are abundantly distributed as 2,6-dideoxy hexoses, frequently as
3-0-methyl ethers. D-Canarose has been the only addition to this group.

D-Fucose and L-oleandrose are found to occur only in cardiac glycosides whereas
L-fucose is widely !4 16 distributed in various natural products and D-oleandrose is found
only in steroidal glycosides like lanofolein, digifolin.!” It is interesting to note that both D-
and L-diginose occur in Strophanthus species; the D-form exclusively in the African and
L-form in the Asian varieties.!4

The novel carbocyclic sugar components from Asclepiadaceae glycosides are neither
known in free form nor could be isolated without decomposition, but the recent work has
shown that these are derived from 4,6-dideoxy hexosone. In Asclepias fructicosa, the glyco-
sides have two ether bridges formed by the interaction of C-2 and C-3 hydroxyls of the
genin with those at C-1 and C-2 of the sugar moiety, whereas in Calotropis procera calactin,
calotropin and uscharidin arise by normal glycosidation at C-1 of the 4,6-dideoxy sugar.

11§ H. RusseL, O. SCcHINDLER and T. REicHSTEIN, Helv. Chim. Acta 43, 167 (1960).
12 A. LAarDON and T. Rmcas'mm, Pharm. Acta Helv. 27, 287 (1952); N. DanieLi, Y. MAzur and F.

mn e m 4oz

SONDHEIMER, Teirahedron 23, 715 {(1967).
13 G. R. PerTIT, J. C. KNIGHT and T. R. Kasturt, Chem. Comm. 334, 688 (1967).
14 Ex. Weiss and T. REICHSTEIN, Aduan Carbohydrate Chem. 17, 65 (1962).

15 Q@ EFincmcarass A2 Iiﬂ((\
2. ruu‘mm, nuvun uwwnyuruw \a"U’" bl, I‘TJ 129vj.

16 T, REICHSTEIN, Angew. Chem. Intern. Ed. 1, 572 (1962).
17 R. T. TscHESCHE and G. Buscmum, nn. 603, 59 (1957); C. W. SHOPPEE, R. LACK and A. V. ROBERTSON,
Proc. Chem. Soc. 65, (1962): idem J. Chem. Soc. 3610 (1062),

Lrec. Lnem. S0C. S, 1504y, 1GaemJ. VR1TOL,
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H H H
=0 =0 cC=0 (l.=0 C=0
S — —QAc AcO—] ———O0Ac
L MeO — MeO— ——OMe -———OMe
CH;, CH, CH, CH, CH,
6-Deoxy-D L-Vallarose 2-0-Acetyl- 2-0-Acetyl 2-0-Acetyl-
allose L-vallarose L-thevetose L-acofriose
H H H H }ll
C=0 C=0 Cc=0 C=0 (|3=0
——=~OMe ——OMe ———OMe CH, (|3=0
— MeO — — — C|HOH
—) e— ——— S (|:H2
— — — o H—C|J—0H
CH, CH, CH, CH, CH,
2-0-Methyl- 2,3-0-Dimethyl- D-Javose D-Canarose 4,6-Dideoxy
D-fucose D-fucose hexosone

FIG. 1. NEW SUGARS FOUND IN CARDENOLIDES.

The linkage of sugars to aglycones in the cardiac glycosides follows the general pattern:
aglycone-(rare sugar),,-(glucose),. The nature of the glycosidic linkage is determined by
hydrolysis with selective enzymes'® or by application of Klyne rule.!®

The ring size of the sugars in cardiac glycosides is not well-established and the conclusions
have been mainly derived from the difference in the rate of hydrolysis2° which is faster in
the case of aldofuranosides than the aldopyranosides.

CLASSIFICATION OF AVAILABLE DATA

The available data on the occurrence of cardenolides is shown in Table 2. For the
purpose of compactness, glycosides and genins whose structures were elaborated earlier?
and substances of unknown structure have been excluded. However, in order to make the

tabulation complete, plants which have only yielded known cardenolides are given at the
end of each family list.

18 H, BAUMANN and W. PIGMAN, The Carbohydrates (edited by W. PIGMAN), p. 562, Academic Press, New
York (1957); K. WALLENFELS and O. P. MALHOTRA, The Enzymes (edited by P. D. BoYER, H. LARDY and
K. MYRABACK), Vol. 4, p. 409, Academic Press, New York (1960).

19 W, KLYNE, Biochem. J. 47, XLI (1950).

20 ¥, SHAFIZADCH, Advan. Carbohydrate Chem. 13, 9 (1958).

21
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TABLE 2. OCCURRENCE OF CARDENOLIDES IN THE PLANT KINGDOM

APOCYNACEAE
Species Glycoside Genint Sugar* Reference
Acocanthera longifiora Acolongifloroside K Ouabagenin L-talme 21
A. oppositifolia= A. Acovenoside B 1-0-Acetyl acovenosigenin  L-acv 22
venenata G. Don. Oppovenoside Acoflorogenin 3-OMe-L-talme
Oppofrioside Acovenosigenin A 3-OMe-L-rhm
Opposide Gratogenin L-talme
Acotaloside Acovenosigenin A L-talme
Acolongifloroside  Acoflorogenin 3-OMe-L-rthm
Beaumontia grandifiora Beanwalloside Oleandrigenin L-Ccym 23
Beaumontoside Digitoxigenin L-ole
Wallichoside Digitoxigenin L-cym
Cerbera floribunda Cerbertin 118,128-Epoxy digitoxigenin 2-OAc-L-thv 24
C. dilatata Desacetyl cerbertin 118,128-Epoxy digitoxigenin L-thv
Nerium oleander Adigoside Adigenin p-dgn 25
Adynerin Adynerigenin D-dgn
Roupellina boivini (Baill)  17fH-Boistroside  178H-corotoxigenin p-dgx 26
Pichon (=Strophanthus  Glycoside ¢ Coroglaucigenin D-sar
boivini) Glycoside ¢’ 17BH-Coroglaucigenine D-sar
Madagascoside Uzarigenin D-sar
178H-Madagas- 178H-Uzarigenin D-sar
coside
178H-Paulioside ~ 17BH-Corotoxigenin D-sar
Sadleroside 3-Epicorotoxigenin p-boi
178H-Sadleroside  3-Epi-178H-corotoxigenin  D-boi
Zettoside Uzarigenin p-boi
178H-Zettoside 17BH-Uzarigenin p-boi
Strophanthus divaricatus —_ Strophanthiline A — 27
Strophanthus gratus Strogoside Strogogenin L-talme 28
S. kombe Gluco cymarol Strophanthidol D-cym + D-glu 29
Strophanthidol- Strophanthidol D-dgx + D-glu
digitoxosido-
glucoside
Strophanthidin- Strophanthidin Dp-dgx + p-glu
digitoxosido-
glucoside
S. sarmentosus Bipindaloside Bipendogenin* p-dgl 30
S. thollonii — Sarmentosigenin A — 31
= Nigrescigenin

21 P, HANSCHILD-ROGAT, Ex. WEiss and T. REICHSTEIN, Helv. Chim. Acta 45, 1244 (1962).

22 P. HANSCHILD-ROGAT, Ek. WEIss and T. REICHSTEIN, Helv. Chim. Acta 45, 2612 (1962); ibid. 50, 2299,

2323 (1967).

23 A, F. Krasso, Ex. WEiss and T. REICHSTEIN, Helv. Chim. Acta 46, 1691 (1963); idem Pharm. Acta Helv.

39, 168 (1964).

24 T, CaBLE, R. G. CoomBE and T. R. WATSON, Australian J. Chem. 18, 1079 (1965).

35 P. S. JANIAK, Ex. WEss, J. voN Euw and T. REICHSTEIN, Helv. Chim. Acta 46, 374 (1963); idem Ann. Chim.
(Rome) 53, 30 (1963); St. HOFFMANN, Ex. WEiss and T. REICHSTEIN, Helv. Chim. Acta 49, 1855 (1966).

26 J. H. RusseL, O. ScHINDLER and T. REICHSTEIN, Helv. Chim. Acta 44, 1293, 1315 (1961).

37 WeI-YUAN HUNG and YUH-CHENG [CHEN, Hua Hsueh Hsueh Pao 24, 151 (1958); Chem. Abst. 53, 7233
(1959).

28 U. P. GEIGER, EK. Weiss and T. REICHSTEIN, Helv. Chim. Acta 50, 179 (1967).

29 F. KAISER, E, HAACK and H. SPINGLER et al., Naturwissenschaften 46, 670 (1959).

30 B, FecHTIG, O. ScHINDLER and T. REICHSTEIN, Helv. Chim. Acta 42, 1148 (1959); ibid. 43, 727, 1570
(1960). )

31 Bk, Waiss, O. SCHINDLER and T. ReICHSTEIN, Helv. Chim. Acta 41,736 (1958); R. BRANDT, H. KAUFMANN
and T. REICHSTEIN, ibid. 49, 1844 (1966).
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TABLE 2.—continued
APOCYNACEAE—continued
Species Gilycoside Genin Sugar Reference
S. vanderijstii Callengoside New genin (3,2,14,16-0H) L-dig 32
Diﬁliivwl““" itoxi- Digitoxigenin 25-gla
genin .
Diglucoemicymarin Periplogenin p-dgl + 2p-glu
TNiolnannarinlaconin Darinlacenin In_ahs
Diglucoperiplogenin Periplogenin 2nglu
Diglucosyl Sarmentogenin D-sar + 2D-glu
sarmentocymarin
Glycoside O Periplogenin D-dgn + 2p-glu
Glycoside Q, Sarmentogenin D-dgn + 2D-glu
Kisantoside New genin (16-OH or OAc) bp-dgl + p-glu
Sargenoside Sarmentogenin D-dgl + p-gln
Tanghinia venenifera Tanghinin Tanghinigenin Ac-L-thv 33
Tanghinoside Tanghinigenin Ac-L-thv +
2p-gha
Thevetia neriifolia Ruvoside Cannogenol L-thv 34
Thevetin A Cannogenin L-thv + 2p-glu
Valiaris solanacea 16-Deacetyl-16- 16-Anhydrogitoxigenin L-acf 35
anhydroacoschim-
peroside P

A rnatul annechim_

ALY aCUSKiiiI-= N LvgiPjtititey \uvg;u.uusvulu LNTAC-L-acl
peroside P

Solanoside Digitoxigenin v-acf

Acetylsolancside  Digitoxigenin 2-QAc-r-acf

Vallaroside Digitoxigenin L-val

Acetyl vallaroside Digitoxigenin 2-OAc-L-val

Vallarosolanoside Oleandrigenin L-val

Acocanthera spelabitis,*® Carissa carandas,®’ C. spinarum,*® Melodinus monogynus.>®

ASCLEPIADACEAE
Species Glycoside Genin Sugar Reference
Asclepias glaucophylia Ascleposide Uzarigenin p-allme 40
A. fructicosa Afroside Afrogenin 4,6-dideoxy 41
hexosone
Gomphoside Gomphogenin (isolated as  4,6-dideoxy
anhydrogenin) hexosone

33 K., BRENNEISEN, J. voN Euw, CH. Tamm and T. REICHSTEIN, Helv. Chim. Acta 47, 799, 814 (1964).

33 E. FLURY and T. REICHSTEIN, Ann. Chim. (Rome), 53, 23 (1963); E. FLURY, EK. WEIss and T. REICHSTEIN,
Helv. Chim. Acta 48, 1113 (1965).

34 S. RancaswaMi and E. VENKATA Rao, Proc. Indian Acad. Sci. Sec. A 64, 345 (1961); R. BLOCK, S.
RaNGaswaMi and O. SCHINDLER, Helv. Chim. Acta 43, 652 (1960); N. G. Bisser, M. FREREJACQUE, T.
REICHSTEIN et al., ibid. 45, 938 (1962).

35 H. KAUPMANN, W. WerRLI and T. REICHSTEIN, Helv. Chim. Acta 48, 65, 83 (1965); G. K. PATNAIK,
M. M. VoHra, R. S. KariL and N. ANAND, J. Pharm. Sci. 58, 1425 (1966).

36 G, J. KAPADIA, J. Pharm. Sci. 54, 1834 (1965).

37 R. C.RasToGI, M. M. VOoHRA, R.P.Rastociand M. L.DHAR, Ind. J. Chem.4,132(1966); R. C, RASTOGI,
R. P. Rastoci and M. L. DHAR, ibid. 5, 215 (1967).

38 Unpublished work of the authors.

39 S, O. D. BHATNAGAR and M. P. KHARE, Current Sci. (India) 35, 489 (1966).

40 J. M. NASCIMENTO JR., CH. TAMM, H. JAGER and T. REICHSTEIN, Helv. Chim. Acta 47, 1775 (1964).

41 T, R. WATSON and S. E. WRIGHT, Australian j. Chem. 10, 79 (1957); R. G. CooMsE and T. R. WATSON,
Proc. Chem. Soc. 214 (1962); R. G. CooMsg, T. R. WATsON and R. M. CARMAN, Chem. Ind. 1724 (1962);
T. R. WATSON, Collog. Inst. Centre Nat. Res. Sci., No. 144, p. 173 (1966); Chem. Abst. 67, 117200 (1967).
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TABLE 2—continued
ASCLELPIADACEAE—continued

Species Glycoside Genin Sugar Reference
A. lilacina } Ascleposide Uzarigenin p-allme 42
A. swynnertonii Frugoside Coroglaucigenin p-allme
A. syriaca Desglucouzarin Uzarigenin Dp-glu 43
Syriobioside Syriogenin* L-thm + D-glu
Syrioside Syriogenin* L-thm + 2p-glu
A. tuberosa Glucofrugoside Coroglaucigenin p-alime + D-glu 44
Calotropis procera Calactin Calotropagenin* 4,6-dideoxy- 45
hexosone
Calotropin Calotropagenin* 4,6-dideoxy-
hexosone
Calotoxin Calotropagenin* 6-deoxy-
hexosone
Uscharidin Calotropagenin* 6-deoxyhexos-
dione
—_ 3-Episarmentogenin J— 46
Gongronema gazense Glycoside C Sarmentogenin 3p-cym
Glycoside E Sarmentogenin 2p-cym
Glycoside G Sarmentogenin p-dgx +
2p-cym
Glycoside L Periplogenin D-dgx + D-cym
Glycoside M Sarmentogenin D-dgx + p-cym
Glycoside R Sarmentogenin 2p-dgx + L-ole
Glossostelma carsoni Glycoside U Acetylated genin glu 47
Glycoside F Xysmalogenin sar
Menabea vernanata — Menabegenin — 48
Pachycarpus distinctus Bulloside Digitoxigenin thv + dgx 49
Cannodixoside Cannogenin p-dgx
— Pachygenin — 50
— Pachygenol J—
P, schinzianus — Carpogenin — 51,52
— Carpogenol —_
— Xysmalogenin —
Parquetina nigrescens = —_ Strophandogenin — 53
Periploca nigrescens — 16-Dehydrostrophanthidol —
Glycoside D 16-Dehydrostrophanthidin* dgx
Glycoside K 16-Acetoxy strophanthidin®* rL-rhm

42 1, SaAwLewIcz, EK. Weiss and T. ReICHSTEIN, Helv. Chim. Acta 50, 504 (1967); K. JAGGI, H. KAUFMANN,
W. STokLIN and T. REICHSTEIN, ibid. 50, 2457 (1967).

43 1. MASLER, S. BAUER, O. BAUERORA and D, SIkL, Collection Czech. Chem. Commun. 27, 872, 895 (1962).

44 J_ PETRICIC, Arch. Pharm. 299, 1007 (1966).

4s D, H. G. Crout, R. F. Curtss, C. H. HassarLL and T. L. Jones, Tetrahedron Letters 63 (1963); idem
J. Chem. Soc. 1866 (1963); ibid. 2187 (1964); T. REICHSTEIN, M. ROTHSCHILD, J. von Euw et al., Naturw.
Rundschau 20, 499 (1967).

46 M. L. LEwBART, W. WEHRLI and T. REICHSTEIN, Helv. Chim. Acta 46, 505, 517 (1963).

47 P, ReicHSTEIN, H. KAUFMANN, W. STockLIN and T. REICHSTEIN, Helv. Chim. Acta 50, 2114 (1967); P.
REIcHSTEIN, W. STocKLIN and T. REICHSTEIN, ibid. 50, 2139 (1967).

48 M. FREREJACQUE, Compt. Rend. 248, 3027 (1959).

49 T, GoLAB, H. JAGER and T. REICHSTEIN, Helv. Chim. Acta 43, 2035 (1960); G. R. DUNCAN, EK. WEIss
and T. REICHSTEIN, ibid. 48, 649 (1965).

50 L. F. Fieser, T. GoLaB, H. JAGER and T. REICHSTEIN e! al., Helv. Chim. Acta 43, 102 (1960).

51 W, ScumiD, H. P. UCHLINGER, CH. TAMM and T. REICHSTEIN, Help. Chim. Acta 42, 72 (1959); J. B.
PoLoniA, A. Kuritzkes, H. JAGER and T. REICHSTEIN, ibid. 42, 1437 (1959).

52 R, Gosake, Ex. Weiss and T. REICHSTEIN, Helv. Chim. Acta 44, 1031 (1961).

$3 R, BerTHOLD, W. WEHRLI and T. REICHSTEIN, Helv. Chim. Acta 48, 1634, 1659 (1965).
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TABLE 2—continued

ASCLEPIADACEAE—continued

Species Glycoside Genin Sugar Reference
Pentopetia androsaemifolia Digitoxigen-2- Digitoxigenin 2-deoxy-fuc 54
deoxy fucoside
Pergularia extensa — al-Dihydrocalotropagenin — 55
Xysmalobium undulatum — Xysmalogenin —_— 51
— 17B8H-Uzarigenin — 56

Asclepias mellodora,’’ A. curassavica.’®

CRUCIFERAE
Species Glycoside Genin Sugar Reference
Erysimum canescens Canescein Canescegenin glume 59
Glucocanescein Canescegenin glume + p-glu
E. cheiranthoides Ericordin Cannogenol p-glume + 60
p-glu
Desglucoericordin  Cannogenol D-glume
E. gypsaceum Gypsobioside Strophandogenin p-dgx + D-xy 61
17«-Gypsobioside 178H-Strophandogenin D-dgx + D-xy
Gypsotrioside Strophandogenin D-dgx +
D-Xy + D-glu
E. diffusum —_ Diffugenin — 62
E. marschallianum Allyonin Cannogenol D-glu 63
(? Cheiranthus allionii)y  Violin Cannogenol 2-deoxy-thu +
p-glu
E. perofskianum Erycorchoside Strophanthidin D-boi + D-glu 64
Eryperoside Strophanthidin D-dgx + D-glu
Erysimoside Strophanthidin p-dgx + D-glu
Kabuloside Strophanthidin 2-deoxy-D-gu
Perofskoside Strophanthidin 2-deoxy-D-glu

Erysimum odoratum, E. hieraciifolium, E. pulchellum, E. repandum, E. cupsidatum,®® E. transsilvanieum
E. crepidifolum,” E. pinifolum,® E. carniolium,*® Hesperis matronalis.®

54 E. Wyss, H. JaAGer and O. SCHINDLER, Helv. Chim. Acta 43, 664 (1960).

55 O, P. MITTAL, CH. TAMM and T. ReICHSTEIN, Helv. Chim. Acta 45, 907 (1962).

56 A. M. KuriTzKES, CH. TAMM, H. JAGER and T. REICHSTEIN, Helv. Chim. Acta 46, 8 (1963).

57 3. PETRICIC, Naturwissenschaften 53, 332 (1966).

58 Unpublished work of the authors.

5% YunG LunG Liu and P. M. LOSHKAREV, Med. Prom. SSSR 17, 18 (1963); Chem. Abstr. 60, 1975 (1964).

60 T F. MAKAREVICH, M. JATRoPP and D. G. KoLESNIKOV, Dokl. Akad. Nauk SSSR 143, 849 (1962); Chem.
Abstr. 59, 6506 (1963); 1. F. MakarevicH and D. G. KoLesNikov, Khim. Prirodn. Soedin., Akad. Nauk
Uz. SSR 363 (1965); Chem. Abstr. 64, 3961 (1966).

61 R, N. TursuNovA and N. K. ABUBAKIROV, Dokl. Akad. Nauk SSR 19, 45 (1962); Chem. Abstr. 59, 1739;
idem Zh. Obshch. Khim. 34, 2449 (1964); Chem. Abstr. 61, 10766 (1964).

62 3, K. MAKARICHEV and N. K. ABUBAKIROV, Zh, Obshch. Khim. 32, 2372 (1962); Chem. Abstr. 58, 7999
(1963).

63 N, P. MAKSYUTINA, Dokl. Akad. Nauk SSSR 150, 180 (1963); Chem. Abstr. 59, 3717 (1963).

64 7, KowALEWSKI, O. SCHINDLER and T. REICHSTEIN, Helv. Chim. Acta 43, 1280 (1960).

3-70 (see oVer)
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TABLE 2—continued
EUPHORBIACEAE
Species Glycoside Genin Sugar Reference
Mallotus paniculatus —_ Sa-Desarogenin —— n
Malioside Mallogenin* L-rhm
Panoside Panogenin L-rhm
Glucopanoside Panogenin L-thm + D-glu
LILIACEAE
Species Glycoside Genin Sugar Reference
Convallaria keiskei Lokundjoside Bipendogenin L-rhm 72
C. majalis Lokundjoside Bipendogenin L-rhm 73
Ornithogalum umbellatum  Rhodexin A Sarmentogenin L-thm 74
Rhodexoside Sarmentogenin L-rhm + glu
MORACEAE
Species Glycoside Genin Sugar Reference
Antiaris toxicaria Antialloside Antiarigenin* p-allme 75
Antiarojavoside Antiarigenin* D-jav
Antioside Antiogenin L-thm
a-Antioside Antiogenin D-gume
Antiogoside Antiogenin p-allme
Malayoside Cannogenin L-tThm
al-Dihydromalayo- Cannogenol L-rhm
side
Strophanthojavo-  Strophanthidin D-jav
side
Substance y Digoxigenin L-rhm
Substance K Antiarigenin L-acf
Castilla elastica Strophanthidin- Strophanthidin D-gume 76
gulomethyloside
Helveticosol Strophanthidol p-dgx

65 7. KowALEWsKI, Helv. Chim. Acta 43, 1314 (1960); 1. F. MAKAREVICH and I. G. Zov, Med. Prom. SSSR
18, 19 (1964); Chem. Abstr. 61, 9774 (1964).

66 A. GHEORGHIN and E. IOUESCU-MATIN, Ann. Pharm. (Franc.) 19,277 (1961); Chem. Abst. 56,1528 (1962).

67 R. GMELIN and J. B. VON BREDENBERG, Arzneimittel-Forsch. 16,123 (1966); Chem. Abst. 64, 18023 (1966).

68 J POLONIA, Anais. Fac. Farm. Forts 21, 37 (1961); Chem. Abst. 58, 8231 (1963).

69 J. KORBAR-SMID, Farm. Vestn. 17, 94 (1966); Chem. Abst. 66, 83059 (1967).

70 J, TyFczyYNsKA and B. Borkowskl, Dissertation Pharm. 17, 519 (1965); Chem. Abst. 64, 18029 (1966).

71 K. D. RoBerTs, Ex. WEiss and T. REICHSTEIN, Helv. Chim. Acta 49, 316 (1966); ibid. 50, 1645 (1967).

72 N, F. KoMISSARENKO, V. T. CHErNOBAI and D. G. KoLesNikov, Med. Prom. SSR 17, 7 (1963); Chem.
Abst. 60, 3947 (1964).

73 W, Breier, W. KUBELKA, Ex. WEiss and M. WICHTL, Pharm. Acta Hely. 40, 554 (1965).

74 J. A, SMITH and G. R. PATERSON, J. Pharm. Pharmacol. 19, 221 (1967).

75 R. P. MARTIN and CH. Tamm, Helo. Chim. Acta 42, 696 (1959); P. MUHLRADT, EK. WEIss and T.
REICHSTEIN, Ann. 688, 253 (1961); W. WenRL, O. SCHINDLER and T. REICHSTEIN, Helv. Chim. Acta 45,
1183 (1962); W. WEeHRLI, ibid. 45, 1206 (1962); C. JusLeN, W. WEHRLI and T. REICHSTEIN, ibid. 45,
2285 (1962); ibid. 46, 117 (1963); P. MUHLRADT, Ek. WEIss and T. REICHSTEIN, ibid. 47, 2164 (1964).

76 P, BRAUCHLI, O. SCHINDLER and T, REICHSTEIN, Helv. Chim. Acta 44, 904 (1961).
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TABLE 2—continued
MORACEAE—continued
Species Glycoside Genin Sugar Reference
Streblus asper Asperoside Digitoxigenin 2,3-di-OMe-glu 77
Cannodimethoside Cannogenol 2,3-di-OMe-glu
Glucogitodime- Gitoxigenin 2,3-di-OMe-p-
thoside glu + p-glu
16-0-Acetyl-gluco- Oleandrigenin 2,3-di-OMe-D-
gitodimethoside glu + p-glu
Glucokamaloside Periplogenin 2,3-di-OMe-D-
fuc + p-glu
Glucostrebloside  Strophanthidin 2,3-di-OMe-D-
fuc + p-glu
Kamaloside Periplogenin 2,3-di-OMe-D-
fuc
Sarmenthoside Sarmentogenin 3-OMe-p-glu
Strebloside Strophanthidin 2,3-di-OMe-
p-fuc
Strophalloside Strophanthidin Dp-allme
Strophanolloside  Strophanthidol D-allme
PAPILIONATAE (N.O. LEGUMINOSAE)
Species Glycoside Genin Sugar Reference
Coronilla glauca — Alloglaucotoxigenin —_ 78
C. scorpioides Corotoxigenin Corotoxigenin D-glu 79
glucoside
C. hyrcana Hyrcanoside Hyrcanogenin Xy + glu 80
Deglucohyrcanoside Hyrcanogenin Xy
Securigera coronilla DC Securidaside Securigenin D-Xy + glu 81
(= S. securidacea)
RANUNCULACEAE
Species Glycoside Genin Sugar Reference
Adonis vernalis Adonitoxol Adonitoxologenin L-thm 82
—_ 3-0-Acetylstrophandogenin —_ 83
Vernadigin Strophandogenin dgn

Adonis dentata® A. autumnalis ®*

77 M. P. KHARE, O. ScHINDLER and T. REICHSTEIN, Helv. Chim. Acta 45, 1534 (1962); M. P. KHARE, O,
SCHINDLER, S. S. BHATNAGAR and T. REICHSTEIN, ibid, 45, 1515 (1962); A. R. MaANzETTI and T.
REICHSTEIN, ibid. 47, 2303, 2320 (1964).

78 R. BRANDT, W. STOCKLIN and T. REICHSTEIN, Helv. Chim. Acta 49, 1662 (1966).

7% Yu. M. BiLers-Ku, Farmatsevt. Zh. (Kiev) 19, 22 (1964); Chem. Abst. 61, 5452 (1964).

3¢ R. B. Bacirov and N. F. KOMISSARENKO, Khim. Prirodn, Soedin., Akad. Nauk Uz SSR 2, 251 (1966);
Chem. Abst. 66, 483 (1967).

81 V. V. ZaTULA and P. T. Gvozpyak, Farmatsevt. Zh. (Kiev) 21, 60 (1966); Chem. Abst. 65, 5517 (1966);
V. V. ZatuLa, N. V. CHERONOBROVAYA and D. G. KoLESNIKOV, Khim. Prir. Soedin 2, 438 (1966); Chem.
Abst. 67, 11698 (1967).

52 ANNA Pusz and S. BUCHNER, Arzemittel-Forsch. 12, 932 (1962); ibid. 13, 409 (1963); A. CsERrep, L.
MASLER, D. SIKL and S. BAUER, Chem. Zvesti. 18, 273 (1964); Chem. Abst. 61, 9572 (1964).

83 J. PrrrA and Z. CekAN, Collection Czech. Chem. Comm. 26, 1551 (1961); J. PItRA, J. MoOURAL and Z.
CEKAN, ibid. 27, 2985 (1962); A.PoLAkova and Z. CEKAN, Chem. Ind. (London), 1766 (1963).

8 M. A. EL K1ey, M. DarwisH and F. M. HasHeM et al., J. Pharm. Sci. (UAR) 6,273 (1965); Chem. Abst.
67, 71101 (1967).

8 M. A, Er Kiey, M. DARWISH, S. M. ABDEL WaHAB and F. M. SoLMAN, Planta Med. 15, 201 (1967);
Chem. Abst. 67, 71115 (1967).
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TABLE 2—continued

SCROPHULARIACEAE

Species Glycoside Genin Sugar Reference
Digitalis canariensis (= Canarigenin Canarigenin D-can 86
Isoplexis canariensis) canaroside
Canarigenin Canarigenin D-dgx
digitoxoside
Canariboivinoside Canarigenin D-boi
side
Canarigen gluco-  3,5-Dianhydroperiplogenin  D-glu
side A
Xysmalogenin Xysmalogenin D-can
canaroside
A, Uzarigenin can + glu 87
Glycoside A 4 A; Canarigenin can + glu
A; Xysmalogenin can + glu
d, VUzarigenin dgx + glu
Glycoside B $d,; Canarigenin dgx + glu
d; Xysmalogenin dgx + glu
Glycoside C Canarigenin p-fuc + D-glu
D. isabelliana (= Isoplexis Glycoside B Uzarigenin p-dgx + glu 88
isabelliana) Digitoxigenin-6- Digitoxigenin p-glume
deoxy guloside
Digitoxigenin-6- Digitoxigenin allme
deoxy alloside
Digitoxigenin-6- Digitoxigenin D-glume
deoxy-glucoside
Uzarigenin Uzarigenin dgx
digitoxoside
. A; Uzarigenin p-can + glu
Glycoside A A, Xysmalogenin D-can + glu 89
. C; Uzarigenin D-dgx + D-glu
Glycoside C C, Xsysmalogenin p-dgx + glu
Glycoside G Digitoxigenin 3-OAcetyl-
glume + glu
Glycoside K Digitoxigenin D-can + D-glu
D. lanata — Diginatigenin — 90
Digitoxigenin gluco- Digitoxigenin glume 91
methyloside
Digoxoside Digoxigenin 4 dgl
neo-Digoxoside Digoxigenin 4 dgl
Glucoevatro- Digitoxigenin p-dgx + D-glu 92
monoside
Glucogitoroside Gitoxigenin D-dgx + D-glu
Glucolanadoxin Gitaloxigenin D-dgx + D-glu
Glucoverodoxin 16-Formylgitoxigenin p-dgl + D-glu

8¢ J, L. BReTON, J. DELGADO and A. G. GONzALEZ, Chem. Ind. (London) 513 (1959); R. TSCHESCHE, G.
SNATZKE, J. DELGADO and A. G. GONZALEZ, Ann. 663, 157 (1963); P. STupER, H. LinDE, K. MEYER
et al., Helv. Chim. Acta 46, 23 (1963).

87 S. SPENGEL, E. HAUSER, K. MEYER et al., Helv. Chim. Acta 50, 1893 (1967).

88 R, REEes, W. Mexer and K. MEYER et al., Helv, Chim. Acta44, 1607 (1961); HorFMANN-LA ROCHE, British
Pat. 904,082; Chemn. Abst. 58, 6918 (1963).

89 H. FEITAG, S. SPENGEL, H. H. A. LINDE and K. MEYER, Helv. Chim. Acta 50, 1336 (1967).

90 M. OKADA, A. YAMADA and M. ISHIDATA, Chem. Pharm. Bull. (Tokyo) 8, 535 (1960).

91 F, KAISER, E. HaAck and H. SPINGLER, Naturwissenschaften 49, 159 (1962); ibid. 50, 668 (1963).

92 F, KAISER, E. Haack and H. SPINGLER, Ann. 678, 137 (1964); ibid 688, 216 (1965).
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TABLE 2—continued

SCROPHULARIACEAE—continued

327

Species Glycoside Genin Sugar Reference
D. lanata neo-Odorobioside G Digitoxigenin p-dgl + D-glu
neo-Digitalinum Gitoxigenin D-dgl + D-glu
verum
Digitoxigenin-O-  Digitoxigenin D-glume +
glucosyl-6-deoxy p-glu
glucoside
O-Glucosyl- Digitoxigenin 2-p-dgx + D-glu
digitoxigenin bis- Dp-glu
digitoxoside
neo-Glucoverodoxin 16-Formyigitoxigenin D-dgl + p-glu
Digitoxigenin-O-  Digitoxigenin Ac-glume + D-glu
glucosyl-0-
acetyl-6-deoxy
glucoside
Digoxigenin digi- Digoxigenin p-dgx + D-glu
landobioside
Digoxigenin-gluco- Digoxigenin 2p-dgx + D-glu
syl-bis-digitoxo-
side
Gluco-neo-digoxin Digoxigenin 3p-dgx + p-glu
D. purpurea Acetylglucogitoro- Gitoxigenin Ac-dgx -+ p-glu 93
side
Acetyl digitalinum Gitoxigenin Ac-dgl + p-glu
verum
Purlanoside A Digitoxigenin Ac-dgx +
2dgx + glu
Purlanoside B Gitoxigenin Ac-dgx +
2dgx + glu
D. grandifiora.®*
STERCULIACEAE
Species Glycoside Genin Sugar Reference
Mansonia altissima Mansonin Strophanthidin 2,3-di-OMe-6 95
deoxy-p-glu
Strophalloside Strophanthidin p-allme
Strophothevoside  Strophanthidin 3-OMe-D-glume
Glycoside P Strophanthidin glume
Glycoside Q Nigrescigenin allme + glume
Glycoside R Nigrescigenin glume

* Ac—acetyl; acf—acofriose; acv—acovenose; all—allose; allme—allomethylose; boi—boivinose;

can—canarose;

Ccym—cymarose;

dgx—digitoxose;

dgl—digitalose;

dgn—diginose;

fuc—fucose;

glu—glucose; gu—gulose; glume—glucomethylose; gume—gulomethylose; jav—javose; Me—methyl;
ole—oleandrose; rhm—rhamnose; sar—sarmentose; tal—talose; talme—talomethylose; thu—thulose;
thv—thevetose; val—vallrose; xy—xylose.

+ The genins marked with an asterisk (*) were, in addition, isolated in the free state from the plant.

93 K. Hoxn, Chem. Pharm. Bull (Tokyo) 9, 566, 571 (1961).
% D. Kurter and L. FAUCONNET, Pharm. Acta Helv. 34, 277 (1959).
95 H, ALLGEIER, Ex. WeIss and T. REICHSTEIN, Helv. Chim. Acta 50, 431, 456 (1967).
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SYNTHESIS

Despite the spectacular advances in the field of steroid synthesis in the last two decades,
no attempts were made at the total synthesis of cardiac genins until 1962 when Sondheimer
et al.®® synthesized digitoxigenin from 3B-acetoxy-148-hydroxy-5B-ctianate. Soon after,
the synthesis of periplogenin®’ was announced and recently syntheses of a variety of new
cardenolides have been accomplished utilizing a furfural intermediate as the starting
material.’® Sondheimer has recently summarized the synthetic approaches towards cardiac
genins.”®

The synthesis of cardiac glycosides has been beset with difficulties because of the labile
nature of C-14 hydroxyl of the genin which is easily removed by acids to give anhydrogenins
and in the presence of methanolic alkali leads to the formation of isogenins. However, a
large number of synthetic monosides have been prepared which have been recently reviewed!%?
in a comprehensive manner.

The synthetic lyxose, xylose and arabinose monosides of strophanthidin are less effective
than the naturally occurring strophanthidin monosides. Nevertheless, synthetic a-L-manno-
side of strophanthidin has the highest recorded potency!°! for any cardenolide so far. A
partial synthesis!%? of erychroside from strophanthidin digitoxoside has been recently
reported.

MICROBIOLOGICAL AND CHEMICAL TRANSFORMATIONS

The last decade has been significant for the developments in the field of microbiological
transformations of the cardenolides.!%% 1% Tamm et al.!% for the first time showed that
Fusarium lini produced digoxigenin by 128-hydroxylation of digitoxigenin and converted
gitoxigenin into diginatigenin.!%¢

After the success of these initial experiments a variety of micro-organisms have been
employed to achieve dehydrogenations,'®? hydroxylations,!®® hydrolysis,'®® aromatiza-

96 N. DANIELL, Y. MAZUR and F. SONDHEIMER, J. Am. Chem. Soc. 84, 875 (1962); idem Tetrahedron 22, 3189
(1966); G. BacH, J. CAPITAINE and CH. R, ENGEL, Can. J. Chem. 46, 733 (1968).

97 R. DEGHENGHI, A. PHILIPP and R. GANDRY, Tetrahedron Letters 2045 (1963).

98 J. M. FERLAND, Y. LEFEBVRE, R. DEGHENGHI and K. WEISNER, Tetrahedron Letters 3617 (1966).

99 F. SONDHEIMER, Chem. Britain 1, 454 (1965).

100 W, W, ZoreacH and K. V. BHAT, Advan. Carbohydrate Chem. 21, 273 (1966).

101 W_W. ZORBACH, S. SAcHI and W. BUHLER, J. Med. Chem. 6, 298 (1963).

102 § F, MAKAREVICH, Khim. Prir, Soedin. 2, 416 (1966); Chem. Abst. 66, 115933 (1967).

103 E, O, Trrus, Advan. Applied Microbiol. 3, 279 (1961); CH. TAMM, Planta Med. 8, 331 (1960); idem Angew.
Chem. Intern. Ed. 1, 176 (1962).

104 p, I. Govozpyak and D. G. KoLeoNIKOV, Farmatsevt. Zh. (Kiev) 19, 37 (1964); Chem. Abst. 61, 13757
(1964).

105 A, GuUBLER and CH. Tamm, Helv. Chim. Acta 41, 297 (1958); ibid. 42, 239 (1959).

106 A GusLER and CH. Tamm, Helv. Chim. Acta 41, 1762 (1958).

107y, NozaAKkl, Agr. Biol. Chem. (Tokyo) 25, 461 (1961); C. J. S, S. M. KuprcHAN, O. EL TAYEB and A.
AFoONoO, J. Med. Pharm. Chem. 5, 629 (1962); A. M. Amici and L. VALENTINI ef al., Ann. Microbiol.
Enzimol, 15, 145 (1965); Chem. Abst. 65, 12591 (1966).

108 Y, NozAkI and T. OKUMURA, Agr. Biol. Chem. (Tokyo) 25, 515, 879 (1961); E. WEeIss-BErG and CH.
Tamm, Helv. Chim. Acta 46, 1166, 2435 (1963); T. OKUMURA, Y. Nozakr and D. Sato, Chem. Pharm.
Bull, (Tokyo) 11, 1340 (1963); P. BeLLET and D. GERARD, Ann. Pharm. France 21, 593 (1963); P. 1.
GvozDYAK, Med, Prom. SSSR 17, 26 (1963); Chem. Abst. 60, 9869 (1964); T. OKUMURA, Y. NOZAKI
and D. SaTo, Chem. Pharm. Bull. (Tokyo) 12, 1143 (1964); M. OkapA and M. HASUNUMA, Yakugaku
Zasshi 86, 67 (1966); Chem. Abst. 64, 12754 (1966).

109 p_ I, Gvozpyak and D. KoLEsNIKOV, Med. Prom. SSSR 15, 14 (1961); Chem. Abst. 56, 544 (1962);
idem Farmatsevt. Zh. (Kiev) 18, 70 (1963); Chem. Abst. 61, 12372 (1964).
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tions,!!® oxidations,'!! reductions,!!? etc. Fermentation procedures for the synthesis of
genins have been developed !!3 and in some cases new genins have been produced which have
not been encountered so far in the plant kingdom.

METABOLISM AND INOTROPIC ACTION

The metabolism of cardenolides in animals is mainly effected by enzymes in the liver and
no changes take place at the site of action, namely the heart. There does not seem to be any
evident relationship, therefore, between metabolism and the mechanism of action of cardio-
tonic compounds.!14

The major pathway of metabolism of cardenolides is via hydroxylation at various centres
although the lactone ring appears to be unaffected. 128-Hydroxylation of digitoxin, digitoxi-
genin digitoxoside, gitoxigenin-digitoxoside, xysmalogenin, etc., has been observed in
many animals although not in guinea pigs.!!S It appears that hydroxylation converts the
lipid-soluble compounds into polar derivatives which can be more easily excreted, generally
as glucuronides.!!$

The 38 hydroxyl is another focus of enzymic action which gives rise to inactive 3a-hydroxy-
lated products and can be regarded as a detoxification mechanism.!!” The sugars of the
cardiac glycosides also undergo stepwise hydrolysis in the animal body but this is a slower
process than the inversion of the C-3 hydroxyl. The attachment of a sugar moiety to 3p-
hydroxyl thus acts as a protecting group against rapid epimerization and consequently
glycosides have a longer duration of action.!!?- 118

It has now been established that the cardenolides exhibit an inotropic effect due to the
presence of specific receptor enzymes in the cardiac muscle cell membrane and these have
been identified as ATPases.!!% 12° These enzymes are involved in the active “transport” of
Na and K ions which are gained or lost by the cell with each contraction of the heart.

The positive inotropic effect and toxic action of digitalis on the heart is diminished or
eliminated by raising the K concentration in the medium. The basis of this antagonism
may be a competition between digitalis and K for the same binding site on the outer surface
of the cell.!?! 122 The role of Ca and Na ions is also becoming clear and, on the whole,
a reasonable assumption has been made that the sodium influx during depolarization phase
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of the muscle contraction allows or facilitates an attack of digitalis on the transport-
ATPase.‘ 19, 123

A comparison of 21 cardenolides '?2 revealed that in most cases the ability of the drug to
block the transport-ATPases parallels its inotropic action in the intact animal. Thus, affinity
of the compounds for the receptor enzyme appears to be the decisive factor and not their
distribution or metabolism in the body. The present information favours the view that the
daf carbonyl function of butenolide ring is the key grouping which forms the link for the first
one point attachment of the molecule through a hydrogen bond to the -OH of the phosphoric
acid residue in the phosphorylated receptor enzyme.!?* This binding of the inhibitor to the
enzyme prevents access of K to the phosphorylated enzyme and thus K-dependent phos-
phorolysis is inhibited—the overall result being the inhibition of ATPase system.

The lactone ring plays its crucial role only in the 178 orientation and, likewise, a C-3
hydroxyl in the B position possibly facilitates the close apposition of the molecule to the
enzyme surface. The other polar groups appear to play only minor roles in contributing to
the receptor-cardenolide association. From the experiments on ATPase inhibition!22 12
by therapeutically and toxically active concentrations of digitalis (dose/effect relation), it
has been postulated that the therapeutic and toxic actions are related to a moderate or strong
inhibition of the transport-ATPase. The use of this system opens a new approach to the
problem of structure-activity relationships and might be utilized as part of a screening
programme.

Some cardenolides also exhibit cytotoxic and brain transport-ATPase inhibiting
effect.!26-128 It has been suggested 27 that drug receptors in these systems may be structurally
very similar to those present in the cardiac cell membrane.

BIOSYNTHESIS

The biosynthesis of digitoxigenin has been studied recently in Digitalis purpurea and it
has been established that the steroid nucleus, as expected, originates from mevalonic acid
(MVA)viasqualene.'?* The butenolide ring of the molecule, however, originates from acetate
as was shown by feeding the plant with acetate-1-'“C which yielded C-20 and C-23 labelled
digitoxigenin.!3°

Tschesche et al. has found that C,,-steroids with a keto group at C-20 are specific pre-
cursors of cardenolides in plants. Feeding of 4°-pregnan-3B-glucoside-20-one-21-14C to D.
lanata'3! leads to the formation of radioactive butenolide derivatives such as digitoxigenin,
xysmalogenin, gitoxigenin and digoxigenin. This has been confirmed by the studies of
Reichstein 32 who fed mevalonic-3-14C acid to D. purpurea and isolated C-20 labelled
digitoxigenin. More recent studies using labelled pregnenolone and progesterone has

123 K RepkE and H. J. PorT1US, Experientia 19, 452 (1963).

124 4 J. PorTIUS and K. REPKE, Arzneimittel-Forsch. 14, 1073 (1964).

125 W_ KLAus and G. KUSCHINSKY, Arch. expt. Pathol. Pharmakol. 244, 231 (1962).

126 § M. KupcHAN, J. R.KNox and J. F. KELSEY, Science 146, 1685 (1964); S. M.KuprcHAN, R. J. HEMINGWAY
and R. W. DoskoTcH, J. Med. Chem. 7, 803 (1964); R. B. KELLY, F. G. DANIELs and L. B. SPAULDING,
J. Med. Chem. 8, 547 (1965).

127 M. MOKOTOFF, S. M. KUPCHAN, R. S. SANDHU and L. E. HokIN, J. Med. Chem. 10, 1025 (1967).

128 1 E, HokiN, M. MokoTtoFF and S. M. KUPCHAN, Proc. Nat. Acad. Sci. U.S.A. 55, 797 (1966).

129 B @G, Gros and E. LeeTe, Chem. Ind. (London) 698 (1963).

130 B, T geTe, H. GREGUNG and G. EDWARDS, J. Am. Chem. Soc. 87, 3475 (1965).

131 R TscHeSCHE and G. LiLiENweiss, Z. Naturforsch. 19b, 265 (1964); ibid, 22b, 677 (1967).

132 T, ReICHSTEIN and J. voN Euw, Helv. Chim. Acta 47, 711 (1964).



Cardenolides—glycosides and genins 331

confirmed these results for other cardenolides.!>* Thus the biosynthesis of cardenolides
proceeds through a pregnan derivative which needs only 1 molecule of acetate to form the
butenolide ring.

The biosynthesis of the deoxy sugar, digitoxose, has also been studied in D. lanata and
D. purpurea'®* using D-glucose-6-*4C. In the resultant digitoxin, digitoxigenin was four times
more active per mole than digitoxose which can best be explained on the assumption that
the plant converts 1 mole of glucose into 3 moles of acetic acid. The digitoxose, thus obtained,
was proved to be formed from glucose without rearrangement of the carbon chain.
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