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Sodium- and potassium-activated adenosine triphospha-

tase (Na+,e-ATPase) is an integral membrane protein which

catalyzes the active transport of Na l' and e across plasma

membrane. This enzyme is specifically inhibited by car-

diatonic steroids and thus believed to be the receptor for

these drugs. As a part of an investigation aimed to deli-

neate the role of 168-substitution on the Na+,K+-ATPase

inhibitory activity of cardenolides, a series of 165 -

substituted analogues of gitoxigenin (13) and gitoxigenin-

38-monodigitoxoside (44) was synthesized and evaluated in

vitro as inactivators of a partially purified hog kidney

Ne,e-ATPase. Three gitoxigenin-168-acetates (32, 34, 37),

three gitoxigenin-168-formates (31, 35, 49) and one C17

acyclic methyl ester (40) were synthesized. A 168-formate

group was generally found to increase activity 30 fold, a

168-acetate group 9-12 fold, while C17 acyclic methyl ester

40 was as active as gitoxigenin (13). A 38-digitoxose

increased activity of gitoxigenin by 15 fold, but the effect



was less if the 16S -group was esterified. Structural and

computer graphic studies of the most active genin analogue

31 suggests its high activity may be associated with an addi-

tional binding interaction with the receptor. To charac-

terize cardenolides' putative C16 binding site(s), we have

synthesized three photoaffinity C16 side group ligands (69,

71, 73). Evaluation of these ligands showed that the

166- azidoacetyl 3e-D-digitoxoside 73 was a very potent hog

kidney Nat,e-ATPase inhibitor. The high activity of 73

makes it a suitable ligand for the future study to charac-

terize C16 binding site(s).

In an attempt to delineate the role of structure and

conformation of cardiac glycoside sugars, stereoselective

syntheses of the four possible glucosides (100, 103, 104,

105), the four possible mannosides (106, 107, 108, 109) and

two rhamnosides (94, 110) of digitoxigenin (1) were deve-

loped. Biological evalaution of these digitoxigenin gluco-

sides suggested that the 4'-equatorial hydroxyl and

5'-equatorial methyl are the functional groups responsible

for their potent hog kidney Na+,0"-ATPase inhibitory acti-

vity. Stereochemistry of 3'-OH had much less of an activity

role that that of the 4'-OH, in contrast to existing moaels of

'sugar site' binding.
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STUDIES ON CARDIOTONIC STEROIDS AND

THEIR RECEPTOR-Na+,e-ATPase

CHAPTER 1

CARDIOTONIC STEROIDS: USES, THE Nal",e-ATPase RECEPTOR,

AND THE STRUCTURE ACTIVITY MODELS
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INTRODUCTION

I. Therapeutic uses of cardiac glycosides,

Chronic cardiac failure results from a fundamental

impairment of myocardial contractility. This results in the

inability of the heart to pump blood to the peripheral sites

with a consequence that the metabolic requirements of the

body remain unsatisfied. Factors which contribute to heart

failure include myocardial ischemia, hypertension and

congenital heart disease.1-5

Two classes of drugs are currently used in the

successful treatment of congestive heart failure.6'7 These

are cardiac glycosides (digoxin, ouabain and digitoxin) and

non-steroidal agents such as sympathomimetic agents

(dobutamine and dopamine). Each has its limitations.

Cardiac glycosides except ouabain are the orally effective

agents. However, arrhythmogenic liability limits their

use.8 For sympathomimetic agents, dobutamine and dopamine,

use is limited by chronotropic liability and oral ineffec-

tiveness. Both classes of drugs have as their main effect

an increase in positive inotropic support for the failing

heart. However, both classes of drugs differ in their mole-

cular mechanism of action. The positive inotropic activity

of cardiac glycosides seems to be due to the inhibition of

myocardial cell membrane Nal-00--ATPase (Na+ pump), while

sympathomimetic agents are a-adrenoceptor agonists.

In recent years, the absence of safe, orally effective,

positive inotropic agents for the treatment of congestive
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heart failure has stimulated the development of several new

non-sympathomimetic cardiotonic agents (Figure 2).

Noteworthy are: amirone9, milrinone10, feroximonell, and

sulmazole.12

Biological evaluation of these new cardiotonic agents

suggest that the principal component of the positive inotro-

pic action of these agents is inhibition of fraction III

cardiac phosphodiesterase. However, sulmazole inhibits

either cardiac or kidney Na',0--ATPase with comparable

IC50's of 540 pm.13 Sulmazole has also been reported to

have a direct action on intracellular calcium transport that

may also contribute to its positive inotropic

action.12 Inhibitors of phosphodiesterase increase the

intracellular level of c-AMP, which is associated with

increased myocardial contractility. Other compounds which

are of interest as cardiotonics are glucagon14,

anthopleurin15, a newly synthesized analog of P01215 and SKr

86466, a selective a2-adrenoceptor agonist.16



Digitoxigenin (1)
(Cardenolide Prototype)

HO

0
tt

HO

Digoxigenin (2)

0

Strophanthidin (4)

0

H

Bufalin (3)
(Bufadienolide Prototype)

4

0

HO

Gitoxigenin (13)

0

OH

Ouabagenin (5)

Figure 1: The cardenolides and bufadienolides (from ref. 106).
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II. Cardiotonic steroids and their receptor - Na+le-ATPase:

Digitalis, or foxglove is the dried leaf of Digitalis

purpurea Linne' (Fam. Scrophulariaceae). The cardiac

glycosides include two groups of compounds, the cardenolides

and bufadienolides. The cardenolides, illustrated by

digitoxigenin (1) and digoxigenin (2) are a large family of

closely related steroidal aglycones or "genins" obtained

from the several species of digitalis. Bufalin (3)

illustrates the general structure of bufadienolides obtained

from toad venum. The cardenolides have an unsaturated five

membered butyrolactone ring at C17, while the bufadienolides

have a six membered a-pyrone ring (Figure 1).

The cardiac steroids usually occur in nature as the

corresponding 36-glycosides. One or more sugars are linked

at 3B-hydroxyl of steroidal aglycone to form the glycoside

structure. Lantoside C (6) illustrates the general

structure of cardenolide glycoside. The glycoside linkage

can be selectively cleaved by enzymatic, acid or base cata-

lyzed hydrolysis.

Naturally occuring cardenolides exist in a ther-

modynamically unfavorable configuration17: A/0 and C/D cis-

fused rings, 170 side chain, 140-orientation and 38 or 3a

oriented substituents. These stereochemical features are

important and often slight modifications will result in a

net loss of biological activity. 18,20 Interestingly,

synthetic cardenolides with a C17 lactone isomeric to the
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natural one, retain biological activity.21 Recently, Chiu

and Watson22 have shown that 5a-H (trans A/B ring function)

and 50-H (cis A/B ring junction) cardenolide aglycones, such

as Uzarigenin (98) and digitoxigenin (1), respectively, have

very similar inotropic activities.

Cardiac glycosides are still one of the most frequently

employed class of drugs in the treatment of congestive heart

failure and certain arrhythmias. The molecular mechanism

by which these glycosides produce positive inotropy remain

controversia1.23-25 Most investigators believe that ouabain

and other cardiac glycosides are specific and unique

inhibitors of Na+,K+-ATPase.26-28 This enzyme system is

identified as the biochemical equivalent of the active

transport system for Na+ and K+ across cell membranes. The

physiological receptor for cardiac glycosides in all tissues

is generally believed to be Na+,e-ATPase. This concept,

first proposed by Repke26 was recently summarized on

a mechanistic basis by Schwartz 27, Akera28 and Erdmann.48

However, not all the actions of cardiac glycosides can be

attributed to Na+ -K+ -pump inhibition and several

observations show that at low doses (around 10-10 or 10-9M)

ouabain (9) stimulates the pump.29930 This cardiac

stimulation may be due to ouabain induced release of

norepinephrine present in nerve terminals innervating

cardiac tissue.31,32

In 1953, Schatzmann33 demonstrated that the active



0-Adrenoceptor Stimulants:

HO

HO

Dopamine.

Arylimidazopyridine Cardiotonics:

H

8
NH=

Amrinone

8
CN

7

NHCH(CH2), V CH,
eH,

Dobutamine

Milrinone Fenoximone

OMe

H

Sulmazole

Figure 2: Non-steroidal inotropic agents.
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ionic transport in cold stored erythocytes can be completely

blocked by the addition of 10-1 g/ml strophoside (8).

This blockade of ionic transport can be accomplished

without influencing oxygen consumption and rate of

glycolysis of erythocytes. This was attributed to the

blockade of the Neve-Pump. In 1960 Skou34 discovered an

ATP hydrolyzing enzyme in homogenates of crab nerves, which

was activated by Na+ and K+ in presence of Mg2+. This

Nat,e-activated enzyme could be inhibited by strophanthidin

(4). In 1963, Repke26 observed a relationship between the

IC50 (molar concentration of the drug to inhibit the enzyme

activity by fifty percent) for digitoxin (7) and

K-strophanthoside (8) (also known as strophoside) (Figure 3)

on red cell ATPase and the lethal doses in man and rats.

Repke26 was the first to propose that inhibition of

Na+,K+-ATPase is the cause of positive inotropy produced by

cardiac glycosides.

In recent years the specific inhibition of Na+,0"-ATPase

by digitalis represents the only reproducible finding by the

large number of investigators.35-38 Despite the existence

of different tissue specificity and species differences, it

is observed that Na+ and K+ modulate the inhibition of

Nal-,e-ATPase induced by ouabain (9) and digoxin (10).

Nal-00--ATPase uses ATP as an energy source and requires both

Na+ and KI" for maximal activation. In the presence of ATP,

Na+ and Mg2+, a phosphorylated intermediate is formed,



H OH

0
HO

A" = H, IR" = H
R12= H, R'6= OH

= OH, R" = H

9

0

Digitoxin (7)
Gitoxin (25)
Digoxin (10)

Rat

R" = H
=CH,

OH

R" =H; R' =OH; FP= CH2OH; R" =OH = Ouabain (9)
R' =CH3; R' = H; RI° = H; R" = H = Norifolin (12)

Digiproside (11)
Strophoside (8)

CH,

Figure 3: Cardiac glycosides of D. Lanata.
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Gitaloxin (50)
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Figure 3: Cardiac glycosides (continued).
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which is dephosphorylated in the presence of 10- after

undergoing conformational changes. The phosphorylation-

dephosphorylation cycle affects the vectoral transport of

WI' and K+ across the cell membrane usually against

concentration gradient. Schwartz and co-workers37 were the

first to propose that inhibition by ouabain (9) lies in a

stabilization of a phosphorylated conformation of the

Na+,e-ATPase (Figure 4).

As reviewed by Schwartz38, many hypotheses have been

advanced for the cause of positive inotropy induced by

cardiac glycosides:

First, digitalis interacts with the Na*,e-ATPase.

This interaction creates an increase in calcium

concentration within the cells. The increase in

intercellular calcium causes an attachment of troponin to

actin. Such an attachment facilitate actin-myosin

interaction and thus causes contraction. The higher calcium

content within the cells from added intracellular sodium is

partly due to an increase in calcium influx39 or a

liberation of sarcolemmal calcium. However, this increased

calcium content is also due to a reduction or retardation in

the calcium uptake into the sarcoplasmic reticulam and

mitochondria of the cardiac muscle.40

Second, digitalis when interacting with Na+,e-ATPase,

In some way changes the affinity of phospholipids associated

with Na*,e-ATPase. This change in affinity mobilizes the



E+ATP

E+AcP (or Carbamyl-P)

Nat
1

K
'CP' Apr

.E-P. E+PIki k2

Dig

Dig E-P

12

Figure 4: Inhibition mechanism of Nat, KtATPase by cardiac glycoside.
E, enzyme: E-P, phosphorylated intermediate of the enzyme: Dig, digoxin:
Dig E-P, digoxin-phosphorylated enzyme complex: k, and k2 represent
velocity constants of Na-accelerated phosphorylation step and
K-accelerated dephosphorylation steps, repectively. (Reproduced from
ref. 38.)

S-0-06:a

MilliriN11111313
gaggn8g8888 Aggg

Figure 5: Two distinct Na., K'-ATPase receptors (Okita, Godfraind, and
others). (Reproduced from ref. 38.)
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intracellular calcium. 41,42.

Okita43 and others44-45 do not support the postulated

mechanism that the positive inotropic effect of cardiac gly-

cosides is due to inhibition of Na+,0"-ATPase. They have

suggested46 that there is another site on the sarcolemma

(Figure 5), which is distinct from the Na+,e-ATPase. There

are emerging data in recent years suggesting that isozymes

of Na+,K+-ATPase may exist, particularly in rat brain and

possibly rat heart.47 Schwartz38 and others45, 48 believe

that in species less sensitive to cardiac steroids, the

inotropic activity may not be directly linked to

Na+,e-ATPase inhibition. Instead, the cardiac steroid

binding to the enzyme may release Ca2+ from the ATPase

system itself.

The binding studies carried out by using 3H ouabain and

3H digoxin has furnished some very interesting results.

Specific binding of 3H ouabain _ 4 _ yi

revealed a high affinity and a low affinity site.48 In

order to test the pharmacological significance of these dif-

ferent types of binding sites, specific 3H ouabain binding,

force of contraction and 86Rb+ uptake were measured simultan-

eously in contracting cat papillary muscles and in guinea

pig atria.

The results in the digitalis sensitive cat shows one

type of cardiac glycoside receptor with high affinity

(K0 10-7M) for ouabain. The occupation of this receptor

runs parallel with an increase in force of contraction and
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an inhibition of 86Rb+-uptake. In the rather digitalis

insensitive guinea pig and rat, 3H ouabain binding also runs

parallel with increased force of contraction. However,

86Rb+-uptake is only inhibited at toxic glycoside

concentrations. These results suggest that in rat and

guinea pig heart there exist two different digitalis

receptors; the high affinity receptor seems to be coupled to

inotropic effects, the low affinity receptor is linked to

inhibition of Na+,e-ATPase. It is not yet entirely clear

whether these two families of sites correspond to two

families of Nal",e-ATPases or to two different types of

ouabain receptors corresponding to two different types of

physiological activities. Schwartz and colleagues38 have

also found a biphasic response to ouabain (9) in the

ventricle (not the atria) of the rat and postulated the

existence of two binding sites; a high affinity site (KD

3x10-7M) and a low affinity site (K0 3x10-5M).

Does an endogenous digitalis-like substance exist in

mammalian tissues? In a recent review49, Martin Wilkins

presented evidence that a humoral factor other than

aldosterone may exist which plays a critical role in Na+

homeostasis. The suspected humoral factor is a peptide

called atrial natriuretic peptide (ANP) found in mammalian

atria. ANP does not inhibit Na+,K+-ATPase. Although some

doubts still persist, there is a good possibility that

besides ANP, an endogenous factor50-53, which shares many
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properties with exogenous foxglove may exist. Schwartz and

coworkers38, 54 have isolated from rat brain, a fraction

which inhibits Ne,e-ATPase activity and ouabain (9)

binding.

Similar to adrenergic receptors, does an up and down

regulation exist for the digitalis receptors? Erdmann55

showed that potassium deficiency causes an increase in the

activity of the Nal-,K+-ATPase in the cardiac muscle of

guinea pigs. These results are confirmed by Greeff56 in

guinea pig cardiac muscles and erythrocytes and found that

Ne,e-ATPase activity unaffected in kidney and brain.

Whittaker et al57 has recently shown that a phar-

macological tolerance exists for cardiac glycosides. Their

results are in accordance with the observation that upon

withdrawal of digitalis glycoside many patients show no sign

of cardiac failure.58,59
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III. Na+,e-ATPase enzyme system:

Na+,e-ATPase has been isolated and purified from a

number of tissues. Like other membrane bound proteins,

Nat,e-ATPase has not yet been crystallized. However,

Jorgensen and co-workers60 have obtained electron

micrographs of two dimensional crystals of membrane bound

Na+,K+-ATPase. Na+,0"-ATPase has several vital physiologi-

cal functions, in heart contractions, in maintainance of ion

balance by the kidney and in nerve transmission. It has

also been implicated in numerous pathological states

including hypertension, hypothyroidism, obesity and manic

depressive psychosis. Na+,K+-ATPase is an enzymatic

transport system that characteristically moves 3 Na l' outward

and 2 K+ inward across the plasma membrane of animal cells.

During this process one terminal phosphate group of intra-

cellular ATP split off with catalysis by intracellular Mg21-.

As the stoichiometry is 3 Na l' to 2 e, it is obvious that

the Na+-0- pump is electrogenic (electropositive in the

direction of Na l' movement).61 The electrogenecity of the

Na+-10- Pump is demonstrated by Dixon and coworkers61 in

reconstituted Nal-,e-ATPase using lipid permeable anion

(14c)seN-.

Na+,e-ATPase can be covalently phosphorylated on an

aspartate residue by the y-phosphate of MgATP62. The

phosphorylated intermediate is formed in the presence of

sodium but hydrolyzed in the presence of potassium. The
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enzyme is phosphorylated and dephosphorylated each time of

turnover.63 Nat,e-ATPase utilizes ATP hydrolysis as an

energy source for the coupled active transport of Nat and Kt

across a wide variety of cell membranes. This vectoral

transport of Nat and K+ usually involve two unique conform-

ations (E1 and E2) of the native enzymes. Alkylation with

N-ethylmaleimide or treatment with oligomycin prevent tran-

sitions between E1 and E2. There are some important diff-

ferences between E1 and E2 enzyme conformations: a) their

different affinity for ATP64965; b) their physical

difference as observed by their tryptophan fluorescence

spectra"; c) their susceptibility for proteolysis by

trypsin67-69; d) phosphorylated intermediates E1 P and E2

P respond differently to ADP and Kt.70

Normally the turnover cycle (Figure 6) operates in a

clockwise direction72993 extruding Nat and accumulating K +.

The E1 conformation which is inward oriented prefers Nat as

substrate, whereas the E2 conformation (outward oriented)

prefers Kt. Digitalis binds to the E2 conformation of the

enzyme73, preferably to the phosphorylated form E2 P.73

However, phosphorylation is not very essential for glycoside

binding. As can be seen, Mgt+ in the presence of Pi (Type

II ouabain binding) (without ATP or Nat) increase cardiac

glycoside binding.71 While E2 P is probably the relevant

ouabain binding enzyme conformation in most tissues, it is

noteworthy that EI P is the predominent form of

Nat,Kt-ATPase from eel electric organ in the presence of
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100 mM Nat, Mg2t and ATP (Type I ouabain binding).74 Once

enzyme is bound to digitalis, it loses its ability to

utilize ATP and thus coupled active transport of Nat across

cell membrane ceases with a net increase in intracellular

sodium. This in turn leads to an increase in the

intracellular Ca2t (Nat-Ca2+ exchange) which stimulates the

heart.

Ne,e-ATPase structure, As recently described in

several reviews75,78, the Nat,e-ATPase contains at least

two polypeptidest the a and B-subunits. The a-subunit (72%

of total enzyme protein by mass) is the catalytic subunit77

(Mr 90-100,000). This is phosphorylated by y-P-ATP32 in the

presence of Mg2t and Nat and contains the binding site for

ouabain (9).78,79 The a-subunit undergoes prominent

conformational changes between the Nat form, E2[Na +] and the

Kt form, E2[K +]. Only, short amino acid sequence of the

a-subunit of outer medulla of dog kidney is known

NH2-Gly-Arg-Asn-Lys-Try-Glu-Pro-Ala-Ala-Ser-G100 and the

carboxyl terminal is Ser-Thr-Tyr-COOH.87, 81

Carilli98,97 and Schwartz98 have published a schematic

model of the Nat,e-ATPase a-subunit in cell membranes.

According to this model, phosphorylation and sugar binding

sites of cardiac glycosides are located on the N-terminal

half of the a-subunit. This was shown by the site specific

labeling experiments conducted by Rossi82 and Farley et

al.83 The sequence around the phosphorylation site of the
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a-subunit of outer medulla of dog kidney is (Thr or Ser)-Asp-

(P)-Lys with a cysteine about four residues away from the

phosphoaspartic residue on the aminoterminal side.84

The a-subunit is glycosylated. It has one asparagine linked

polysaccharide.85 The complete amino acids sequence of

a-subunit of sheep kidney Nal",e-ATPase has recently been

reported.184

As reviewed by Peterson and Hokin76, the 8-subunit (Mr

50,000) is a glycoprotein (sugar content 9-23% by mass).85

Its functional role is unclear, but it is definitely an

integral part of the enzyme complex as evidenced by the

facts: a) it copurifies with the a-subunit; b) it can be

cross linked with a-subunit77/86; c) antibodies to the

8-subunit inhibit Nal",e-ATPase activity87:88 and; d) lectin

binding to the 8- subunit inhibits enzyme activity.89 It is

believed that the 8- subunit assists the catalytic a-subunit

in executing its functional role.77 The partial sequence

from the N-terminal of 8-subunit in the electric organ of

eel electroplax was found to be NH2-Ala-Gly-Trp-Ala-Lys-Glu-

Glu-Gly.70

Recently, a low molecular weight proteolipid (Mr 12,000)

has been reported.90 -92 This proteolipid is covalently

labeled by site specific reagents of ouabain.

The true molecular weight of the 8- subunit can not be

determined by SOS-PAGE.76 Therefore, it is difficult to

determine precise quaternary strucutre of the Nal",e-ATPase.
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As reveiwed by Kyte93, Na+,e-ATPase operates as an

oligomer, possibly a dimer a202 which is conserved through a

wide phylogenetic range.94,95

Na+,e-ATPase is usually isolated and purified from the

tissues like outer renal medulla in mammalian kidney, rectal

glands of dogfish, eel electroplax and salt glands of ducks

in which Na+,K+-ATPase is induced by salt treatment.

Skou and coworkers99 have developed a relatively simple

method for a routine preparation of larger quantities of

purified Na+,K+-ATPase from the rectal glands of Squalus

acanthias. Pure Nal",e-ATPase can also be prepared within a

few hours from crude membrane fractions of tissue from the

outer medulla of mammalian kidney 100 or from rat brain.101

Usually during preparation of Ne,e-ATPase the extraneous

proteins are extracted from the membranes by incubation

with SDS in the presence of ATP. Ne,e-ATPase remains

embedded in the membrane structure and is isolated in a

single isophycnic centrifugation. This preparation is

90-100% pure with respect to the content of a-subunit.
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IV. Cardiac glycoside structure-activity relationships:

As recently described in several reviews102: 103,105 the

variety of approaches used to delineate the precise mode of

interaction of cardiac glycoside derivatives with their

receptor have furnished some firm conclusions regarding

structure-activity relationships: (1) the steroid nucleus

(56-140-0-androstane-3114 diol) in cardiac glycosides with

A/B cis, B/C trans and C/D cis stereochemistry is the lead

structure; (2) the lactone and sugar side groups contribute

much for thermodynamic selectivity of these glycosides

towards their receptor; (3) the lactone side chain, although

important, is not an absolute requirement as had long been

believed.

Approaches that have been used to determine structure-

activity relationships include: synthesis of key cardenolide

intermediates1°29 104,111, X-ray crystallography 104, use of

computers103 and dipole moment victor.115 Some important

structure-activity models resulted from these approaches are

discussed here.

A. Genin Binding Models: Excellent reviews of the

Na +,K +,ATPase and cardiotonic steroids interactions have been

published by Thomas105 and by Fullerton.106 Many receptor

site models have been developed to describe digitalis

genin's interaction with their receptor. Two which

emphasize the role of 20(22)-double bond are the two point

binding model of Thomas108 and the Michael attack model of
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Figure 7: Proposed models of cardenolide-receptor binding. (Reproduced
from ref. 106.)
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Kupchan107 (Figure 7). Thomas and coworkers108 prepared a

number of genins with different C17 side groups and have

pointed out that they all have in common a co-planar

arrangement C17-C=C-q-R, where X=0,N, possibly other atoms
X

and R is preferably smaller groups. They postulated a two

point binding of these genins at the receptor: an ionic

bonding of the a-carbon of the unsaturated C17 side group

and at the oxygen of the lactone carbonyl (Figure 7).

Kupchan107 proposed a Michael attack by some nucleophile at

the receptor surface on the unsaturated lactone ring. Thus,

20(22)-double bond of lactone in these models has an active

role in receptor binding. Jones and Middleton109 have

attempted to react cardenolides with cysteine and other

biological nucleophiles but have not been able to detect a

covalently bonded nucleophile-cardenolide complex. Recent

work of Fullerton and coworkera116 and also of Guzman and

colleagues110 cast serious doubt on the correctness of the

Michael attack hypothesis.

Repke and Portius112 have pointed out that the inhibi-

tory potency of the cardenolide is related to the degree to

which the lactone ring's carbonyl group is polarized. This

polarized carbonyl group then interacts with the negatively

charged group on the protein. Proton abstraction from this

polarization of lactone carbonyl and subsequent receptor

surface provides "relative long distance" forces which guide

the lactone group to the receptor enzyme. Rotation of the
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steroid nucleus about the C17-C20 bond is then required to

orient the steroid skeleton to a position which is

complimentary to the enzyme surface. The "short range" Van

Der Waal's forces then act to stabilize the cardenolide

receptor complex. 111-115

Most recently Repke and coworkers115 have described a

quantitative relationship between molecular physical

properties (e.g. molecular dipole and inhibitory potency of

cardenolides). This is an extension of their previous model

of hydrogen bond and Van der Wall's interactions between

cardenolides and their receptor. Using molecular geometry

of digitoxigenin (1) as determined by x-ray in calculating

dipole vectors, they found an excellent correlation between

dipole moment and inhibitory potencies of 33 cardenolide

derivatives. It is important to note however, the most

important weakness of the Repke model is that he has the

most active compounds in one lactone conformation and least

active in another conformation. The reason for such a

change in conformations is not explained.

Fullerton and coworkers have shown that a strong corre-

lation exists between the C178 side group carbonyl oxygen

position and the inhibition of Na+,e-ATPase

activity. 104,116-121 Using a number of digitalis genins,

both natural and semisynthetic (Figure 8), they found that
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Figure 8 (left): Structures of genins used In various experimentsby Fuilerto n et al (ref.
120). Correlation between relative carbonyl oxygen separation in five genins and their
IC values for Na*, leATPases from different sources. The plot is based on the data for
five genins. Na',1(4-ATPase preparations from rat brain (El --E), hog kidney (L.../24,
and cat heart (0 . -- 0) were tested. The five data points in each case were analyzed us-
ing a simple linear regression model to fit the lines shown for each enzyme. The linear
regression equations for best fit for various enzymes were: rat brain enzyme, log IC =
+ 0.457 x D - 6.37; (P = 0.98, s = 0.14); for hog kidney enzyme, log IC, = + 0.39 x D - 6.7;
(r2 = 0.93, s = 0.24); and, for cat heart enzyme, log IC = + 0.41 x D - 7.1, (P = 0.94, s =
0.26), where D = separation distance between the carbonyl oxygens, in angstroms. The
estimated standard deviations in the slopes were *0.03, *0.05, and *0.05 and in the in-
tercepts were ±0.1, *0.2, and *0.2, respectively, for the three enzymes.

Figure 8 (right):Correlation between reactive carbonyl oxygen separation in five genins
and their IC. values for hog kidney Na', le-ATPase under different genin binding and
substrate conditions. The pilot is based on the data for five genins,
Na', K'- ATPase inhibition under type I genin binding conditions. 1<-ATPase
inhibition under type II genin binding conditions; 0- - -0, K' -p-NTPase inhibition under
type II genin binding conditions.
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older models were deficient in explaining the biological

activities of several of these genins. Consequently, a

multidisciplinary approach was developed to help find a

better explanation for the wide range of activity of these

genins. This approach included several parts. First, novel

genins were synthesized. Second, their precise atomic

positions using X-ray crystallography were found. Third,

the preferred conformation of each genin was found using

these positions. Fourth, with the aid of the National

Institutes of Health PROPHET and MMSX computer systems, each

genin was superimposed with digitoxigenin (1) used as a

standard. Finally, the structural data on the genins were

compared with their Na+,KT-ATPase inhibitory activity.

Taken together these studies have led to the discovery of a

structure-activity correlation between carbonyl oxygen

distance and IC50 of Na+,KT-ATPase. The results seem to

imply that the inhibitory activity of nine genins was a

function of the C17 side group carbony (C=0) oxygen

position relative to that of digitoxigenin. Specifically, a

correlation of r2=0.98 was found in this relationship

(Figure 9), for each 2.2 4 displacement of this oxygen from

the position of that atom in digitoxigenin (1), the inhibi-

tory activity of the genin changed by one order of magni-

tude. These results were consistent despite the fact the

nine genin analogues had structures, stereochemistry, and

geometry which varied widely. All analogues were tested
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calculated potential energies for 16 (dashed line) and 1 (solid line) obtain-
ed from CAMSEQ for rotation of the C17 side group. The observed x-ray
crystallographic conformations of 16 and 1 are indicated. (Reproduced
from ref. 116.)
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using the rat brain Na+,0-ATPase under the type I binding

conditions (i.e. in the presence of Mg++ + Na l" + ATP).

The general validity of Fullerton's genin binding model

has been recently established by Ahmed and coworkers.120 In

their multiple enzyme system study, the same relationship as

observed in rat brain Ne,e-ATPase was observed in

Na+,e-ATPase preparations from different sources, for

example, cat heart and hog kidney.

It is interesting to note that Fullerton's proposed

model of specific genin binding to Nal-,K+-ATPase explains

biological activities of several genins which failed to fit

the previously proposed models of Thomas108, Kupchan107 and

others.I22, 123 For example, according to these models the

0170 a4-unsaturated aldehyde analogue of digitoxigenin (19)

was predicted108 to be up to 123 times more active than

digitoxigenin but was found to be less active. Some

modified analogues of digitoxigenin such as

20,22-dihydro-digitoxigenin (20R and 205)(14,15) and their

22-methylene derivatives (16) did not fit the previously

proposed models. The activity of these genins can be

precisely explained by Fullerton's mode1.116

B. Sugar Binding Models' The sugar directly linked to the

steroid C3 hydroxyl group has the greatest effect on

glycoside binding. Others - the second and the third sugar
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in oligoglycosides like digoxin (10) or digitoxin (7), have

much less of a role to play. 124-126 Digitalis glycoside

binding theory developed by Yoda and coworkers73, 124-126

suggests that the dissociation rate of cardiac glycosides

from their drug-receptor complex is independent of the

genin's structure and solely determined by the nature and

conformation of sugar moiety. According to the Yoda model

the digitalis binding site of Na+,e-ATPase is comprised of

a steroid binding site and a sugar binding site (Figure 10).

Interaction of cardiac glycoside with Nal",e-ATPase occurs

in stepwise fashion' (i) steroidal genin binds first to the

genin binding site, which causes a conformational change in

Na+,0"-ATPase, which in turn activates the sugar site, and

then sugars bind; (ii) the first sugar directly attached to

genin C3 -OH has a much greater contribution to binding than

do the 'second' and 'third' sugars; (iii) the binding mode

of the first sugar is hydrogen bonding between C3'-OH of

sugar and receptor site, thus C3'-OH of the sugars must be

axially oriented as in digitoxose (21) and rhamnose (22)

(Figure 10). If it is equatorially oriented as in glucose

(23), Yoda's model predicts that the binding will be poor;

(iv) association rate constants for both Type I (Mg++,

Na+,ATP) and Type II (Mg"-, Pi) complexes of the cardiac

glycosides and their corresponding genins depend markedly on

108.the nature of the steroid moiety
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A minimal model to encompass Yoda's structure-activity

results for Type II cardiac glycoside binding is given in

Figure 10. In subsequent years, however, a number of obser-

vations are unexplained by this model. For example, as

noted by Fullerton and coworkers131, the conformation of

a-L-rhamnose both as a free sugar and in ouabain (9) has the

3'-OH equatorial (Figure 11). Thus ouabain (9) itself does

not fit the Yoda model (the a-L-rhamnose drawing used in

formulation of the Yoda model had the 3'-OH axial).

Thomas and Brown127- 130 have compared the inotropic

potencies of some synthetic and naturally occuring cardiac

glycosides using isolated left atrium of the guinea pig.

They have pointed out that for glycosides with a-L-configura-

tion, the equatorial C5'-methyl and equatorial C4'-hydroxyl

groups contribute significantly to the formation of the

drug-receptor complex. The limited studies described by

them also suggest that the C2'-OH does not make a

significant contribution to drug-receptor interaction;

however, acetylation of C2'-OH reduces the stability of the

drug-receptor complex. Noriifolin (12) (digitoxigenin-

thevetoside) (Figure 2) is found to be highly cardiotonic in

isolated left atrium of the guinea pig. Thevetose (24) is a

3-methoxy-a-L-rhamnose and the fact that this sugar is

associated with high cardiotonic activity implies that the

C3'-methoxyl group does not reduce the drug-receptor

interaction and may enhance it. This is in direct
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contradiction with the Yoda mode1.126

Recently, Kihara and coworkers have also observed an

activity potentiating role of the equatorial 4'-OH group in

a series of digitoxigenin-D-glycosides. 131-134 The results

obtained by Thomas and Kihara seriously question the

correctness of the Yoda model.
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CHAPTER 2

STUDIES ON GITOXIGENIN ANALOGUES AND THEIR

INTERACTION WITH HOG KIDNEY Na+,0"-ATPase
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I. ABSTRACT

Previous reports in the literature about an activity

decreasing role of a 16S-hydroxyl group and an activity

increasing effect of 166-formate on the Na+,e-ATPase inhi-

bitory activity of gitoxigenin were the stimulus to undertake

detailed studies to delineate underlying structural causes.

Three gitoxigenin-168-acetates (32,34,47), three

gitoxigenin-168-formates (31,35,49) and one C17 acyclic

methyl ester (40) were synthesized and evaluated as

inhibitors of hog kidney Na+,e-ATPase (EC 3.6.1.3). The

most potent inhibitors were the 166 - formyl derivatives

31,35,49 with IC50 values ranging from 10-8 to 10-9M. In

contrast, the least potent inhibitors were gitoxigenin (13)

and C17 methyl ester 40. A 168-formate group was generally

found to increase activity 30X, a 166- acetate group 9-12X,

while C17 acyclic methyl ester 40 was as active as

gitoxigenin. 38-Acetates had little effect on activity by

themselves, but sometimes reduced the activity increasing

properties of 168-formates and acetates. A 38-digitoxose

increases the activity of gitoxigenin by 15X, but the effect

is less if the 168-group is esterified. These data suggest

an important role for C16 esters.

Computer graphic studies on the MIN computer resource

PROPHET showed that the biological activity of 166 - formyl

derivative 31 is not explained by its C17 carbonyl oxygen

position. This opens a great possibility of a separate
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binding site on Nal-,K+-ATPase corresponding to the

cardenolide C16 position. Further studies will be needed to

prove the existence of a separate C16 binding site on hog

kidney Na+,10--ATPase.
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II. INTRODUCTION

Gitaloxigenin (31) and its tridigitoxoside gitaloxin (50)

are naturally occuring cardenolide 168-formates found in

Digitalis purpurea.135 As reviewed by Woodcock and

Rietbrock136, gitaloxin (160-formyl gitoxin) is highly

potent in inhibiting guinea pig heart Na+,e-ATPase. Its

potency is one order of magnitude better than that for

digoxin, digitoxin and ouabain.136 Interest in gitaloxin

has recently increased, and as proposed by Woodcock and

Rietbrock, "this forgotten cardiac glycoside of Digitalis

purpurea may be responsible for most of purpurea's

activity." Clinical studies have shown that gitaloxigenin

(31) has a relatively high inotropic:toxic ratio.137 Is

the strong inotropic activity in humans associated with a

high inhibitory potency on human heart Nal-,e-ATPase? This

question was the simulus to undertake a detailed study to

delineate the role of 168-substitution on the hog kidney

Ne,e-ATPase inhibitory activity of gitoxigenin.

Guinea pig heart Na+,e-ATPase inhibition studies with

148 -OH cardenolides with additional hydroxy substituents

such as gitoxigenin (13), ouabagenin (5), digoxigenin (2)

and diginatigenin (29) (Figure 12), suggest that these

analogues are slightly weaker inhibitors of guinea pig heart

Nal-,K+-ATPase than digitoxigenin (1).138,139 Even among

these hydroxylated genins, gitoxigenin is 1.5 times less

active than its positional isomer, digoxigenin (2). In
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Figure 12: Structures of cardiac genins with hydroxy substi-
tuents and IC50 in Guinea pig heart Na+,K*-ATPase (from ref.
138).
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order to explain the activity decreasing role of

16S-hydroxyl, DePover and Godfraind138 have proposed an

intra-molecular hydrogen bond between the 16S-hydroxyl and

the lactone ring. This explanation has its genesis from the

fact that gitoxigenin can be easily transformed to

16,21-epoxydigitoxigenin (isogitoxigenin, 30) 140 in an

alkaline medium.

HO

31

OCHO

DePover and Godfraind have also reported that in

studies with guinea pig heart Na+,O-ATPase, gitaloxigenin

(31) is five times more potent than digitoxigenin (1) and

fifty-one times more potent than gitoxigenin (13). The

unusually high activity of gitaloxigenin, according to

DePover and Godfraind, is the result of a conjugate effect

in its 16S-formyl group. This conjugate effect generates the

mesomeric form 16S 01-CH0-, which they propose can form ionic

or hydrogen bonds with the receptor possibly to the same

site as the lactone ring.
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III. DRUG-DESIGN RATIONALE

Our interest in gitoxigenin and its 160-analogues was

initiated because a slight modification in the vicinity of

the C17 lactone has a very profound effect on the

Nal",e-ATPase inhibition. Therefore, we wanted to know if

the activities of gitoxigenin and its 166-formate could be

explained by their side group carbonyl oxygen position, as

Fullerton and coworkers have found with a great variety of

other cardenolides.103

The purpose of this study was to reexamine the effect

of 166 substitution on the inhibitory activity of digitoxi-

genin on hog kidney Nal",e-ATPase. It is well known that

hog kidney Na+,e-ATPase is a highly active and useful pre-

paration for studying the inhibitory activity of cardiac

steroids.12° Secondly, we wanted to know if the results of

DePover and Godfraind can be replicated in other enzyme

systems. We were also interested to know if a

36-digitoxoside would have the same effect on Na*,e-ATPase

inhibitory activity as was previously observed with

digitoxigenin analogues. 132,134

To enable us to answer these interesting questions, a

multi-disciplinary approach was undertaken. This approach

included syntheses of a wide variety of 166-analogues of

gitoxigenin and their monodigitoxosides, and determination of

their inhibitory potency on hog kidney Na',0--ATPase. This

was followed by determination of the crystal structure of
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gitoxigenin (13), and its 168-formate 31 using X-ray

crystallography by our colleague, Dr. Jane Griffin. Once

precise atomic positions were known for this formate as well

as several previously published 168-esters in their

preferred conformations, they were superimposed with

digitoxigenin using NIH PROPHET system. The difference in

the carbonyl oxygen of the lactone ring were then measured

to determine if a correlation could be established between

carbonyl oxygen distance and hog kidney Na+,10--ATPase

inhibitory activities of these compounds. It was hoped that

this study would help us in understanding the influence of

166 substitution on, the activity of cardenolides.
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IV. RESULTS AND DISCUSSION

A. Chemistry. The synthesis of each compound will be

discussed briefly in the sections which follow. Any

noteworthy spectral data, yields, or problems will be noted.

(a) Synthesis of gitoxigenin 160 analogues:

The syntheses of acetates 32, 33, 34 (Scheme 1)

were modifications of methods previously reported by

Satoh143: 144,145 and others.146

Gitoxigenin (13): Gitoxigenin (13), mp 218°-220° (lit.146

219°-220°) was the key intermediate in the synthesis of

all genin analogues reported herein. This was obtained by

the acid (0.08 N H2SO4) hydrolysis of gitoxin (25) as

reported by Satoh and coworkers.145 We found instead of

using a mixture of MeOH:CHC13 (1:1) as used by Satoh, it is

better to use either 95% Me0H alone or in a mixture with

1,2-dichloroethane. This gives us an opportunity to raise

the reaction temperature to about 80°, which accelerates the

reaction. The yields were typically 65% as compared to

45-50% by the Satoh method.

Gitoxigenin 30-acetate (33): Selective monoacetylation of the

33-0H of 13 was achieved by treatment of 13 with acetic

anhydride at 60° for two hours.145 The desired 33-acetate

was obtained in 47% yield along with 10% of gitoxigenin

38,160-diacetate (34), mp 244-245° (111.145 243-245°).

Gitoxigenin 38,163-diacetate (34) (1H NMR singlets at 6 1.94

and 2.03 for acetate, multiplet at 6 5.05 and 5.45 for C3 H
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and C16 H) was selectively deacetylated in 47% yield to

38- acetyl gitoxigenin (33) mp 228-232° (lit.145 228-232°) by

mild alkaline hydrolysis at room temperature (methanolic

KHCO3, 22°, 2h). Use of potassium carbonate as a base

instead of potassium bicarbonate leads to extensive

degradation as evident from TLC, showing many additional

spots besides 33 and 13.

Gitoxigenin 168- acetate (32): Treatment of 13 with

Ac20-pyridine at 15° for one hour selectively acetylates the

168-0H of 13 to give 168- acetyl gitoxigenin 32, mp 234-235°

(lit.146 226-229°) as the major product.

As shown in Table 1, several experiments were conducted

to delineate conditions for the selective acylation of 36-

or 168-hydroxy groups. As can be seen, acetylation of the

168-0H is faster and needs much milder reaction conditions

than the 30-0H. Similarly deacetylation of 168- acetyl is

faster over 38-acetyl, under alkaline conditions.

Preferential acetylation of 160-0H in pyridine solution is

probably due to an assistance provided by 140-0H.

Construction of the molecular model of 32 has suggested that

pyridinium salt of Ac20 (formed from pyridine and Ac20)

probably cleaves the hydrogen bond between 148- and 160-0H.

This cleavage results in formation of a non-covalent bond

between 140-0H and pyridium salt. Such a bond formation as



Table 1. Selective Acetylation of Gitoxigenin (13)

33 n3, CH,CO, R" =H

32 R3r. H, Rn:CH,C0

34 Fe Raz:CH3C0

pR"

Reaction Conditions Products

13 reactants time temp° 33 32 34 13

1.018g AC20 (2 mL), pyridine lh 17° 0.812 0.294
(10 mL) (72%) (24%)

1.46g AC20 (3 mL), pyridine lh 15° 1.21 0.550g
(5 at) (69%) (25%)

1.0g AC20 (100 mL) 2h 60° 0.5g 0.159 0.380g
(47%) (14%) (38%)
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can be seen from the Drieding model, exposes the acetate

group in the proximity of 160-0H. This probably may be

responsible for selective acetylation of 160-0H over 30-0H.

The 160-acetate could be easily distinguished from the

30-acetate by chemical shifts of the C16 and C3

protons. Proton nmr shifts were consistent with those

previously reported by Tori and Aono.156 A new and

interesting finding was that the 015 protons are

diasterotropic. In gitoxigenin 160-acetate (32) and

gitoxigenin 30,160-oiacetate (34) the C15 protons appear at

2.75 (1H, dd, 3 = 10, 2 Hz, C15H1) and 1.82 (1H, m, AM part

of an AMX system superimposed on the methylene portons of

the rest of the steroid ring system, C15H2). These

assignments were made with the two dimensional 1H/1H

spectrum in CDC13 (Chart 2) and the two dimensional 13C/1H

spectrum (Chart 3), both obtained on a Bruker 400 MHz

instrument. As can be seen in Chart 1, the C15H1 proton at

6 2.75 is coupled to the C15H2 at 6 1.82. Both the C15H1

and H2 protons are coupled to the C16 protons at 6 5.45.

This is further confirmed in Chart 2, wherein the two

protons at 6 2.75 and 1.82 are coupled to C-15 at 41.0

ppm.

Gitoxicienin-313-acetate, 168-formate (35), 160-Formylation

of gitoxigenin-30-acetate (33) was first attempted employing

the method of Steglich147 et al, using H000H-Ac20-Et3N-N,N-



CHART 1. 'H NMR spectra of 3,16 diacetyl gitoxigenin (34)
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CHART 2. 2D -'H /'H spectra of 3,16-diacetyl gitoxigenin (34)
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CHART 3. 2D "C /'H HETCOR spectra of 3,16-diacetyl gitoxigenin (34)
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dimethylamino pyridine (DMAP). Steglich et al used this

method successfully for the formylation of different

primary and secondary aliphatic alcohols. In our hands,

however, the Steglich method afforded a poor yield of

160-formyl derivative 35 along with 168-acetyl derivative

34. Formylation with formic acetic anhydride in the

presence of DMAP-Et3N at 10° was a smooth reaction,

resulting in the rapid (30 min) formation of 35 in almost

quantitative yield, mp. 222-224°.

Gitoxigenin, 170-Methyl ester (40): An open chain analogue,

gitoxigenin 178-methyl ester (40) in which the lactone ring

is replaced by its isostere a,0- unsaturated methyl ester was

prepared as outlined in Scheme 2.

Aldehyde 390 (3a,513,148,168,170)-3,14,16-trihydroxy-

androstane-170-carboxaldehyde) was prepared using a modifica-

tion of a procedure used by Fullerton141 and by

Thomas1481 149 to convert digitoxigenin to its acetate and

then to its genin aldehyde. Thus, ozonolysis of

gitoxigenin 30,168 -diacetate (34) followed by reduction of

the ozonide with Zn-HOAc yielded keto-aldehyde 36.

Reduction of 36 with sodium borohydride in Me0H followed by

alkaline hydrolysis with methanolic 5% KOH provided diol 38.

Oxidation of diol 38 with sodium metaperiodate gave

desired gitoxigenin-178-aldehyde (390) in 68% overall yield;

mp 243-245°.
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53

Some considerations are noteworthy here. Protection of

-38- and 168- hydroxyl groups is essential to avoid oxidation

of these secondary hydroxyl groups into ketone. The tertiary

148-hydroxyl group is sterically hindered and almost inert

in neutral and alkaline conditions. The choice of acetate

as protective group was primarily due to its stability

under ozonolysis and subsequent acidic conditions in Zn-HOAc

reduction of ozonide. Its easy removal during the basic

cleavage of 37 to 38 was an added advantage.

Sodium metaperiodate oxidation of diol 38 was carefully

monitored and was found to be completed in 30 minutes.

Prolonged oxidation (> 2 hours) may lead to the formation

of the thermodynamically stable 17a-aldehyde 39a. The two

aldehydes, 17$- and 17a- could be differentiated by their

melting points (gitoxigenin 178-aldehyde (398), mp 244-245°;

gitoxigenin 17a-aldehyde (39a), 118-119°) and by IH NMR

spectra. More important, the C17 aldehyde proton in 390

appears as doublet at 6 9.85 while as doublet at 9.89 in 39a.

Furthermore, the angular C-18 methyl is slightly shielded in

176-aldehyde 398 (6 0.902) as compared to 17a-aldehyde 39a

(6 0.9417). Gitoxigenin 178-aldehyde (398) was converted to

methyl ester 40; mp 182-184°; using a Wittig-Horner-Emmon

reaction (NaH, THF, trimethyl phosphonoacetate).150 The 1H

NMR coupling constant (J=16 Hz) between the C20 and C21

protons can be visualized as first order AMX pattern. The
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C20 proton appears as a doublet to doublet (J20,21 = 16Hz

and J17,20 = 10Hz) resulting from the splitting of C20

proton with the C21 proton and Cl7a proton respectively.

The observed stereochemical course of the reaction

is in agreement with the mechanistic proposal advanced by

Thomas and colleagues.149 Accordingly, the intermediate

oxyanions, formed reversibly by reaction of the phosphonate

carbanion and the aldehyde 398, can exist as two

diastereoisomers - erythro betaine which decomposes to give

cis methyl ester via a cis elimination, and a threo betaine

which leads to the trans product 40 (Figure 13). As we

obtained only the trans-methyl ester, it can be supposed

that the stereochemistry of the reaction favors the trans

olefin methyl ester, perhaps formation and decomposition of

threo betaine is more rapid than the erythro betaine. This

would indeed be expected on steric grounds,I50 since in the

eclipsed conformation the erythro betaine is more sterically

hindered and thus will be formed at a slower rate than the

threo betaine. Added to this, the rate of decomposition of

the threo betaine is usually greater than that of the

erythro betaine because the threo betaine is less sterically

hindered and provides better conjugative stabilization of

the incipient double bond in the transition state.
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(b) Synthesis of 160 substituted gitoxigenin monodigitoxo-

side analogues:

Using a modification of the procedure previously used

by Satoh and Aoyamal51 and also by Fullerton and coworkers133

for the synthesis of digitoxigenin 30-digitdxoside, we made

the bisdigitoxoside (43) (mp 198-201°) via dialdehyde 41 and

diol 42 as shown in Scheme 3.

The C3' and C4' hydroxyls of 44 were then protected as

acetonide (acetone /pTsOH) to give the corresponding acetonide

derivative 45, mp 172-175°; 1H NMR (CDC13), singlets at 6

1.34 and 1.48 for acetonide CH3's.

As outlined in Scheme 4, acetylation of 45 (Ac20/

pyridine, lh) gave a 70% yield of 168-acetyl derivative 46,

mp 240-2410; 1H NMR (CDC13) singlet at 6 1.96 for acetate.

Similarly formylation of 45 with formic acetic

anhydride-DMAP-Et3N at 22°, gave a 60% yield of 168-formyl

derivative 48, mp 197-199°; 1H NMR (CDC13), singlet at 6 7.9

for formate.

Hydrolysis of the acetonide protective group in 46 and

48 by traces of 5% hydrochloric acid in methanol at room

temperature, as reported previously132 gave a small amount

of corresponding genins and the unreacted acetonides as well

as the desired 13-0-digitoxosides 47 and 49 respectively.

Similar products were obtained in the presence of amberlite

IR (He) resin in methano1.152 Deprotection was best achieved

by treatment with 60% aqueous HOAc at 22° for 5 hours. 153,154
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Table 2. 1H NMR Parameters for Gitoxigenin 165-Analogues (Scheme 1)

6 (ppm)b,c

Analoguea C-3 H C-15 H C-16 H C-17 H C-21 H C-22 H Acetate Formate
(H) (H)

13 4.33 2.73 5.34 3.28 5.03 6.18

32 4.03 1.8,2.75 5.45 3.41 4.94 5.90 1.95
(m) (dd,dd ddd, (d,J=9) (dd,J=16.2) (m) (s)

J=10,2) J=9.9,2

33 5.06 2.40 5.35 3.63 4.98 5.90 2.03
(m) (dd, (M) (d,J=8) D,3 =16) (s) (s)

J=7,16)

34 5.05 1.85,2.78 5.51 3.23 4.81-5.09 5.93 1.94,2.03 --
(m) (dd, dd (ddd, (d,J=10) (dd, (m) (s)

J=10,2) J=9,9,2) J=16,2)

35 5.05 2.84,1.99 5.6 3.45 4.9 5.95 2.03 7.9
(m) (dd, dd (ddd, (d,J=9) (dd, (s) (s) (s)

J=10,2) J=9,9,2) J=16,2)

(a) For structure of the analogues see Scheme 1.

(b) 80 MHz 1H M.IR spectra taken in pyridine-d5, CDC13 or acetone -d6

(c) in ppm downfield from Me4Si Ul
l0



Table 3. 1H M'IR Parameters for Gitoxigenin 160-Monodigotoxoside Analogues (Scheme 3 and 4)

6 (ppm)b,c,d

Analogues C-1 H C-6 CH3 C-15 H C-16 H C-17 H C-21 Acetate Formate
(H) (H)

44 4.85 1.36 2.68 5.37 3.24 5.54 --

45e 4.75 1.24 2.40 4.40 2.90 4.98 --

(dd, (d,J=6) (dd, (m) (m) (d,3 =16)

J=8,3) J=16,7)

46e 4.73 1.24 1.98,2.78 5.45 3.15 4.90 1.95

(dd, (d,J=6) (dd, dd (ddd, (d,J=8) (d, (s)
J=8,3) J=2,10) J=10,10,2) 3 =16)

47 4.85 1.28 1.92,2.80 5.43 3.18 4.90 1.95
(dd, (d,J=6) (dd, dd (ddd, (d0.9) (d, (s)

J=8,2) J=2,10) J=10,10,2) 3 =16)

48e 4.75 1.26 2.70,1.98 5.6 3.17 4.94 -- 7.9

(dd, (d,J=6) (dd, dd (ddd, (d,3 =8) (d,3 =16) (s)

J=8,3) J=10,2) J=10,10,2)

49 4.85 1.27 2.78,1.98 5.62 3.13 4.95 -- 7.9

(dd, (d,J=6) (dd, dd (ddd, (d,3=8) (d,3 =16) (s)

J=8,3) J=10,2) J=10,10,2)

(a) For structures of the analogues see Scheme 3 and 4
(b) 80 MHZ 1H NMR spectra taken in pyridine-d5 or CDC13

(c) in ppm downfield from Me4Si
(d) C-3 H at 6 4.0 ppm (m), C-22H at 5.94 (s)
(e) acetonide CH3's are at 6 1.35 and 1.48 ppm (s)

rn
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Gitoxigenin 16B- acetyl -38- digitoxoside (47) and gitoxigenin

168-formy1-38-digitoxoside (49) were obtained as amorphous

powders.

As a final note, the pattern of the 1H NMR shifts

(Table 2 and 3) are consistent with those reported

previously. 133,156,157 The C3 proton of the 3a-hydroxy

steroids 13 and 32 appeared at 6 4.1-4.14 as a multiplet

with a Wh/2 = 6-7 Hz, characteristic of an equatorial

configuration. However, the C3 proton in monodigitoxoside

derivatives 47 and 49 was shifted downfield (ie, at 6 4.9)

with the same Wh/2. Blocking the sugars cis C3' and C4'

hydroxyls as isopropylidine ketals (acetonide) produced an

upfield shift the sugar C1' and C4' protons and a downfield

shift of the sugar C3' and C5' protons.
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B. Biological Results: The hog kidney Na+,e-ATPase

preparaton was used for determining the inhibitory activity

of digitoxigenin (1) and the cardiac steroids synthesized.

The inhibition of hog kidney Na+,0"-ATPase was measured

under Type I binding (i.e., with Mg++, Na l' and ATP as the

binding ligands, 15 min. preincubation for digitoxigenin and

2 hr. for glycosides). The 1050 values (concentration

required for 50% inhibition of the Na+,e-ATPase activity)

are shown in Tables 4 and 5, which were determined under

equilibrium binding conditions and during the linear phase

of the ATPase reaction.1213; 121

The Na+,0"-ATPase inhibitory activity of cardiac

steroids synthesized was determined by Mr. Michael Barone

under the supervision of Dr. Khalil Ahmed and Dr. Arthur

From at the Veterans Administration Medical Center,

University of Minnesota, Minneapolis, Minnesota.

Effect of the 168 -OH. As can be seen in Table 4,

gitoxigenin is only 20% as active as digitoxigenin. This is

consistent with the activity-decreasing effect of a 166-0H

reported by Depover and Godfraind.138

Effect of the 168-Formate. A 168-formate increases genin

activity about 30 fold. Examples include gitoxigenin

16S-formate 31 vs gitoxigenin 13, 30x increase; the

corresponding 36-acetates 35 vs 33, 35x increase.

Effect of a 16$-Acetate. A 168-acetate increases genin

activity less than a 16$- formate, only 9-12 fold. Examples



63

Table 4. Hog Kidney Ne,e-ATPase Inhibition Data (IC50, M)

of 168- Substituted gitoxigenin analogues (Scheme 1 and 2)

Analogue IC50,M
Approximate
Relative Activity

Digitoxigenin (1) 1.2 X 10-7 5

Gitoxigenin (13) 6.03 X 10-7 1

Gitoxigenin -38-
acetate (33)

6.76 X 10-7 1

Gitoxigenin -168-
acetate (32)

4.90 X 10-8 2

Gitoxigenin -38 -168-
diacetate (34)

7.41 X 10-8 8

Gitoxigenin-38-acetate 1.70 X 10-8 35

166-formate (35)

Gitggglititia 2.00 X 10-8 30

Gitoxigenin 178
methyl ester (40) 4.47 X 10-7 1.3

(a) This compound was synthesized by Dr. T. Hashimoto. We also obtained
this compound as the by product from the cleavage of acetbnide
blocking group of 48.
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Table 5. Hog Kidney Nal-,e-ATPase Inhibition Data (IC50, M)

of 166-Substituted Gitoxigenin Monodigitoxoside Analogues

(Scheme 3 and 4)

ANALOGUEa IC50,M Relative Activity

Gitoxigenin (13) 6.03 X 10-7 1

D1g2-Gitoxigenin (43) 5.19 X 10-8 12

Digl-Gitoxigenin (44) 3.80 X 10-8 16

Acetonide-Digi- (45) 2.05 X 10-7 3

Gitoxigenin

Acetonide-Digi (46) 1.2 X 10-7 5

16-Acetyl-Gitoxigenin

Dig1-16-Acetyl- (47) 7.24 X 10-9 83

Gitoxigenin.

Acetonide-Digi- (48) 8.13 X 10-9 74

16-Formyl-Gitoxigenin

Dig1-16-Formyl- (49) 3.13 X 10-9 100

Gitoxigenin

(a) Abbreviations: Digi, monodigitoxose; Dig2, bis-digitoxose.
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include gitoxigenin 16$-formate 32 vs gitoxigenin 13, 12x

increase; and the corresponding 38,168-diacetate 34 vs

38-acetate 33, 8x increase.

Effect of a 38-Acetate. A 38-acetate has little effect on

activity, and in the presence of a 168-ester, may decrease

activity slightly. Examples include gitoxigenin 13 vs

38- acetate 33, no effect; 38-168-diacetate 34 vs 168-acetate

32, slight decrease; and 38-acetate, 160-formate 35 vs

168-formate 31, no significant change.

Effect of a 30-Digitoxoside. With digitoxigenin analogues,

as reported previously133, a 38-digitoxoside increases

activity by an average of 8.9 times. However, a different

relationship exists with gitoxigenin analogues. If the

168-0H is unsubstituted, the effect with gitoxigenin

analogues is slightly larger--about a 15 fold increase,

e.g., digitoxoside 44 vs gitoxigenin 13. In contrast, the

effect of a 8-digitoxose is appartently less if the 168

group is esterified. Examples include 168-formate 31 vs its

digitoxoside 49 about a 7 fold increase; and 168-acetate 32

vs its digitoxoside 47 about an 8 fold increase.

Effect of a 38-Acetonide digitoxoside. Blacking of

3',4'-cis-diol of monodigitoxoside decreases activity.

Examples include acetonide 45 vs digitoxoside 44, 5x

decrease in activity; acetonide 46 vs digitoxoside 47, 17x

decrease in activity, and acetonide 48 vs 49, 3x decrease in

activity.
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C. Structural Studies and Conclusion. As can be seen from

the Na+00-ATPase inhibitory activities (Tables 4 and 5),

166 -ester substitution has a profound effect on the activity

of gitoxigenin. Can the activity of these compounds instead

be the result of altered C17 side group carbonyl oxygen

position? To answer this question, our collegue Dr. Jane F.

Griffin (Medical Foundation of Buffalo, Buffalo, New York)

has determined the crystal structure of gitoxigenin (13) and

gitoxigenin-166-formate (31) and compared with the known

structures of gitoxin (25) 157-158, digitoxigenin (1) and

known 168-acetates. 159-161 Preliminary computer graphic

studies have shown some very interesting results. 162-165

The observed structure of gitoxigenin (13) was

superimposed on digitoxigenin (1) using the PROPHET

procedure FITMOL104, (with a least squares fit of atoms

Cl to C19, 03 and 014. Its carbonyl oxygen (023) was 2.4A

away from the carbonyl oxygen of our template molecule
0

digitoxigenin. A 2.4A carbonyl oxygen separation would

suggest that gitoxigenin should be about 10% as active
a

as digitoxigenin, based on the 2.2A per 10-fold change in

activity 'distance relationship' described previously. 116

Gitoxigenin is about 20% as active as digitoxigenin (Table

4), certainly within the 2.2A relationship. Thus, a

possible explanation for the lower activity of gitoxigenin

with respect to digitoxigenin may be because of its

distorted D-ring conformation. 103,163 This distortion in
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D-ring conformation moves the lactone ring carbonyl oxygen

away from the putative ideal position.165 This distortion

in D-ring conformation may have been caused by an

intramolecular hydrogen bond between 148-0H and 168-0H. In

addition, this intramolecular bond formation will prevent

140-0H from forming a favourable interaction with the

receptor. As to the presence of an intramolecular hydrogen

bond between the 160-0H and the lactone ring, as proposed by

DePover and Godfraind138, it does not seem chemically

reasonable and physically possible because such a bond is

not seen in the crystal structures of 168 -ester observed by

our coworker, Dr. Griffin163, 165 and others.166

When the crystal structure of gitoxigenin-168-formate

(31) was superimposed on template molecule digitoxigenin (1)

(Figure 14), Dr. Griffin (with a least square fit of 21
0

atoms) the 023 position was 0.55A from that of the template

molecule (digitoxigenin). Furthermore, closer examination

of crystal structures of 168 -formate 31, and 168-acetate 32

has suggested that the ester carbonyl has a preferred

conformation103, possibly because of a dipole-dipole

interaction with the lactone ring. Dr. Griffin has proposed

"the high activity of digitoxigenin 168-formate could be the

result of the position of the lactone ring being 'frozen'

into the preferred conformation by the 168-substituent. An

alternative and more attractive possibility is that the

168-formate group (or acetate) forms another and separate
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Figure 14: Top and side view of the superimposed A, B, and C rings of gitoxigenin-16-formate (31) and digitoxigenin (1)
obtained from FITMOL.
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interaction with the receptor site which accounts for its

increased activity."

Summary. X-ray crystallographic analysis of the cardiac

steroids with 160-hydroxy substituents suggest that an

intramolecular hydrogen bond between the 168-hyoroxy and the

lactone ring as proposed by DePover and Godfraind, is not

possible. The more plausible explanation for the decreased

activity of gitoxigenin (13) is the formation of an

intramolecular hydrogen bond between 148-0H and 168-0H. This

bond formation will effect the 0-ring conformation so as to

move the lactone ring away from the putative ideal position,

thus accountiong for the decreased potency of gitoxigenin.

Further studies will be needed to clarify the cause of

the increased activity of 168-formate and 168-acetate of

gitoxigenin. This raises a strong possibility that there

may be a second binding site in NaT,e-ATPase corresponding

to the cardenolide C16 position.
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CHAPTER 3

SYNTHESES OF GITOXIGENIN-DERIVED PHOTOAFFINITY

LABELS WITH Nal-,K+-ATPase INHIBITORY ACTIVITIES
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I. ABSTRACT

Previous studies (Chapter 2) have indicated that a

strong possibility exists for a separate binding site

corresponding to the cardenolides' C16 position.

In an effort to characterize cardenolides' C16 binding

site(s), we have synthesized three (69, 71, 73)

photoaffinity ligands with a photoactive group located on

the C16 side chain of the molecule. These ligamds were

screened for their ability to inhibit hog kidney

Nal-,K+-ATPase. Screening of these compounds was undertaken

in search of the most active ligand to be used in labeling

studies. Evaluation of these ligands suggested that

16B-azidoacetyl ligand 73 was about 27x more active than

gitoxigenin (13) and about 6x more active than digitoxigenin

(1). High activity of 73 makes it a suitable ligand for the

future study to characterize C16 binding site(s).

Previous work of Fullerton and coworkers has indicated

that a strong correlation exists between the C17 side group

carbonyl oxygen position and the resulting inhibition of

NeK+-ATPase activity. In an effort to develop some new

affinity-photoaffinity ligands with a covalent group

located on the C17 side chain of the molecule, an affinity

ligand 76 was synthesized. Biological evaluation of 76

suggested that it is a weak inhibitor of hog kidney

Na+,e-ATPase. Unsuccessful attempts were also made to

synthesize a phtotaffinity ligand 74 with a carbene

generating photoactivated group being part of C17 side chain.
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II. INTRODUCTION

A. Rationale

There has been considerable recent interest in

preparing affinity-photoaffinity labels of cardenolides.183

Due to our own interest in gitoxigenin and its 168-analogues,

in particular gitoxigenin-168-formate (31), we decided to

prepare some photoaffinity ligands (labels) derived from

gitoxigenin.

In order to rationalize data resulting from comparisons

between the Ne,e-ATPase inhibitory activity and crystallo-

graphically observed structure of gitoxigenin-168-esters, we

have found a strong possibility for a separate binding site

in Nete-ATPase corresponding to the cardenolide C16

position. If such a separate binding site really esixts,

can we photochemically label it and subsequently isolate it

for further study? The purpose of this study was to

synthesize and study the hog kidney Na',e-ATPase inhibitory

activity of photoaffinity analogues derived from gitoxigenin.

These analogues (69, 71 and 73) contain a photoactivated

group at the C16 position.

B. Site-specific reagents for biological receptor site

labeling:

A brief introduction about site-specific labeling, in

particular covelent labeling of the digitalis binding site

is given here.
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As reviewed by Westheimer169; Knowles170; Creed171 and

othersI72-175, site specific labeling involve the

interaction of receptor with an analogue of natural ligand

which contains a chemical reactive group. For a purified

and characterized receptor, such as Na+,e-ATPase, the

labeling allows one to identify what part of the receptor

macromolecule constitutes the binding site.

The chemical approach to receptor site labeling

therefore, aims to simulate the natural situation with a

reagent that structurally mimics the natural ligand and

preserves the specificity of interaction. To have maximal

utility, the covalent labeling moiety on the ligand should

be able to react with a variety of amino acids; but at the

same time the goal is to have covalent labeling limited to a

single site on the receptor. Thus, site - 'specific labeling

is a two step process.

a) the ligand binds to the receptor reversibly with high

specificity

receptor + ligand (receptor ligand)

b) formation of a covalent bond between the ligand and the

receptor.

(receptor ligand) ----* (receptor - ligand)

In site specific labeling the reagent or ligand is

called "active site directed probe". The design of such a

probe is based on following criteria' (i) the ligand must

structurally mimic the natural ligand and thus must contain
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the structural functionalities required for binding at the

active site. (ii) the probe should not react with water too

vigorously otherwise rapid hydrolytic breakdown will render

it unreactive before it reaches the active site. (iii) the

probe should react with amino acids on the active site.

(iv) If the receptor is an enzyme and its probable mechanism

is known, then the probe should be designed keeping in mind

enzyme's probable mechanism. This gives us a conceptual

benefit of labeling the postulated functionality. Once such

a probe is designed, it is then made radiolabeled. After

the binding with the receptor, the labeled receptor is

isolated, purified and its amino acids sequenced. This will

partially give us the primary structure of the binding site.

Two types of reagents are usually used in site-specific

labeling: Affinity reagents and photoaffinity reagents.

(i) Affinity Reagents: Affinity labeling employs ligands

which covalently label biological receptors with a

chemically reative group. The ligands used in affinity

labeling are the substrate analogues containing a chemically

reactive function group. Once such a ligand interacts with

its receptor, it covalently labels the receptor site with

high specificity. Conceptually, the affinity site directed

probe tends to react with the nucleophile at the active

site. The specificity and hence the effectiveness of these

ligands is determined solely by their binding affinity for

the receptor. The overall scheme for the affinity

labeling is.
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E + I
k
1 E I

kinh
E - I

k2

Where E = Enzyme (Receptor)

I = Inhibitor (Affinity probe)

a-Haloketones,limidoesters, sulfonyl fluorides are the

frequently used affinity reagents for labeling of receptor

proteins. One disadvantage of affinity labeling reagents is

the requirement for a suitably positioned nucleophile in the

active site. Only about half of the 20 amino acids that may

constitute an active site are nucleophilic in nature.

Therefore, non-nucleophic hydrocarbon amino acids and many

lipids which constitute largely membrane receptors or

organales cannot effectively be labeled by affinity labeling

reagents.

(ii) Photoaffinity Reagents.

Photoaffinity labeling has been discribed in several

reviews.I69-175 It is an extremely versatile technique for

studying receptor sites. Use of photoaffinity labeling in

exploring receptor sites in biological systems was first

developed by Westheimer.176,177 This method, in principle,

is very straightforward. A biological receptor (e.g. enzy-

me) binds to an analogue of its natural ligand into which a

photochemical substituent is incorporated. After initial

incubation of ligand with receptor protein in the dark, the

receptor-ligand complex is irradiated, usually employing UV

light. This irradiation generates a highly reactive species



76

which covalently labels the receptor site.

Two kinds of probes are generally employed in photo-

affinity labeling, one which generates carbene on

photolysis and others which generate nitrene. They are the

only site specific moieties capable of carbon hydrogen bond

insertion.

a. Carbene Generation:

Carbenes are generated by the photolysis of diazo

compounds such as diazoalkanes, diazirines and a-ketodiazo

compounds.169 Carbenes occur in two energetically proximate

states, a singlet (SI and 50) and a triplet state (T1).178

They are short lived (10- 10 to 10-12 sec) and are highly

reactive. They are non-selective179 even at -75° and there-

fore, label the amino acids indiscriminantly. Unfortunately,

carbenes also suffer from many disadvantages. One serious

disadvantage is their susceptibility to undergo intramolecu-

lar Wolff rearrangement to ketene.180 Ketenes are much less

reactive than carbenes and are susceptible for a nucleophi-

lic attack rather than insertion into C-H or C=C bonds.

b. Nitrene Generations

The most characteristic photoreaction of azides is

photoelimination of a molecule of N2 with the formation of

nitrene. In general, nitrenes are more selective in their

reaction with C-H bonds than carbenes.180 Nitrenes are long

lived (10-4 sec) and are less reactive than carbenes.

Abstraction (normally of hydrogen from C-H bond),
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cycloaddition, direct insertion into C-H bonds are some of

reactions of nitrenes. Attack by nucleophiles and

rearrangement are also the usual reactions of nitrenes.

Alkyl and aryl azides are the two most frequently used

nitrene precursors. Alkyl azides are p'hotolyzed usually

around 290 nm. At this wavelength extreme damage to the

receptor usually occurs.181 Aryl azides are photolyzable

at 350 nm and are stable even at 37°. They are not very

susceptible for photochemical rearrangements.182 The most

used aryl azides are p-azidobenzoyl chloride and 2-nitro-4-

azidophenyl fluoride (FNAP). Various NAP reagents are

currently used for labeling of protein and lipid components

of cell membranes.

c. Previous studies on covalent labeling of cardiac

glycoside binding site.

As discussed in Chapter 1, plasma membrane Na',0"-ATPase

is an example of a class of proteins which catalyze primary

active transport.80 Na+,e-ATPase is specifically inhibited

by cardiac steroids at concentrations which are known to

block transport activity .26,68 The protein (Nal",e-ATPase)

consists of two polypeptide subunits, a catalytic subunit

(a) with a molecular weight of about 100,000 daltons, and a

glycoprotein subunit (B) with a molecular weight of 50,000

daltons.76,93 A low molecular weight (Mr 12,000) proteoli-

pid subunit (y) has also recently been reported.90,92 The
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catalytic subunit (a) contains the site of ATP hydrolysis

and possibly also the cardiac glycoside binding site.1839 184

As reviewed by Ahmed120, the Na+,e-ATPase preparations

are often contaminated with low levels of non-specific

adenosine phosphotase.185 Cardiac glycosides bind tightly

with Na+,K+-ATPase in its phosphorylated form.186

Phosphorylation of cardiac glycosides is often affected by

the addition of either Nal" and MgATP 187 or mg2+ and Pi.188

The binding experiments of photoaffinity labeling of

Na+,e-ATPase with cardenolides are best performed by the

addition of phosphoenol pyruvate and pyruvate kinase as the

ATP generating system.189 ATP alone can not be used because

it absorbs UV light used for photolysis.

In recent years attempts were made to localize the

intracellular segment of the peptide bearing the cardiac

glycoside binding site. A series of affinity-photoaffinity

labels for the identification of the molecular nature of the

digitalis binding site have been recently developed.190-193

Some of these derivatives which have been made are presented

in Table 6, Figure 15 and 16, together with their labeling

pattern into the subunits of Na+,e-ATPase. Much success in

covalent labeling of digitalis receptor was accomplished

using affinity probe (3H)-p-nitro-phenyltriazene ouabain

(NPT-ouabain 57).194 Tryptic cleavage of the labeled

polypeptide in presence of Na' or of K+ has indicated that

the digitalis binding site is situated on the N-terminal
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4 STR : R=H
51 SBA : R = BrCH,C0
52 SIA : R = ICH,C0

HEL : R' = F12 = H
55 HIA : R' = ICH2C0; R2 = H
56 HBA: R' = BrCH,CO;

79

H

2 DIGOX : R = H,R' = OH
1 DIGIT : R = R' = H

53 DBR : R = BrCH,CO,R1 = H
54 DDB : BrCH,CO;

R' = BrCH2C00

R

57 R = 0,71

OH

N = N = NH-CH,CH,-
(NPT-ouabain)

Figure 15. Affinity Probes of Cardenolides (for abbreviations see Table 6)
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CH

58 AD-ouabain

59 DAM-cymarin

NO,

60 NAP-glycyl-digitoxigenin

HO

Om

61 NAB-ouabain II

Figure 16. Photoaffinity probes of cardiac glycosides
(for abbreviations see Table 6)
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81

62 NAP-ouabain

63 NAP-st ophanthidin

OH

RIO

0

sA0
64 3"'-DAM-digitoxin R " " = H; R37' =

m)1
65 4m-DAM-digitoxin R4" ' = ; R3" = H+

HO CH,

NO
0

CH,N,

66 3H -24 -azido digitoxoside

Figure16. Photoaffinity probes of cardiac glycosides (continued)
(for abbreviations see Table 6)
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36K-dalton fragment194 of the a-subunit. These results were

also confirmed by using a photoactivable reagent,

aryldiazonium ouabain (AD-ouabain 58) .195,196

Recently, a variety of photoaffinity probes were used

to localize the digitalis binding site (Figure 16). Using

diazomalony1-3-ethyl-cymarin (DAM-cymarin 59) and

NAP-glycyl-digitoxigenin (60), Ruoho et a1,197 found a low

photoincorporation exclusively in a-subunit of canine renal

medulla Na+,e-ATPase. This was the first experiment

showing the utility of photoaffinity methodology in

localization of digitalis binding site. Forbush et a1,183

using photoaffinity derivatives of ouabain (NAB-ouabain 61)

(in which photoactivated group being part of the first

sugar) have found covalent labeling of a-polypeptide as well

as y-subunit. These results were confirmed by Rodgers and

Lazdunski191 using NAP-ouabain (62) and C19

NAP-strophanthidin (63); and also by Collins et al.198

Using NAB-ouabain (61) Forbush et 81183 found covalent

labeling of both 57K- and 36K-dalton fragments of the a-

subunit.

Photoactivated probes such as 3 and 4"-(diazomalonyl)

digitoxin (3" -DAM (64) or 4"' -DAM-digitoxin (65)199 (in which

the photolabel is slightly beyond the third sugar moiety in

digitoxin) have labeled only the a-subunit. The a-subunit

is not significantly labeled by NAP (62, 63) or NAB (61)
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TABLE 6. Summary of Covalent Labeling Results With Cardiotonic Steroid

Derivatives

Steroid derivative Reactive species Labeling of Nal",e-ATPase
a 82 y2

51 SBA
52 SIA
53 DBR
54 DOB
55 HIM
56 HBA
57 NPT-ouabain
58 AD-ouabain
59 DAM-cyamarin

60 NAP-glycyl-
digitoxigenin

61 NAB-ouabain
62 NAP-ouabain
63 NAP-strophanthidin
64 3"1-DAM-digitoxin
65 4"I-DAM-digitoxin
66 24-azidodigitoxoside4

carbonium ion
carbonium ion
carbonium ion
carbonium ion
carbonium ion
carbonium ion
carbonium ion
aryl carbene
"direct" or
carbene

aryl nitrine

aryl nitrine
aryl nitrine
aryl nitrine
aryl nitrine
aryl nitrine
alkyl nitrine

irreversible non-specific3
irreversible non-specific3
irreversible non-specific3
irreversible non-specific3
irreversible non-specific3
irreversible non-specific3
1.0 0 0

1.0 0 0
1.0 0.5 0

1.0

1.0 s 0.06 0.8
1.0 0 0.7
1.0 0 0

0.4
- 1.0 0

1.0 0 0

'Abbreviations: Na +, e-ATPase, magnesium-dependent, sodium and
potassium - stimulated adenosinetriphosphatase (EC 3.6.1.3); SBA,
strophanthidin-3-bromoacetate; SIA, strophanthidin-3-iodoacetate; DBR,
digitoxigenin-3-bromoacetate; DDB, digoxigenin-3,12-dibromoacetate; HIA,
Hellebrigenin-3-iodoacetate; HBA, hellebrigenin-3-bromoacetate; NPT,
p-nitrophenyltriazene; AD, aryldiazonium; DAM, diazomalonyl; NAB,
2-nitroazidobenzoyl; NAP, 2-(nitro-4-azidophenyl) ethylenediamine;
24-azidodigitoxoside.

2Labeling of other peptides as fraction of labeling of a.

3lrreversible inhibition and non-specific binding to the enzyme.

4(38,58,148,20E)-24-azido-3-[(2,6-dideoxy-8-D-ribo-hexyopyranosyl) oxyi-
14-hydroxy-21-norchol-20(22)-en-23-one.
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derivatives of ouabain which could nearly reach to the posi-

tion of the third sugar in the binding site.

Deffo, Schimerlik, Fullerton and coworkers167, 168 were

first to synthesize potential affinity-photoaffinity probes

of digitoxigenin with the covalent binding group being part

of C17 side group. The C17 affinity-photoaffinity probes

were important because of the fact that the C17 side group of

cardiotonic genins is most important for the inhibition of

Na+,0"-ATPase activity. Using an (3H)-24-azido analogue of

digitoxigenin monodigitoxoside (66) they found ouabain

displaceable labeling exclusively on the a-subunit.

In summary, all the results available so far about the

labeling of digitalis binding sites of Na+,10--ATPase agree

quite well with the model proposed by Hall and Ruoho.199

(a) The a-subunit binds specifically to the first sugar and

steroid portion of cardiac glycosides including the C17 side

chain.

(b) The sugar binding site(s) is (are) located in a region

accessible to both a and B subunit, as well as a possible

proteolipid component of the enzyme complex.

(c) 8-Subunit and the a-subunit may be in close proximity

just beyond the site for the third sugar in digitoxin.
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III. RESULTS AND DISCUSSION

A) Chemistry. The purpose of this study was to design and

synthesize C16 side group photoaffinity probes of gitoxige-

nin (13) and gitoxigenin-monodigitoxoside (44). In addi-

tion, an attempt has been made to synthesize some new

affinity and photoaffinity analogues of digitoxigenin (1)

with covalent binding moiety being part of the C17 side

group.

1. C16 side group photoaffinity8

Our aim was to synthesize photoaffinity probes 69, 71,

and 73.

AcO

71

9
occH,N3

69

0 147
II

OC

73

9
0CCH2N3
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The design of these analogues was based on the premise that

the C16 side group domain is hydrophobic in nature. This

was evident from the fact that C16 gitoxigenin analogues

with formyl or acetyl groups are very active inhibitors of

hog kidney Na+,e-ATPase (Table 4). The use of diazoacetyl

and azidoacetyl covalent binding moieties appears to have

several advantages. One major advantage is that the binding

studies with Ne,e-ATPase is usually done at the neutral pH

at which diazo- and azido-acetates are stable. It was our

hope that we could be able to modify our binding experimen-

tal methodology so that the labeled peptide will bear only

the small diazo- or acetyl group instead of bulky steroid

nucleus, after activation and hydrolysis. Figure 17

outlines such a possibility conceptually. This methodology

will circumvent the problems usually encountered168 using

digitalis probes, such as isomerization, solubility etc,

during peptide sequencing of the labelled protein.

30-Acety1-168-(3,3,3-trifluoro-3-diazopropiony1)-

gitoxigenin (69): Gitoxigenin (13) was obtained in 65%

yield by the acid hydrolysis of gitoxin (25) as described in

Chapter 2. The 36-hydroxy of gitoxigenin was then blocked by

selective monoacetylation with acetic anhydride (Ac20, 60',

2h) to give 36-acetyl gitoxigenin (33) as the major product

(Scheme 5). Treatment of 33 with 3,3,3-trifluoro-2-diazo-

propionyl chloride (68) in CH2C12 in the presence of
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A
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Figure 17. Gitoxigenin derived photoaffinity ligands and labeling of
hog kidney Na*, K. ATPase a proposal.
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N,N-dimethylaminopyridine (DMAP) at -78° (3 h) and then at

room temperature, gave 69, mp 180-182', in low yield (20%).

Several attempts to improve the yield met with no success

because of the sensitive nature of diazopropionyl

chloride 68, which readily vaporizes at room temperature

and decomposed in highly basic conditions.

Reaction of 33 with diazopropionyl chloride 68 when

attempted in 1,4-dioxane using pyridine or Et3N as base at

-78° or 22°, resulted in no reaction even after 12 h. The

aliquot of the reaction mixture shows no diazo absorption in

infrared spectra in CHC13. This suggests that the choice of

catalyst (base) is very important for the success of this

reaction. N,N-Dimethylaminopyridine, a weakly basic

catalyst, is optimum. Et3N and pyridine are probably too

basic and thus may have decomposed the diazopropionyl

chloride 68.

3,3,3-Trifluoro-diazo-propionyl chloride (68). This

was prepared by Dr. T. Deffo in our laboratory using a

modification of the literature procedure.201 2,2,2-Tri-

fluorodiazoethane (67) (prepared by the diazotization of

commercially available trifluoroethylamine hydrochloride)

was reacted with phosgene (10-20 equivalent) in the presence

of dry Et3N (1.05-1.10 equivalent) in dry CH2C12 at room

temperature for one hour. The solution was then pressure



CHART 4. 'H NMR spectra of 3$- acetyl 1613-azido acetyl gitoxigenin (71)
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CHART 5. 2D 'H/'H NMR spectra of 3fl-acetyl-1616-azido acetyl gitoxigenin (71)

E

A.,1 I A

81e

at

4

0

r-n- 1 . -. -. - -,--,-. -. 7 - r-,
5.0 4 . 0 3. a Z. a I - 0

Pell



CHART 6. 2D '3C/'H HETCOR spectra of 30-acetyl-160-azido acetyl
gitoxigenin (71)
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SCHEME 5

a
(47%) AGO

33

Ac0

1;12

CF,CFGNH,CI CF,CH

67

f
CF,CCCI

0

68
(19% overall)

92

Legends: 9
a Ac20,60 °C; b Et, NI-DMAP,CICCH2C1,0°C 22 °; C NaN3,Et0H-H20,Reflux;
d cF,CCOCI,DMAP, -78°-0°C; e NaNO2,HC1; f COCl2,DMAP
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filtered rapidly down an silica gel column (Woelm,

unhydrated Si02) with anyhydrous Et20. Evaporation of

solvent and then distillation of residue at 58-62° (135

mm Hg) gave 19% of 3,3,3-trifluorodiazo-propionyl chloride.

This yield was slightly better than that reported by Gilman

et a1201 (they used Na2HPO4 instead of dry Et3N).

38-Acetyl -160-azidoacetyl-Gitoxigenin (71): As outlined in

Scheme 5, treatment of gitoxigenin-30-acetate (33) with

chloroacetyl chloride in the presence of dry triethylamine-

N,N-dimethylaminopyridine (Et3N-DMAP) in dry CH2C12 at 0°

gave a rapid formation of 168-chloroacetyl derivative 70 (mp

131-135°). The 160-chlorocetyl derivative 70 was reacted

with sodium azide in 95% ethanol (containing traces of water

to dissolve sodium azide) at 80° for 45 min. After usual

work up the residue was purified by flash chromatography

(Si02). The desired product 71 (Rf 0.38) eluted with 5%

Et0Ac in CH2C12 was isolated in 40% overall yield;

[aID
20
-13°mp 208-209° (EtOAc -n- hexane); (c=0.1687

CHC13), Ymax (CHC13), 2100 (azide) cm-1; 1H NMR (CDC13),

3.78 (2 H, m, CH2N3), 2.89 (1 H, dd, J=10, 2 HZ, dd, C15 H),

1.98 (2 H, m, AM part of a first order AMX system super-

imposed on steroid ring carbon, C15 H2). Here again, the

C15 protons are diastereotropic (Chart 4) as we found in

gitoxigenin 38-acetate (32) and gitoxigenin 38,168-diacetate

(34). This can be seen from the two dimensional 1H /1H
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spectra (Chart 5) and the two dimensional 13C/1H HETCOR

spectra (Chart 6). As seen in Chart 5 (1H/1H), the proton

(C15 H1) at 6 2.89 is coupled to proton (015 H2) at 6 1.98.

Both 15 H1 and 15 H2 are coupled to C16 proton at 6 5.55

ppm. The two protons at 6 2.89 and 6 1.98 are coupled to

C15 at 6 39.3 ppm.

Examination of the Newman projection diagram (Figure

18) of the possible staggered conformations of 71, showed

that the protons at 015 are not enantiomeric, and hence are

magnetically non-equivalent. As the front carbon is chiral,

the left hand side of the molecule is magnetically

non-equivalent to the right hand side. Protons such as C15

H1 and C15 H2 are thus diastereotropic, therefore, have dif-

ferent chemical shifts. Examination of the molecular model

(Dreiding) suggests that the 015 proton (15 H1) which is in

the vicinity of azidoacetyl side group is significantly

deshielded and thus resonance at 6 2.89 ppm.

10-Azidoacety1-313-monodigitoxose-gitoxiaenin (73): Initial

biological evaluation of photoaffinity derivatives 69 and

71 revealed that azido probe 71 is quite active against hog

kidney Nal",e-ATPase (Table 9). As we have already seen

(Chapter 2), incorporation of one digitoxose sugar at

38-hydroxyl group of gitoxigenin (13) increases

activity almost 10 fold. Thus, we decided to make

monodigitoxose derivative of azido probe 71. It was our

hope that this derivative will be at least 10 times more

active than 71.
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Table 7. 1H NMR Parameters for Gitoxigenin C16 Side Group Photoaffinity Analogues

(Scheme 5 and 6)

6(ppm)b,c

Analoguea C-3 H C-17 H C-15 H1 C-15 H? C-16 H C-21 H C-22 H CH2N3 C-1'H

71 5.06 3.2 2.78 1.9 5.55 4.9 6.0 3.78
(br.$) (d,J=6) (dd,J=6,2) (m) (ddd,J=6,2) (q,d,J=18,2) (s) (m)

72 4.05 3.25 2.8 1.85 5.6 4.9 6.0 3.8 4.8
(br.$) (d,J=6) (dd,J=6,2) (m) (ddd,J=6,2) (q,d,J=19,2) (s) (m) (d,J=7)

73 4.05 3.2 2.8 2.0 5.6 4.95 6.0 3.8 4.82
(br.$) (d,J=6) (dd,J=6,2) (m) (ddd,J=6,1) (q,d,J=18,3) (s) (m) (d,J=8)

(a) For chemical structures see Scheme 5 and 6

(b) The numerical values in parentheses are coupling constants as H2 values

(c) Measured in CDC13 with Me4Si as internal standard at ambient temperature
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Synthesis of 73 was performed as outlined in Scheme 6.

Gitoxigenin 38- digitoxoside (44) was previously synthesized

by us (Scheme 3, Chapter 2). The C3' and C4' hydroxyls of

44 were then blocked as acetonide (acetone/pTs0H) to give

corresponding acetonide derivative 45. Treatment of

acetonide monodigitoxose gitoxigenin 45 with chloroacetyl

chloride in the presence of dry Et3N as the base in dry

CH2C12 at 22° for two hours gave the 16B-chloroacetyl

derivative. After evaporation of the solvent, the chloro

derivative reacted rapidly with sodium azide in 95% Et0H

(containing traces of H2O to dissolve the salt) at reflux

temperature for 1 hour. After the usual workup the crude 72

was obtained as an oil which was purified on flash

chromatography (Si02, 15% EtOAc in CH2C12). The pure 72 was

obtained in 50% yield; mp 203-205°.

The acetonide derivative 72 was stirred with 60% HOAc

at room temperature for 6h to give desired 73 in 60% yield

after purification by flash chromatography (Si02, 15%

acetone-CH2C12) as an amorphous powder. The spectral data

(Table 7) were consistent with the assigned structure.

2. C17 side group affinity and photoaffinity ligands:

Deffo and coworkers167, 168 have successfully used

24-azidodigitoxoside probe 66 for the isolation of C17

digitalis binding site. The design of this probe was based

on the premise that a lactone ring was not necessary for

high activity. The 24-azido digitoxoside probe 66 was



17

75

11,Br

66

74

Figure 19: Digitalis C17 side group analogues.
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found to have high activity (IC50 1.4 x 10-7M) and

specificity for the receptor site. Nevertheless, it

exhibited a high degree of non-specific interactions.168

They have also synthesized different affinity probes

of digitoxigenin.167 The only affinity probe which was found

to be active was C17 bromoketone 75. Unfortunately, its

interaction with Na+,0"-ATPase was non-specific. The pre-

sent investigation was undertaken to explore the use of

1,3-thiazolidine-2-thione as affinity label. Recently Kyoto

authors 206-212 have reported that 1,3-thiazolidine-2-thione

is an excellent leaving group. They have demonstrated

application of 1,3-thiazolidine-2-thione in peptide bond

formation and chemoselective acylation of amino acids. To

us, 1,3-thiazolidine-2-thione appeared an attractive

affinity moiety and thus, we planned to make a C17 side

group affinity ligand 76 which bears thiazolidine-2-thione

group.

In an effort to develop new ligands, we have undertaken

synthesis of C17 side group ligands 74 and 76.

Iiig

CH3CO

n2

-4. CF3

74
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The general plan which we anticipated would accomodate

the synthesis of both 74 and 76 is outlined in Scheme 7. It

has been presumed that the aldehyde 81 might serve as a

versatile intermediate that might be eliborated to the

target structures.

Aldehyde 81 was prepared in 65% yield from

digitoxigenin (1) by an improved procedure as outlined in

Scheme 8. Ozonolysis of digitoxigenin-30-acetate (77)

followed by reduction of ozonide with Zn/HOAc gave

keto-aldehyde 78. Sodium borohydride reduction of 78

followed by alkaline hydrolysis with potassium hydroxide (5%

methanolic KOH, reflux, 30 min), gave 1,2-diol 80. Upon

treatment with sodium metaperiodate (NaI04, Me0H, 22°) 80

underwent oxidation to afford 170-aldehyde 81 in 65% overall

yield from 1.

Witting reaction of aldehyde 81 with diethylcarboxyl-

methanephosphonate204,205 (83) in the presence of n-BuLi-THF

gave the 170-E-alkenoic acid 84 in 65% yield (Scheme 9).

This acid was previously prepared by Thomas and collegues148

by the alkaline hydrolysis of 170-acyclic methyl ester 17

(Figure 19) in 40% yield.

The alkenoic acid 84 (mp 251-253°, 111148 252-254°)

shows a first order AMX pattern between the coupling of C20

and C21 protons (Table 8). C20 proton appears as a doublet

of doublet with coupling constant, X20,21 = 16 Hz and
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J17,20 = 10 Hz. This resulted from C20 protons splitting

with the C21 proton and Cl7a proton respectively.

34(38,58,148,20E)-3,14-dihydroxy-21-norcol-20-(22)-en-

23-one]-1,3-thiazolidine-2-thione (76): The conversion of

178-E-alkenoic acid 84 to 1,3-thiazolidine-2-thione

derivative 76 was accomplished in moderate yield as

outlined in Scheme 9. First we attempted condensation of 84

with commercially available 1,3-thiazolidine-'2-thione in the

presence of dicyclohexyl-carbodiaimide (DCCI) as the

condensing agent. Nagao and coworkers 206-208 have used

dicyclohexyl-carbodiimide to convert various simple

aliphatic acids into their thiazolidine-2-thione

derivatives. Unfortunately, the reaction of 170-E-alkenoic

acid 84 with 1,3-thiazolidine-2-thione in the presence of

DCCI in ethyl acetate gave an unidentified gum like product.

Various changes in experimental conditions did not meet with

any real success.

The second synthetic scheme we explored to synthesize

76 has employed the phenyl phosphonate ester of thiazolidine-

2-thione 85. This phosphonate ester was prepared by

condensation of commercially available phenyl phosphonic-

dichloride with 1,3-thiazolidine-2-thione in the presence of

a base (Et3N or NaH) in CH2C12 or tetrahydrofuran. Yield of

85 was better (typically 70%) when sodium hydride was used

as a base as compared with that of triethylamine.
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The thiazolidine-3-phenyl phosphonate 85 underwent

smooth condensation with 178-E-alkenoic acid 84 in the

presence of Honing base (diisopropylethylamine) in

acetonitrile to give the desired 76 in 30% yield. The reac-

tion can be easily monitored by the appearance of a per-

sistent yellow color. The product was purified over

florosil column using 50% Me0H in CH2C12 as an eluant. The

yellow fraction was collected and crystallized by

CH2C12-n-hexane, yield 30%; mp 187-189°. This compound is

unstable to any acid or base in the presence of silica gel.

Analysis of the coupling patterns in the 80 MHz 1H NMR

spectrum (Table 8) of the thiazolidine-2-thione derivative,

76 indicated the product is an N-acylated derivative, as

expected. The regioselective N-acylation over S-acylation

with the ambident anion of 1,3-thiazolidine-2-thione can be

rationalized in terms of hard and soft acid-base

theory .213,214 The nitrogen atom in 1,3-thiazolidine-2-thione

is classified as a hard base, while the thione sulphur atom

in the same molecule is a soft base. The carbonyl carbon

atom in 178-E-alkenoic acid 84 is a hard acid. Thus, the

regioselective N-acylation with 84 can be rationalized by

the preferential reaction of hard acid with hard base.

2-[(30,50,14$,20E)-3-acety1-14-hydroxy-21-norchol-

20(22)-en-23-one]-1,1,1-trifluoro-2-diazoethane (74):

Trifluorodiazo compound 74 appears to be a difficult

compound to prepare. Prior to starting its synthesis we had
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"on paper" several synthetic approaches for the synthesis of

74. Unfortunately, none of the attempted approaches were

successful. We have discussed below the few attempted

approaches and problems associated with them. Our planned

paper syntheses were based on conventional methods for the

synthesis of diazo compounds. These methods are based on

two principles: either the diazo function is built up in a

stepwise fashion or by modification of functional groups

containing two neighboring nitrogen atoms.

(i) Attempted synthesis of 74 by the Wittig-Horner phospho-

nate olefeination via 81 (Scheme 10). In 1982, Deffo and

coworkers167 reported synthesis of different C17 affinity

and photoaffinity analogues of digitoxigenin (1) using the

Wittig-Horner phosphonate method. Using the phosphonate

route as an analogy, diethylcarboxymethane phosphonate (83)

was converted to diethoxyphosphonoacetylchloride 86 by

refluxing with thionyl chloride (Scheme 10). This acyl

chloride 86 was then reacted at -78° with trifluorodiazo

ethane (67)201 in the presence of catalytic amount of

N,N-dimethylaminopyridine (DMAP) to give trifluoro-

diazophosphonate 87 in 50% yield (87 was previously pre-

pared by Dr. T. Deffo in our laboratory). Wittig reaction

with diazophosphonate 87 and 170-etinaldehyde acetate 82,

using sodium hydride in dry THE gave a crude oil, which did

not show a diazo absorption peak at 2100 cm-1 in its



Table 8. 1H NMR Parameters for Digitoxigenin-C17-Side Group Analogues (Scheme 9 and 10)

s(ppm)b,c

Analogues C-3 H C-17 H C-20 H
Thiazolidine

C-21 H CHO Acetate ring protons

81 4.1 5.2

(m) (m)

84 3.9 4.1 7.0

(m) (dd,J=18,10Hz)

5.1 4.15

(brs) (m)

76 4.0 4.3

(m) (brs)

7.2

(dd,J=18,10Hz)

5.47

(d,J=18Hz)

5.75

7.25 6.8
(dd,J=19,10Hz) (d,J=20 Hz)

9.75
(d,J=10Hz)

2.0

(s)

4.45 3.4

(t,J=8Hz) (t,J=8Hz)

(a) For strucutres see Scheme 9 and 10

(b) 80 MHz 1H NMR spectra taken in pyridine-d5, CDC13 or acetone-d6

(c) in ppm downfield from Me4Si

00
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infrared spectrum. Many variations in the reaction con-

ditions viz: short reaction time, attempting condensation

at -780 - 0' were not of any success. One possible explana-

tion for the loss of diazo group may be due to the decom-

position of diazophonate 87 in the strongly basic conditions

(NaH, THF) employed in Wittig-Horner olefination. Our

results are similar to that observed by Deffo and

coworkers167 with their alkyl azide phosphonate, which

decomposes in basic conditions of the Wittig-Horner reac-

tion.

(ii) Attempted synthesis of 74 via 178-E-alkenoic acid (84):

The second approach we evaluated is given in Scheme 10.

178-E-alkenoic acid 84 was previously made by us by Wittig

reaction of 178-etianaldehyde 81 with diethylcarboxy-

methanephosphonate (83) (Scheme 9). 178-E-Alkenoic acid 84

was then attempted to be transformed to the corresponding

178-E-acyl chloride 89. Most current methods215 which

accomplish this conversion involve acidic conditions, which

were unsuitable to us. This is because our 178-E-alkenoic

acid 84 contains a tertiary hydroxy group at C14 which is

very susceptible for dehydration. We wanted a method which

would give this conversion essentially in neutral conditions.

The method which attracted our attention was that of Wissner

and Grudzineka.216 Accordingly, the acid 84, after 38-0H

protected with acetate, was converted to its t-butyldi-
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methylsilylester 88 in about 50% yield, by treatment with

t-butyldimethyl chlorosilane in DMF in the presence of imi-

dazole. Protection of 3S-OH of 178-E-alkenoic acid (84) by

acetate before silylation was necessary because 3S-OH can

also be silylated by t-butyldimethyl-chlorosilane and

imidazole. 217 Fullerton 218-219 and coworkers have

previously demonstrated that the 38 -silyl ether of

'digitoxigenin (1) can not be cleaved by the usual

reagents2179 220 such as Bu4N+F-, pyridinium hydrofluoride

etc. Treatment of t-butyldimethylsilylester 88 with 1.2

equivalents of oxalyl chloride in CH2C12 containing catalytic

amounts of DMF at 0°-22° for 2 hours, resulted in slow gas

evolution. Evaporation of the CH2C12 and t-butyldimethyl

chlorosilane (by product) at ambient temperature under

vacuum gave a low yield (5%) of desired acid chloride 89 as

an oil. Increase in reaction time at 22° appeared to have

no effect on the formation of desired chloride as can be

seen from the tic (20% Et0Ac-CH2C12). The acid chloride 89

can be differentiated from the corresponding 17S-E-alkenoic

acid 87 by its 1H NMR spectra (Table 8). As expected, the

C21 proton is slightly deshielded221 in acid chloride 89.

For example, the C21 proton appears at 6 5.85 as a doublet

(J=16 Hz) in acid chloride 89 whereas it appears at 6 5.52

as a doublet (J=16 Hz) in alkenoic acid 87. All other pro-

tons remain undifferentiated.
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Reaction of acid chloride 89 with excess trifluorodiazo-

ethane 67 in CH2C12 at -78° using a catalytic amount of

N,N-dimethylaminopyridine (DMAP) after the usual workup gave

a crude oil. Unfortunately, this oil does not show the

presence of diazo group in its infrared spectra.

When this work was in progress, we encountered the work

of M. Regitz and coworkers234 on acylation reations of

diazomethane with a,8-unsaturated acid chloride (cinnamoyl

chloride). Their work suggests acylation of a,8-unsaturated

acid chloride with diazomethane generally involves

subsequent reactions leading to the formation of pyrazoline

derivatives (Scheme 11).

(iii) Planned synthesis of 74 by diazo group transfer:

Regitz and coworkers 235-236 have recently demonstrated

that the entire diazo group can be introduced on a "synthon"

in a single reaction step. The diazo group is transferred

by a donor (azide) to an acceptor (active methylene group)

by diazo group transfer reaction. Our planned synthesis of

74 which is outlined in Scheme 12, was based on this diazo

group transfer reaction of Regitz and coworkers.

As outlined in Scheme 12, ethyl 2,2,2-trifluoro

propionate (90) could be prepared from diethyl malonate or

monoethyl malonate using antimony tetrafluoride (SbF4)237 or

dibromodifluoromethane (CF2Br2)238. Esters containing an

a-CF3 group can be made from monoethyl malonate by

decarboxyalkylation-fluorination with SbF4 as reported by
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Peters et a1237 or by a two step process reported recently

by Purrington et a1238 involving bromodifluoromethylation of

diethylmalonate followed by decarboxyalkylation-fluorination

with fluoride ion in DMSO.

We envisioned that 90 could be easily converted to its

Wittig phosphonate reagent 91 by the usual methods (n-BuLi,

THF, (Me0)2POCH3). Wittig reaction of 17S- etinaldehyde 81

using phosphonate 91 would give ketone 92. Ketone 92 could

then be formylated at a-methylene carbon to electron

withdrawing trifluoromethyl group (n-BuLi (3 mol), THF,

HCOOEt). The formylated derivative, 93 can be transformed

to title compound 74 by diazo transfer reaction using either

tosyl azide235 or more safely by using p-(n-dodecyl) ben-

zenesulphonyl azide.237 It is our strong intuition that

synthetic approach outlined in Scheme 12 is thus best to

synthesize 74. However, we never attempted this approach.



SCHEME 12

CO2 Et
CH2

NCO2H

115

CO,Et
CH,

NCO, Et

f
/CO2Et

NC CF,Br

\CO,Et

KF/DMSO
Qa

CF,CH,CO2Et (Me0),PCH,CCH,CF3

90 91

e

%

HO 74

Legends: 0
a SbF,, under pressure (in sealed tube); b (Me0),PCH3, n-BuLi, THF;
c n-BuLi,THF, 81; d n-BuLl (3 mol), THF,HCO,Et; e TsN3, Reflux;
f NaH/THF,CF,Br,,KF,DMS0



116

B) Biological Results and Conclusions.

Hog kidney Ne,e-ATPase inhibition screening was per-

formed by Mr. Michael Barone at the V.A. Medical Center,

University of Minnesota, Minneapolis, Minnesota, under the

direct supervision of Dr. Khalil Ahmed. The inhibition was

measured under Type I binding conditions (i.e. with Mg2',

Na+ and ATP as the binding ligands, 15 minutes pre-incubation

for genin analogues and 2 hours for glycosides). The binding

assays for the photoaffinity analogs 69, 71, and 76 were

carried out under equilibrium conditions in the dark and the

resulting IC50 values (concentration required for 50% inhibi-

tion of the Nal-,K+-ATPase activity) are shown in Table 9.

As can be seen in Table 9, the C17 affinity probe

76 was a weak inhibitor of Na+,e-ATPase (IC50 4.5 x 10-5m).

The C16 photoaffinity probe gitoxigenin 168- azidoacetate (71)

has an activity (IC50 3.02 x 10-7M) comparable to digitoxi-

genin (1), whereas the trifluorodiazo probe 68 has an activity

(IC50 2.46 x 10-6M) much lower than digitoxigenin (1). The

difference in activities of these two 168-photoaffinity

probes can be attributed to the size of the side group at

C16. The hydrophobic domain which contains the C16 binding

site of steroid possibly binds tightly to azidoacetyl side

group. In contrast, binding with a trifluoro diazopropionyl

side group may be weaker. Tight binding is advantageous as

the probe has less chances of dissociating from its binding

site. This would minimize non-specific binding or

so

pseudophotod
incorporation into the receptor site.
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Table 9. Hog Kidney Na+,e-ATPase Inhibition Data for C16 and C17

Affinity-Photoaffinity Analogues.

Analogues IC50 (M)
Approximate
Relative Activity

Digitoxigenin (1) 1.17 x 10-7 5

Gitoxigenin (13) 6.03 x 10-7 1

Gitoxigenin -38- acetate (33) 6.76 x 10-7 1

Gitoxigenin-38,-168-diacetate 7.41 x 10-8 8

Gitoxigenin -3S- acetate- 2.46 x 10-6 0.2

166- trifluorodiazopropionate (69)

Gitoxigenin-38-acetate,
16a-azidoacetate (71) 3.02 x 10-7 20

Gitoxigenin-38-acetonide
digitoxoside (45) 1.2 x 10-7 3

Gitoxigenin-38-digitoxoside (44) 3.80 x 10-8 16

Gitoxigenin-3a-acetonide-
digitoxoside-160-azidoacetate (72) 1.6 x 10-6 0.37

Gitoxigenin-3a-digitoxoside
168 -azidoacetate (73) 2.2 X 10-8 27

Digitoxigenin-17a-E-
thiazolidine-2-thione (76) 4.5 x 10-5
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The reasonably high activity of genin azido probe 71

has prompted us to make its 30-digitoxose derivative 73. As

expected, the activity was increased about 8 fold by

substituting digitoxose sugar at 38-hydroxyl group. (IC50,

3.02 x 10-7M for 71; 2.2 x 10-8M for monodigitoxoside

derivative 73). Consistent with our previous results

(Chapter 2) the acetonide derivative 72 was a much weaker

inhibitor of hog kidney Ma+ K+-ATPase than the corresponding

monodigitoxoside derivative 73 (IC50, 1.6 x 10-6M for 72;

2.2 x 10-8M for 73).

Ouabain displaceable studies with 71 and 73 are being

performed by Dr. Khalil Ahmed and colleagues at Minnesota to

determine the extent of specific binding. Specifically

bound probe (i.e., displaceable by ouabain) will be calcu-

lated as the difference between total probe bound and non-

specifically bound probe or any given free probe

concentration. Once it is determined that binding of 71 and

73 are ouabain displaceable then the probe(s) will be

resynthesized with 14C at C16 side group.

In conclusion, it is apparent from this brief study

that thiazolidine-2-thione affinity probe 79 is not a good

ligand for covalent labeling of C17 binding site of hog kid-

ney Na+,0"-ATPase. Azido probes 71 and 73 are the potential

candidates for the photoaffinity labeling of 016 binding

site of hog kidney Na+,0--ATPase. These probes are worthy

of future study.
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CHAPTER 4

STUDIES ON RELATIONSHIP OF CARDENOLIDE GLYCOSIDE SUGAR

STRUCTURE AND CONFIGURATION TO BIOLOGICAL ACTIVITY
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I. ABSTRACT

As part of a continuing study on the roles of structure

and conformation of cardiac glycoside sugars, stereo-

selective syntheses of the four possible glucosides (100,

103, 104, 105), four possible mannosides (106, 107, 108 109)

and two rhamnosides (94, 110) of digitoxigenin were

developed. Tetra-0-benzyl-D- and L-glucose (113 and 126)

and trichloroacetonitrile afford in a sodium hydride

catalyzed, fast, and reversible reaction, the a-0-glycosyl

imidates 118a and 127a. Reaction of 113 and 126 with

trichloroacetonitrile in the presence of anhydrous potassium

carbonate gave kinetically favoured 0-0-glycosylimidates

118$ and 1270.

Glycosylation of 118a and 127a with digitoxigenin (1)

(BF3.Et20 catalysis, -30°, 3 hours) gave 60-65% of the

desired 8-0 and 8- L- tetrabenzyl - glucosides 121 and 129 (80%

based on recovered digitoxigenin), along with 20% of the

corresponding a-anomers 122 and 130. 8-0-Glycosyl imidates

1188 and 127$ required trimethylsilyl-trifluoromethane

sulphonate (TMS -OTf) catalysis (44 molecular sieve, -10°, 30

minutes) to yield the tetrabenzyl-a-D and a-L-glucosides 122

and 130 in 50-58% yield, along with 15-20% of the 8- anomers

121 and 129. Similarly B-D- and 8- L- mannosides 106 and 108;

and B-L-rhamnoside 110 were prepared in 60-65% yield from

thermodynamically favoured a-trichloroacetimidates 135a, 142a

and 149a, respectively. The a-D and a-L-mannosides 107 and
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109 and also a-L-rhamnoside 94 were prepared in about 50-55%

yield from kinetically formed a-trichloroacetimidates 135$,

142$ and 149$, respectively.

The facile conversion of imidates to digitoxigenin

glycosides, described here, coupled with the ready conversion

of sugars to imidates, thus constitute a practical synthesis

of digitalis glycosides from readily available starting

materials.

1050 values for these glycosides and digitoxigenin (1)

were determined with hog kidney Na+,10--ATPase. These data

suggest that the 4'-equatorial hydroxyl and 5'-equatorial

methyl are the functional groups responsible for their

potent hog kidney Na4,e-ATPase inhibitory activity.

Stereochemistry of the 3'-OH had much less of an activity

role than that of the 4'-OH, in contrast to existing models

of 'sugar site' binding. This study also showed that

rhamnosides 94 and 110 were among the most active of all

cardenolide glycoside tested. The high activity of these

compounds was probably related to the L-stereochemistry of

rhamnose and the configurations of the 4'-equatorial hydroxyl

and 5'-equatorial methyl groups.

A a-D and a-L glucosidation was found to increase

digitoxigenin activity about 10X, a 13-1) and

8- L- mannosidation about 5X, while a-L-rhamnosidation

increases activity about 25X. Glycosides with an a-glyco-

sidic linkage were found to be much less potentiator of
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digitoxigenin activity than those with 8- glycosidic linkage.

For example, a-D and a-L-glucosides 103 and 105 and a-D- and

a-L-mannosides 107 and 109 were just slightly more active

than digitoxigenin (1), and 3 to 11 times less active than

the corresponding 0-linked glycosides. a-L-Rhamnoside 94

was the only exception. This was significantly more active

than digitoxigenin (18 fold), and almost as active as the

corresponding 0-L-rhamnoside.

Future investigations with the aid of computer graphics

and conformational potential energy calculations will

precisely delineate the active binding conformations of

these cardenolides' glycosides.
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II. INTRODUCTION

The lack of a suitable x-ray crystal of Na+,0"-ATPase -

the putative cardiac glycoside receptor - has left

investigations primarily focused on structure-activity

relationships among cardiac glycosides. These studies have

conclusively suggested that there are two primary binding

sites for cardiac glycosides in Na+,0"-ATPase. As discussed

earlier (Chapter 1) binding of cardiac glycoside at the

steroid binding site contributes significantly to the

formation of the drug-receptor complex, whereas dissociation

of a cardiac glycoside from its receptor complex depends

solely on the nature of glycoside sugar. Much effort is

currently being devoted in our laboratory, as well as in

other laboratories, on understanding the stereochemical

nature of the sugar site of Na+,e-ATPase. Inspite of a

number of specific conclusions drawn, the precise nature of

the 'sugar binding site' remains elusive.

In recent years, a number of investigators have

examined a variety of cardioactive steroids, noteworthy

are studies by Yoda124-126,241 and Wallick et al242 using

Na+,e-ATPase. They have established that the sugar moiety

of cardiac glycosides can make a significant contribution to

digitalis activity. Yoda and coworkers were first to

suggest that: 1) the "ouabain binding site" of Na+,0"-ATPase

is made up of a steroid binding site and a sugar binding

site; 2) the "first" sugar, which is directly attached to
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the 3B-OH of the steroid aglycone has a much greater contri-

bution than the "second" and "third" sugars. 3) good

binding of the first sugar requires a hexose with 3'-axial

hydroxyl group; 4) the dissociation of the cardenolide gly-

coside from its receptor complex is primarily determined by

the glycoside sugar.

It is obvious from the Yoda's studies that the steroid

aglycone provides the major part of the binding energy to

the receptor, whereas the sugar glycoside portion plays a

secondary role in stabilizing the cardenolide

glycoside-receptor complex. However, in cases when the

steroid aglycones are similar, the conformational factors of

the flexible glycoside moiety can play an important role in

determining Na+,e-ATPase inhibitory activity.

Research into structure-activity relationships of the

sugar moiety of the cardiac glycosides has been directed

mainly toward the effect of various functional groups. In

their classic review Zorbach and Reichstein243 have

summarized the synthesis and LD50 values of a variety of

glycoside analogues of digitoxigenin (1) and strophanthidin

(4). The extensive Nal",e-ATPase studies by Yoda and

Yoda241 and subsequent studies by Thomas127, 130,

Fullerton 131-134 and others244-246 have unequivocally shown

that cardenolide glycoside sugar's structure and configura-

tion contribute significantly to their binding at

Ne,KT-ATPase. Thomas, Brown and coworkers129, 130 have
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compared the inotropic potencies of some synthetic and

naturally occurring cardiac glycosides using isolated left

atrium of the guinea pig. They pointed out that the

a-L-configuration, C5'-methyl group and C4'-equatorial

hydroxy group of an hexose sugar contribute significantly to

the formation of drug-receptor complex at the "sugar binding

site" of Nate-ATPase.

Recent studies with gomphoside (26), a 5a-H cardiac

glycoside isolated from Asclepias fructicosa by Chiu and

Watson22 once again emphasize the importance of 3'-axial

hydroxyl and C5'-methyl groups. Gomphoside has the same

steroid structure as the conventional cardenolide at the BCD

ring regions but its A/B ring junction is trans. In

addition, gomphoside has a rigidly linked glycoside moiety

to the steroid through oxygen atoms at 2a and 38 of the

steroid (Figure 20).

Gomphoside was found to be a very potent inotropic

agent, when evaluated by using guinea pig atria. It is

as active as digitoxigenin-a-L-rhamnoside (94), 8-10 times

more potent than digitoxigenin-a-D-digitoxoside (95) and

about 23 times more potent than digitoxigenin (1). Using

computer graphics and potential energy calculations, Watson

and Chiu have explained the good activity of ghomphoside

(26) is due to the 3'-axial hydroxyl and 5'-equatorial

methyl groups. In their study, inotropic activity was

progressively reduced by changing the configuration of the
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3'-oxygen functional group from 3'axial in gomphoside to

3'-ketone in didehydrogomphoside (96), to 3'-equatorial

hydroxyl group in epi- gomphoside (97) (Figure 20). The

study by Watson and Chiu suggests that in gomphoside and

related 5a-H glycosides, the 3'-axial hydroxyl has a major

role to play for positive inotropic activity. They have

also hypothesized that the similar sugar configuration is

needed for naturally occurring 58-H cardenolide glycosides.

Their hypothesis is based on the report that 5a-H and 58-H

cardenolides such as uzarigenin (98) (5a-H prototype) and

digitoxigenin (1) (58-H prototype) have similar inotropic

activities.

The hypothesis of Chiu and Watson is certainly an

attractive one, but most of the available evidence obtained

by Thomas and by Fullerton suggests that in naturally

occurring 58-H cardenolide glycosides, the 3'-axial hydroxyl

group has a much less important role to play.

Recent studies by Kihara and coworkers131 on five

groups of digitoxigenin 8-0-glycosides (Figure 21) have

demonstrated that 8-D-galactoside 101 is six times more

active; 0-0-glucoside 100 is ten times more active; and

S- D- digitoxoside 95 is fifteen times more active than

digitoxigenin (1). The Na+,e-ATPase, 'sugar binding site'

model proposed by Yoda and coworkers emphasizes the impor-

tance of an axial 3'-OH. Consistent with this model, the

highly active glycosides 99 and 100 tested by Kihara and

coworkers both have 4'-OH equatorial and 3'-OH axial.
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Figure 21: Digitoxigenin D-Glycosides (Kihara, et al, ref. 131).
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Similarly, analogues 101 and 102 with the 3'-OH equatorial

and 4'-OH equatorial or axial were found to be less

active Na+,e-ATPase inhibitors. The only intriguing

observation in the Kihara study was the difference in

activities of digitoxigenin glucoside 100 and galactoside

101. Galactoside 101 has 4*-0H axial whereas glucoside

100 has 4'-OH equatorial.

The enhancement of activity by an equatorial 4'-OH as

observed by Kihara et al is consistent with the recent

observations of Stache and coworkers249, who found that the

2,3-dideoxy-a-L-rhamnoside of digitoxigenin (113) is as

active an inotropic agent as digoxin. It does have an

equatorial 4'-OH, which can account for the high activity of

this glycoside.

These studies by Kihara, Fullerton and coworkers

suggest an important role for the orientation of the 4'-OH

being equatorial and also suggest the 3'-OH may not have as

large a role as the Yoda model proposes. These views are

also shared by Thomas and collegues.129

It is obvious from the recent studies that current

cardiac glycoside-receptor binding theories are not fully

correct. This provides a strong incentive for further

studies.
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III. RATIONALE FOR THE PROPOSED RESEARCH

Many chemical modifications of cardiac glycosides have

been made but few compounds have emerged as being potentially

safer than the glycosides already in clinical use. Compounds

for which as improved therapeutic ratio has been claimed

include Actodigin244 (111) which is 8 -0- glucoside of a digi-

toxigenin isomer; and ASI-222 (112)248 which is the 4-amino-

'4,6-dideoxy-galactoside of digitoxigenin. Fullerton and

coworkers118 have suggested that the unusual biological pro-

perties of Actodigin (111) is due to its genin which has a

"rotated" lactone ring, 8-D-glucose potentiate the activity

of Actodigin genin which otherwise has very low activity.

Thomas et al127 have suggested that the isomeric lactone in

Actodigin alters the drug receptor interaction in such a way

that the sugar portion is directed away from the sugar

binding site on the receptor. In the case of ASI-222 (112),

Brown and Thomas248 have attributed the apparent improve-

ment in therapeutic ratio to the amino group. On present

evidence, then, the mast promising approach to the develop-

ment of safer cardenolide glycosides involves modification

of the sugar moiety. Besides, as discussed previously, the

array of genins, sugars and biological systems studied have

led to a variety of sometimes conflicting models on the

role of sugar structure in biological activity. It was our

interest to delineate the active binding conformations of

the cardenolides at the 'sugar site' of the receptor.
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The purpose of the present study was to synthesise

and study digitoxigenin glycosides (Figure 22) which differs

in sugar structure, stereochemistry and glycoside linkage,

including: 1) a full B-D/a-D/B-L/a-L series of digitoxigenin

glucosides; 2) a full 5-D/a-D/5-L/a-L series of digitoxige-

nin mannosides; 3) 5-L/a-L digitoxigenin rhamnoside

Our aim was to compare the role of a-L vs. a-L

stereochemistry; a-D vs. 5-D stereochemistry; 6'-OH vs.

6'-deoxy and L vs. D stereochemistry. All the proposed

glycosides have an equatorial 4'-OH which, as discussed by

Fullerton and coworkers131 is most responsible for farming

hydrogen bond with the sugar site of Na+,e-ATPase.

We planned on using a combination of synthesis, confor-

mational energy studies and biological studies to delineate

the structure and conformational roles of the cardenolide

glycoside sugars. The synthesis of all these glycosides

would also provide interesting synthetic challenge because

present methods of cardenolide glycoside synthesis are

woefully inadequate. In particular, the non-existence of a

highly stereoselective a-glycosylation method for

cardenolide glycoside sugars. The only exception has been

the report of Wiesner and coworkers278 on the syntheses of

5-D-cardiac glycosides of 2'-deoxy sugars using 1-3

participation of a urethane group.

The proposed compounds will serve as the basis far

subsequent conformational energy, x-ray crystallographic and

computer graphic studies using the approach extensively used

by the Fullerton group.
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IV. METHODS OF 0GLYCOSIDE SYNTHESIS

Since the glycosides (Figure 22) chosen for this study

have different stereochemistry and structures, an efficient

and versatile method for glycosidation would be highly

desirable. This comprehensive introduction will therefore

deal essentially with the problems of glycosidic bond

formation per se from a cardiotonic glycoside stand point.

Glycosidation is the selective reaction of a non-sugar

alcohol with a sugar's anomeric carbon. Present synthetic

methods, particularly in cardenolide glycosides, however,

leave considerable margin for improvement.252 Most

important, no general method for stereoselective synthesis

of cardenolide glycosides has been reported. Furthermore,

it is difficult with some methods to activate the sugar's

anomeric center, necessary for coupling with the aglycone,

under conditions that do not dehydrate the tertiary 146-0H.

50-Stereochemistry with concomitant steric bulk also poses a

serious synthetic problem.

The general synthetic methodology for cardiac glycoside

synthesis modeled after that for oligosaccharides252 is

presented in Figure 23, using a protected glucose derivative

as the carbohydrate unit. For a practical and general

synthesis of such sensitive structures as cardenolide

glycosides, the following strategy and requirements are

crucial in the selection of protective groups R: 1) the

sugar's protective group R must have reasonable chemical



H OH

HO
HO

blocking RD

Glucose

activation 14°
RO

OR

Or

Digitoxigenin

R = protective group
X= activating group

Figure 23: General strategy for cardenolide
glycoside syntheseis.

coupling

R`i'MR, 0

H

deblocking

HO
0

Digitoxigenin-D-g ycoside
w



135

stability (adequate shelf life and chromatographic

tolerance); 2) activation of this protected sugar should

proceed under mild and highly selective conditions in high

yields; 3) coupling between activated protected sugar and

the aglycone should proceed under mild conditions,

preferably with stereochemical control; 4) removal of the

protective group should not break the 0-glycosidic bond,

reduce the 20,22-ene of the lactone, nor dehydrate the

C14-0H.

1) Classical methods of illycosidation and modifications.

a) 1,2-Trans glycosidation' The activation of the

anomeric center of the sugar with halogens is widely used to

make 1,2-trans 8-0-glycoside analogues. Popularly known as

the Konigs-Knorr glycosylation253, this method uses

per-acylated 1-halo sugars. The haloses are formed from

glycopyranose penta-acetates or glycopyranose tetrabenzyl

ethers under a wide variety of conditions. The resulting

halogenated sugars are obtained as the thermodynamically

more stable a-form (1',2'-cis) having an axial halogen.

This is because of the anomeric effect254, which is a

destabilization arising from elecrostatic interaction

between the parallel p-orbitals of oxygen and the halogen.

The corresponding 8-haloses having an equatorial halogen can

not be prepared by using the Konigs-Knorr method.

Glycosyl bromides are essentially formed by hydrogen

bromide in glacial acetic acid or with Br2 and red
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phosphorus. 127,131 Chlorides have also been used, as these

are usually more stable. They can be obtained in

quantitative yield by treatment of a solution of a fully

blocked sugar in Et20 or CH2C12 with dry HC1255 at 0° or

with titanium tetrachloride256, or with N,N-dimethyl

chloroforminium chloride (Vilsmeir reagent)257 or with

p-tosylchloride-N,N-dimethylamino pyridine.258 Most

recently, a number of investigators259 have successfully

used fluorinated sugars for oligosaccharide synthesis. They

can be made from per-acetylated or per-benzylated

glycopyranose with (diethyl amino)-sulphur trifluoride

(DAST)259c, 260 or with HF-pyridine.259b

Coupling reaction of the glycosyl halide with the

aglycone generally requires precious silver salts such as

Fetizon's reagent270 (silver carbonate finely deposited on

celite) or mercury compounds.261 Silver262 or stannous263

mediated coupling reactions with an aglycone have proven to

be efficient. Use of azeotropic distillation of water

generated in the coupling reaction of the glycosyl halide

with the aglycone has also proven to be effective.261

Silver perchlorate259c, tetrafluorosilane (SiF4) or

trimethylsilyl triflate (TMS-0Tf)259b mediated coupling of a

glycosyl fluoride is also an efficient and stereoselective

way of making 1,2- trans(S)- glycosides.

Konigs-Knorr glycosidation using 1,2-cis glycosyl halide

(chloride or bromide) with participating substituent at the
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sugar's C2 such as acetyl, generally yield 1,2-trans (B -)

glycosides either by an SN2 mechanism with Walden inversion

or through orthoester formation (Figure 24A). Incidently,

when a 1,2-cis glycosyl halide with a non-participating

substituent at C2 such as methyl or benzyl group is used,

both a-(1,2-cis) or B-(1,2-trans) glycoside, can be formed

through acyloxoniumion (Figure 24B).

Although the Konigs-Knorr method has found wide use for

the synthesis of cardenolide glycosides, it suffers from

some serious disadvantages: 1) it requires strictly

anhydrous conditions otherwise dehydration of the sensitive

140-0H occurs in digitoxigenin (1) and other cardenolides;

2) it usually gives low overall yields (20-50%);

3) sterically, it is favored to form 0-(1,2-trans)

glycosides. Thus, stereospecific synthesis of a-(1,2-cis)

glycosides is not possible using Konigs-Knorr methodology.

b) 1,2-Cis glycosidationt As discussed above, the

classical Konigs-Knorr method can not be used for the

formation of 1,2-cis(a)-glycosides. Some non-selective

approaches have recently been used for the synthesis of

1,2-cis-glycosides. Schneider264 has used Lewis acid

catalyzed anomerization of the more easily obtained trans

glycoside. This technique though found successful in

oligosaccharide syntheses but has only been applied once to

steroid glycosides.265
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A very interesting principle was applied by Lemieux and

coworkers.266 They synthesized a-linked disaccharides in

good yield with high stereoselectivity by reacting

tetra-O-benzyl-a-D-glycopyranosyl bromides with an alcohol

in the presence of tetraethylammonium bromide (Figure 25).

Tetraethylammonium bromide converts the thermodynamically

favoured cis halose into the more reactive (kinetically

favoured) trans.halose which rapidly reacts to give the

cis-glycoside. The utility of the Lemieux approach in

the synthesis of steroidal glycosides particularly those

with 140-0H like digitoxigenin (1), has yet to be reported.

2) Newer methods of glycosidations

Recently some new methods for the selective activation

of the anomeric center of sugars have been successfully used

for the stereoselective synthesis of oligosaccharides with

1,2-trans or 1,2-cis configurations.

P. Sinay and coworkers257, 267 have used glycosyl

imidates instead of glycosyl halides. Thus, when the

benzene solution of 2,3,4,6-tetra-0-benzyl-a-0 glucosyl

chloride (114) (Figure 26) was stired at room temperature in

the presence of N-methylacetamide, silver oxide,

di-isopropylethyl amine (Honig base) and a molecular sieves
0

4A, the 0- imidate 115 was obtained (80%). A benzene solution

of this 0-imidate, when reacted with sugar alcohol in the

presence of p-toluene sulphonic acid, the a-glucoside was

obtained stereoselectively in high yield.
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Schmidt and Miche1268 have used aryl substituted

ketenimines and trichloroacetonitriles to make stereo-

specifically a- or 8-glycosyl imidates (Figure 27). As

reviewed by Neilson, reaction of alcohols with ketenimines

or nitriles containing electron withdrawing substituents on

the a-carbon will directly produce imidates. Schmidt and

Michel have shown that 2,3,4,6-tetra-0-benzyl-D-

glucopyranose (113) when reacted with aryl substituted

ketenimine in the presence of sodium hydride gave

exclusively 1,2-trans 0-imidate 117; whereas the same

reaction with trichloracetonitrile gave exclusively

1,2-cis-a-imidate 118. Both these imidates are readily

isolable in sterically pure form and are stable

intermediates. As expected, reaction of 1,2-trans-0-imidate

117 with sugar alcohol gave stereoselectively a-linked

oligosaccharide, whereas the same reaction with

1,2-cis-a-imidate 118 gave stereoselectively 8-linked

oligosaccharide.

Schmidt and Michel have recently shown (Figure 28) that

tetra-0-benzyl glucose 113 and trichloroacetonitrile afford

in a base catalyzed, fast, and reversible reaction, the

8-glycosyl imidate 118$, which is slowly transformed into

the a-isomer, 118a due to anomeric effect. Thus, sodium

hydride catalyzed reaction of 113 and trichloroacetonitrile

gave thermodynamically stable 1,2-cis-a-imidate 118a.

However, anhydrous potassium carbonate catalyzed reaction of
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113 and trichloroacetonitrile gave kinetically stable

1,2-trans-e-imidate 1188. Using the 0-glycosyl

trichloroacetimidate, both a- or 8- linked glycosides can

thus be synthesized.

Mukaiyama and Coworkers269 have reported the stereo-

selective synthesis of $-D-glucosides by using 1-0-8-(3,5-

dinitro-2-pyridyl)tetra-0-benzyl-a-D-glucopyranose (140)

(Figure 29). Thus, treatment of 2-chloro-3,5-dinitropyridine

with tetra-0-benzyl-D-glucopyranose 113 resulted in the

extremely rapid formation of 140 by the action of fluoride

ion (KF and 18-crown-6 ether) in the presence of

2,6-lutidine. This dinitropyridyl derivative 140 smoothly

reacts with various alcohols by the promotion of Lewis acid

(8F3Et20) to afford corresponding 8- glucoside in high

yields. Similarly glucosides and disaccharides were pre-

pared by Mukaiyama and coworkers in good yields from

2-benzothiazoly1 2,3,4,6-tetra-0-benzy1-1-thio-D-gluco-

pyranoside (119) and alcohols including sterically hindered

secondary alcohols in the presence of cupric triflate.

a-Glucosides were obtained predominantly by this method.

In summary, syntheses of complex glycosides and

oligosaccharides is best done by using the new methods of

Sinay; Schmidt; and Mukaiyama. Halide ion catalysis method

of Lemieux is an excellent method of making

1,2-cis(a)-glycosides. Use of glycosyl fluoride have proven
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to be an efficient alternative to the classical Konigs-Knorr

procedure to make 1,2-trans(0)-glycosides.

The only methods known in the literature for the

synthesis of cardenolide glycosides are modifications of

Konigs-Knorr method. In almost all cases the yields are

poor. Moreover, syntheses of 1,2-cis-cardiac glycosides is

not possible by these known methods. Techniques which have

been used to improve yields include, use of Fetizon's

reagent127 (silver carbonate finely deposited on celite)270

and the use of azeotropic distillation during the

reaction. 133,261 The highest yield of S-D-cardenolide gly-

coside reported was 50%. This was obtained using Fetizon's

reagent.127 Hence, an efficient synthesis of both a- and

3- cardenolide glycoside is called for. In the search for

new synthetic routes to cardiac glycosides, we were

interested in having methods which give sterically pure,

readily isolable intermediates. These intermediates require

no activation by heavy metal salt and can be smoothly con-

verted to sterically pure 1,2-cis or 1,2-trans glycosides.
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V. RESULTS AND DISCUSSION

A) Chemistry. 1. Stereoselective syntheses of digitoxigenin

a-D, $-D, a-L and 0-L-glucosides:

We first explored the methods of Sinay (imidate

catalyzed by silver oxide)267 and Lemieux (halide ion

catalysis )266 for the syntheses of digitoxigenin

a-D-glucoside (103).

(i) Sinay-imidate methods As shown in Scheme 13,

commercially available 2,3,4,6-tetra-0-benzyl-D-glucopyranose

(113) (Pfansteihl, Waukegen, USA) was transformed in one step

(70%) into 2,3,4,6-tetra-0-benzyl a-D-glucopyranosyl chloride

(114) using N,N-dimethyl chloroformiminium chloride (Vilsmeir

reagent) .222 The benzene solution of 114 when stirred at 22°

with N-methyl acetamide, silver oxide, di-isopropylethyl

amine and molecular sieves (4A), the 1,2-trans imidate 115

was obtained in 50% yield. The J1',2' coupling constant

(3.5 Hz) far the C1' and C2' protons in 115 indicated the

1,2-trans configuration. Glycosidation of 115 with

digitoxigenin (1) in benzene catalyzed by p-toluene sulphonic

acid was a very slow reaction with a large amount (80%) of

unreacted digitoxigenin remaining even after six days.

The yield of desired digitoxigenin-tetrabenzyl-a-D-gluco-

pyranose (122) was only 15% with 2% of 8-anomer 121.

This method has been very successfully used by Sinay and

coworkers for the synthesis of a-linked oligosaccharides. In

our hands, however, Sinay's method afforded a poor yield of
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digitoxigenin-tetrabenzyl-a-D-glucoside (122).

(ii) Halide ion catalysis: My colleague Dr. Haruo Nukaya

studied the synthesis of digitoxigenin-a-D-glucoside (103) by

Lemieux's halide ion catalysis method. This is shown in

Scheme 14, with his results in Table 10. 2,3,4,6-Tetra-0-

benzy1-0-glucopyranose (113) was converted to its

1-0-p-nitrobenzoyl analogue by stirring with p-nitrobenzoyl

chloride in pyridine following the method of Tate and

Bishop .223 This 1-0-p-nitrobenzoyl analogue was converted to

2,3,4,6-tetra-0-benzyl-a-D-glucosyl bromide (116) by stirring

in CH2C12 saturated with HBr, as reported previously by

Ishikawa and Fletcher.224 Following the procedure of Lemieux

and coworkers266, 1.0 or 0.5 molar equivalents of

digitoxigenin was stirred in methylene chloride at 20°, 40°,

or 60° (in a sealed tube) (Table 10) with one equivalent each

of bromide 116, tetraethylammonium bromide, and diisopropyl-

ethyl amine. The reaction mixture was stirred in the dark

for one hour with silver acetate, acetic acid and acetic

anhydride, filtered, and extracted with methylene chloride.

After the methylene chloride extract was washed several times

with water to remove acetic acid, the solvent was removed and

the crude product was chromatographed.

Isolated yields of the a-D and 13-D benzyl protected

glycosides 122 and 121 are shown in Table 10. As can be seen

in these data, greater stereoselectivity can be obtained with

halide ion catalysis for making 1',2'-cis glycosides of the

cardenolides--about 411, however yields of the isolated



SCHEME 14

113

R = C,H,CH,-

116

Legends:
_

a p-NO2-C6H,COCI,Pyridine; bFler,C1-12C12; C Et,N Br,r-N ,CH2Cl2

122
(39%)

+0-anomer



Table 10. Yields of 122 and 121 from Halide Ion Catalysis

(Experiments by Dr. Haruo Nukaya)

152

Ratio 116

to

1 1 1 1 1

Digitoxigenin (1) 1 2 2 2 2

Temperature 20° 20° 40° 60°a 20°

Hours 72 72 24 24 14 days

a-Glucosoide 122 16.0% 23.1% 25.1% 13.3% 38.9%

0:Glucoside 121 5.0% 8.1% 7.8% 6.9% 10.9%

Recovered Digitoxigenin (1) 73.9% 61.5% 60.3% 76.0% 43.0%

(a) Sealed tube reaction
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a-glucoside 122 is still very poor and thus this method is

not the practical method for making cardenolide 1,2-cis

glucosides.

(iii) Schmidt-Imidate Method: a) Imidate formation: As

shown in Scheme 15, treatment of 2,3,4,6-tetra-0-benzyl-D-

glucopyranose (113) with trichloroacetonitrile in the

presence of sodium hydride at room temperature resulted in

the rapid (45 min-1 hour) formation of 1,2-cis-a-trichloro-

acetimidate 118a, consistent with results reported by Schmidt

and Miche1.2686 We did notice an additional imidate spot on

thin layer chromatography after 5 minutes of reaction,

presumably the kinetically formed S- imidate as they reported.

This spot then disappears as the thermodynamically preferred

a-imidate is formed. Similarly, treatment of 2,3,4,6-tetra-

0-benzyl-D-glucopyranose (113) with diphenylketene-p-tolyimine

in the presence of NaH at room temperature resulted in the

slow (36 hours) formation of 1,2-trans-8-imidate 117 in 73%

yield. Diphenylketene-p-tolyimine was prepared following the

method of Stevens and Singhal225 with little modification.

We found substituting florosil for alumina gives better yield

(10% vs 80%).

The tetrabenzyl-D-glucopyranose 113, when reacted with

trichloroacetonitrile under kinetic conditions (anhydrous

potassium carbonate, 22°, 5-6 hour) following the procedure

recently reported by Schmidt and Miche1268b, gave 1,2-trans

S- trichloroacetimidate 1188 in 55% total isolated yield.
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SCHEME 15

a

118«
(ni%)

113

di

H Ph

121
(85%)

plus 20% of 122

CI

117
(73%)

R = CO-1,CH,-

f

NH

Cl,

RO

0

11813-68 A, 122 + 19%121

117-- 19 /a 122 + 3% 121

100 103
(84%) (84%)

Legends:
a CCI,CN,NaH,CH2C12,1h;
b Digitoxigenin, CH1C12,mol.seive 44,BF,Et20,-30°,1h;
C 20% Pd/C (H,),Ih; d Ph2C = C = N-C81-14-p-Me,NaH, 32h, 22°;
e Digitoxigenin, CH,CI,, PPTS,22°,96h;
f CCI,CN,K2CO3,CH2C16h;

Digitoxigenin, CH2C12,mol.seive 4A,TMS-0Tf,-10°,30 min.
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Excellent stereochemical control was observed in the

formation of trichloroacetimidates i.e., no 1180 in 118a and

vice-versa.

In an extension of this work, we wanted to know if

similar stereochemical control can be seen with L-glucose.

The 2,3,4,6-tetra-0-benzyl-L-glucopyranose (126) was prepared

using conventional procedures from L-glucose (Pfanstiehl,

Waukegan, USA). As shown in Scheme 16, methyl

L-glucopyranoside (124) was prepared from L-glucopyranose

(123) following the method of Levene and Muskat226 as a white

crystalline solid, mp 106-107°; 1H NMR (MeOH -d4) 6 4.25 (d,

31',2' = 8 Hz, 1 H, C1' H), 3.51 (s, 3 H, C1' OCH3). The

methyl-L-glucopyranoside (124) was benzylated following the

method of Iwashige and Saeki228 using sodium hydride-benzyl

chloride in DMS0 at room temperature for 20 hours. The pure

tetrabenzyl methyl-L-glucoside 125 obtained after column

chromatography was hydrolyzed with 80% HOAC-2N HC1 at 90° for

10 hours. 2,3,4,6-tetra-0-benzyl-L-glucopyranose (126) was

obtained in 70% overall yield, as a white crystalline solid,

mp 154-156°; 1H NMR (C0C13) 6 7.2 (m, 20 H, 4 Ph), 5.1 (d,

31',2' = 4 Hz, 1 H, C1' H), 1.6 (s, 1 H, C1' OH).

Employing the same method as for tetrabenzyl-D-

glucopyranose, we made the imidates 127a, 1270 and 128 from

tetrabenzyl-L-glucopyranose (126). Here again formation of

1',2'-trans imidate 128 with diphenylketene-p-tolylimine and



SCHEME 16

OH 8
OH

O

L-Glucose (123)

b

3

0

R = -1.-12CPh

OCH3

HO OH0

Methyl-L-GluCOSide (124)

ROR OR

(125)

Legends:
a abs.Me0H,H b NaH,C,H,CHiCI,DMSO; e 80% HOAC, 2N HCI, 90°,2h

2,3,4,6 Tetra-O-Bennzyl
L-Glucose

(126)
(70% overall)
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SCHEME 17

a

OR

H

1 27 OC
(55 %)

129
(31%)

plus 19% of 130

H

OH

104
(87%)

126

dl

128
(77%)

R =

f

114:1Z.FOR CC!,

1270
(56%)

g

R

127/3-0. 51 4 130 + 20% 129

128 +25/ 130 + 39% 129

105
(76%)

Legends:
a CCI,CN,NaH,CH,C1,,lh;
b Digitoxigenin, CH,CI,,mol. sieve 4A,BF,Et20,-30°,1h;
C 400/0 Pd/C (1-12),2h; d Ph2C = C = N-C61-14-p-Me,NaH,32h,22°;
e Digitoxigenin, CH,C12,Zn(0Tf),, 22°,15h;
f CCI,CN, K,CO3, CH,C12, 6h;

Digitoxigenin, CH,C12,mol.seive, 4A,TMS-0Tf,-10°,30 min.
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sodium hydride was much slower (typically 32 hours) than for

the trichloroacetaimidates.

1H NMR (CDC13) can unambigiously differentiate (Table

11) the B-imidates 117, 1186, 128 and 1276 from the a-imidates

118a and 127a. Chemical shifts are consistent with those

previously reported.268 The small coupling constant

(J1',2, = 3.5 Hz) in a-trichloroacetimidates 118a and 127a is

indicative of 1',2'-cis configuration. Similarly the large

coupling constant (31',2' = 7 Hz) in 8- imidates, 1188, 117,

1278 and 128, is indicative of l',2'-trans configuration.

b. Glycoside formation: The a-trichloroacetimidates 118a

and 1270 react smoothly with digitoxigenin (1) under the

catalysis of BF3Et20 at -30° for 1 hour. Yields of the

digitoxigenin 13-D and B-L-tetrabenzyl glucosides 121 and 129

were 60-65% (isolated yields, Schemes 15 and 17), with an

additional 20% of the digitoxigenin a-D and a-L-tetrabenzyl

glucosides.

The 1,2-trans-8-trichloroacetimidates 1186 and 1278

formed the digitoxigenin a-D and a-L-tetrabenzyl glucosides

122 and 130 in moderate yield (50-58%) with trimethylsilyl

trifluoromethane sulphonate (TMS-0Tf)271 as catalyst at -10'.

The reaction was rapid, usually finished in 10 minutes after

the addition of catalyst. A small amount of (19-20%) of

anomeric B-D- and B-L-tetrabenzyl glucosides were also

obtained.

Reaction of 8- triarylimidate 117 with digitoxigenin (1)
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Table 11. 0-Glycosylimidates of Tetra-0-benzyl D- and L-Glucopyranose

(113 and 126)

Yields 1H WR (6)b IR (NaC1)

(%) C1'H 31'2' NH C =N

(d) (Hzj (cm-1)

118a 76 6.5 3.5 8.6 1670

1180 55 5.92 7.0 8.7 1670

117 73 6.11 7.0 5.2 1670

127a 85 6.5 3.5 8.67 1670

1278 56 6.10 7.5 8.68 1672

128 77 6.13 7.5 5.15 1672

(a) Isolated yields

(b) 80 MHz spectra in CDC13 with Me4Si as internal standard
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in the presence of p-toluenesulphonic acid (p -TsOH) or pyridi-

nium p-toluenesulphonate (PPTS) as catalyst, gave 10:1 mix-

ture of a-D-tetrabenzyl glucoside 122. However, the reaction

was very slow even at room temperature. Monitoring the reac-

tion by thin layer chromatography showed no further reaction

even after 96 hours stirring at room temperature. Addition

of more catalyst or increasing the reaction temperature could

not accelerate the reaction and would dehydrate the sensitive

148-0H group of digitoxigenin. Change of catalyst i.e., zinc

triflate272 instead of p -TsOH or PPTS surprisingly gave more

8-glucoside than desired a-glucoside. Use of 8F3Et20

resulted in extensive decomposition of the triarylimidate

117, with recovery of nearly all digitoxigenin starting

material.

Some observations are worth mentioning. Trichloroace-

timidate 118a, 1188, 127a and 1278 are inherently more

reactive but less stable than triarylimidates 117 and 128.

The trichloroacetimidate should be chromatographed quickly

and be used immediately or otherwise must be stored at -20°

in a freezer. In contrast triarylimidate 117 and 128 are

quite stable even at room temperature but decompose instantly

in the presence of acid. Even wet silica gel causes their

decomposition. They can best be chromatographed on basic

alumina or florosil.

The ability of trichloroimidates to undergo facile

glycosidation is directly related to the trichloroacetimidate's
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Table 12a. Reactions, Reaction Conditions and Products for Scheme 15

Mole Ratio
(Reactant): Conditions Product% % Yielda

Reactant Catalyst (Digit):(Cat) hr 121:122 121+122

118a 1:5:-- 22° 2 no reaction

118a BF3Et20 1.3:1:1.3 -20° 0.5 -b- 5

118a ISF3Et20 1.3:1:0.1 -78° 3 3:1 78

118a BF3Et20 1.3:1:0.3 -30° 3 3:1 85

118a ZnC12 1.3:1:1.3 22° 24 -b- 10

118a SnC14 1.3:1:1.3 0° 2 -b- 5

1180 TMs-OTf 1.0:1.3:0.43 -10° 0.5 1:3 77

117 (no catalyst) 1:2 : -- 22° 10 no reaction

117 BF3Et20 1.5:1:0.3 -20° 10 no reaction

117 p -TsOH 1.2:1:1 22° 96 1:10 18

117 PPTS 1.211:1 22° 96 1:10 21

117 Zn(0TO2 1.5:1:1.5 22° 18 2:1 64

(a) Isolated yield

(b) Most of the isolated product was a mixture with 14-ene-glucosides

Abbreviations

PPTS - Pyridinium p-toluene sulfonate

TMS-0-if - Trimethylsilyl Trifluoromethane sulfonate

p-Ts0H - p-Toluene Sulfonic Acid

Zn(0Tf)2 - Zinc Triflate

Digit - Digitoxigenin
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Table 12b. Reactions, Reactions Conditions and Products for Scheme 17

Reactant Catalyst

Mole Ratio
(Reactant):
(Digit):(Cat)

Conditions
hr

Product% % Yielda
121:122 121+122

127a BF3Et20 1.3:1:0.3 -30° 3 3:1 88

127a BF3Et20 1.3:1.1:0.1 -78° 3 3:1 75

127a BF3Et20 1.3:1.010.1 0° 3 3:1 35b

1278 TMS-0Tf 1.011.,310.43 -10° 0.5 1:2.5 71

128 BF3Et20 1.5:1.0:0.3 -30° 5 no reaction -C-

128 p -TsOH 1.311.011.0 22° 96 1:10 20

128 PPTS 1.2 :1.0:1.0 22° 96 1:10 25

128 Zn(OTF)2 1.5:1.0:1.5 22° 20 2:1.5 64

(a) Isolated yield

(b) The product contained a mixture of 14-ene glucosides

(c) Decomposition of the imidate

Abbreviations

PPTS - Pyridinium p-toluene sulfonate

TMS-0Tf - Trimethylsilyl Trifluoromethane sulfonate

p-Ts0H - p-Toluene Sulfonic Acid

Zn(OTf)2 - Zinc Triflate

Digit - Digitoxigenin
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ability as being an excellent leaving group. In contrast

triarylimidate is a poor leaving group. The low yield of a-D

and a-L-tetrabenzyl glucoside 122 and 130 obtained with

triarylimidates 117 and 128 may also be because of an axial

attack by the bulky cardenolide's secondary 38-hydroxyl

group. This axial attack is naturally difficult, especially

so with the added steric hindrance of the 2'0-benzyl group.

However, the choice of catalyst, catalyst stoichiometry,

and temperature are crucial (Tables 12a and 12b). At room

temperature, for example, 148-dehydration was extensive.

Schmidt and Miche1268a report an alcohol:imidate:8F3Et20

stoichiometry of 1:1:1. This also results in extensive

dehydration of the cardenolide 148 -OH. For these acid

sensitive compounds, we found a 1:1:0.3 ratio to be optimal.

c. Sterochemical Assignments. The glycosylation procedures

summarized in Tables 12a and 12b gave mixtures of anomers.

The anomers were separated with flash chromatography, and

characterized by 13C NMR based on the chemical shifts for the

01' to C6' carbons of the sugars and CI and C3 carbons of the

steroid. Most important, the 13C chemical shifts (Tables 13

and 14) are consistent with those reported by Kasai273,

Tori274, and by Thomas. 127,275

The 13C chemical shifts for C3' and 05' in the

tetrabenzyl-glucosides 121 and 129 are significantly affected

by the y-effect by changes in anomeric configuration (Table

13). The C1' signal was also shifted significantly downfield
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Table 13. 13C Chemical Shifts (6) of D-Tetrabenzyl Glucopyranosides,

L-Tetrabenzyl Glucopyranosides and Digitoxigenina

121 122 129 130 Digitoxigenin

C-1' 101.51 95.01 101.63 95.13 - -

C-2' 78.05 90.49 78.07 73.46

C-3' 82.25 81.96 82.27 81.95

C-4' 75.66 75.57 75.64 75.48

C-5' 84.92 78.18 84.93 77.98

C-6' 69.13 68.95 69.25 68.70

C-1 30.46 30.06 30.25 29.70 29.62

C-2 29.85 29.61 24.49 23.64 27.85

C-3 73.86 70.54 73.99 70.39 66.75

C-4 35.19 35.20 32.09 33.13 33.28

C-5 36.46 36.64 36.64 36.14 35.97

C-6 26.54 26.56 26.53 26.57 26.47

C-7 21.16 21.21 21.21 21.19 21.14

C-8 41.83 41.79 41.85 41.85 41.73

C-9 35.79 35.74 35.78 35.72 35.46
C-10 35.19 35.20 35.19 35.22 35.37
C-11 21.37 21.28 21.33 21.28 21.32

C-12 40.05 40.03 40.05 40.06 39.99

C-13 49.61 49.63 49.63 49.62 49.60

C-14 85.54 85.34 85.53 85.50 85.45

C-15 33.15 33.08 33.14 33.19 33.06
C-16 26.90 26.92 26.92 26.19 26.88
C-17 50.94 51.03 50.94 50.95 50.94

C-18 15.75 15.74 15.77 15.77 15.76

C-19 23.70 23.62 23.75 21.39 23.70

C-20 174.60 174.78 174.66 174.65 174.94

C-21 73.42 73.44 73.49 73.46 73.54

C-22 117.66 117.50 117.64 117.64 117.52

C-23 174.60 174.78 174.66 174.53 174.90

(a) in ppm downfield from Me4Si in CDC13
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in 121 and 129 (6 101.51) compared to digitoxigenin a-D and

a-L glucosides 122 and 130 (6 95.1). It is important to note

that the C1' signal of digitoxigenin glucosides should be

upfield from the corresponding methyl glucosides because

there is less deshielding from a steroid than from a methyl

group.273

The 13C chemical shifts of the steroid Cl, C2, and C3 in

the perbenzylated glucosides 121, 122, 129 and 130 vs that of

digitoxigenin (Table 14) are also consistent with those

previously reported.273-275 The glycosidation shifts were

derived as 6A = 6 (glucoside) -S (digitoxigenin) (Table 14).

As can be seen, the signal for the steroid carbinol carbon

(C3) is generally deshielded by about +7.0 ppm following S-D

and S- L- glycosidation. With a-glycosidation, the shift is

smaller (+3 to 4 ppm).

Further the assigned structures of the S- and

a-anomers were supported by their molecular rotation (M)D.

K1yne276 has found that in the cardiac glycosides, the

rotation contribution of the sugar component is

approximately equal to (M)D of the corresponding a- and

S- methyl glucopyranoside. The a-D and enatiomeric

0
S-L-glucoside have positive (M)0 values, whereas 13-D and

a-L-glucoside have negative (M)0 values. The values of the

(M)D and AC in digitoxigenin glucosides (100, 103, 104 and

105) are given in Table 15.
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Table 14. I3C Glycosidation Shifts, A A in ppm

A A = 6 (digitoxigenin glucoside) - 6 (digitoxigenin)a

C a(C3)
(A 6 A)

C 13(C2)

(a 6 A)
C A(C1)
(A 6 A)

121 73.86 29.85 30.46
(+7.11) (+2.0) (+0.84)

122 70.54 29.61 30.06
(+3.79) (+1.76) (+0.44)

129 73.99 24.49 30.25
(+7.24) (-3.36) (+0.63)

130 70.39 23.64 29.70
(+3.64) (-4.21) (+0.08)

(a) Methods reported by Kasai et al (ref. 273)
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Table 15. Rotation contribution of sugar (glucose) component

(a)n
(c)

(M)D ACb

Digitoxigenin (1)

Digitoxigenin-

+19.10
(0.104)

+ 71.53

B-D-glucoside (100) -19.14 -106.5 -178.03
(0.1)

Digitoxigenin
a-D-glucoside (103) +40.333 +233.72 +162.19

(0.1)

Digitoxigenin
B-L-glucoside (104) +16.333 +90.60 +19.67

(0.1)

Digitoxigenin
a-L-glucoside (105) -24.333 -134.97 -206.50

(0.1)

0
(MID

methyl-B-D-glucopyranosea/c - 62.1

methyl-a-D-glucopyranosea/c +306.5

methyl-B-L-glucopyranosea/c +168.7

methyl-a-L-glucopyranosea/c - 88.2

(a) = (a)g X molecular weight X 10-2

(b) Ac = (M)D of the glucoside -MD of digitoxigenin

(c)These values of (m)g are from Ref. 277
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d. Debenzylation. Debenzylation of the per-benzyl

glycosides 121, 122, 129, and 130 was achieved by catalytic

hydrogenolysis over freshly prepared palladium on charcoal.

Maximum yields for 8-0 121 and a-D 122 were obtained using

20% Pd/C, hydrogenation in MeOH:Et0Ac (3:1) at room

temperature and atmospheric pressure for 45 min. to 1 hr.

Loss of the 20(22)-ene was negligible, based on UV analysis

of the A max 217 nm absorption in Me0H. Hydrogenolysis of

the benzyl groups in the L-glucosides 129 and 130 required a

higher percentage of palladium. We found that hydrogenolysis

at room temperature with 20% Pd/C was not complete even after

seven hours. However, when 40% Pd/C was used at room

temperature and atmospheric pressure, hydrogenolysis was

complete in 2 hours. Loss of the 20(22)-ene was again

negligible.
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2. Stereoselective synthesis of digitoxigenin a-D, B-0, a-L

and B-L-mannosides

The novel method we developed for the synthesis of

digitoxigenin a- and B-glucosides was extended for the

synthesis of digitoxigenin D- and L-mannosides. Mannose is

a 2'-epimer of glucose, with the C2'-OH being axial in

mannose and equatorial in glucose.

D-Mannopyranose (131) was transformed into

2,3,4,6-tetra-0-benzyl-D-mannopyranose (134) as shown in

Scheme 18. Methyl-D-mannopyranoside (132) was prepared in

almost quantitative yield by methylation (abs. Me0H/e) of

D-mannopyranose (mixed anomers), as a white crystalline solid;

mp 188-189'; 1H NMR (MeOH -d4) 6 3.8 (s, 3 H, C1' OMe), 4.32

(d, 31',2' = 8 Hz, 1 H, C1'H). Methyl-D-mannopyranoside

(132) was benzylated following the method of Iwashige and

Saeki228 using sodium hydride-benzyl chloride in DMSO at

room temperature for 24 hours. The pure tetrabenzyl- methyl-

0- mannopyranoside 133 (76% isolated yield) obtained after

column chromatography was hydrolysed wtih 80% HOAc and 2N

H2SO4 at 90° for 8 hours.232 2,3,4,6-Tetra-0-benzyl-D-

mannopyranoside (134) was obtained after chromatographic

purification as an oil, 1H NMR (CDC13) 6 7.31 (m, 20 H,

Ph's), 5.22 (d, 31',2, = 3 Hz, 1 H, C1' H), 1.6 (s, 1 H, C1'

OH).

a) Imidate formation. As shown in Scheme 19, treatment of

2,3,4,6-tetra-0-benzyl-D-mannopyranose (134) with
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SCHEME 18

DMannose
(131)

a b Riako
hN

MethylDMannoside 133
(132)

C RrcliRioN
(134)

(80% from 131)

R = CeH,CH2-

Legends:
a abe.Me0H,1-1+; b CoH,C1-1,CI,NaH,DMSO;
c 80%HOAC, 2N NCI, Reflux, 20h.



SCHEME 19

134

135«
(80%)

bi

136
(61 to)

plus 18% 137

HO ° cr.c2
106
(78%)

171

R = C61-15CH2-

plus 28% 136

Legends:
a CCI,CN,NaH,CH,C1.2,22°,1h;0
b Digitoxigenin, mol. seive 4A,BF,--Et20,-22° 0°,3h;
C 20% Pd/C(1-12), 2h; d CCI,CN,K2CO3,0H,C12,6h;
e Digitoxigenin, TMS -OTf, mol. seive 4A,-10°,20 min.
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trichloroacetonitrile in the presence of sodium hydride at

room temperature resulted in the rapid (1 hour) formation of

the thermodynamically favored a-trichloroacetimidate 135a in

80% isolated yield.

Reaction of 134 with trichloroacetonitrile under

kinetic conditions (anhyd. K2CO3, 22°, 6 hours) gave

0-trichloroacetimidate 1350 in 65% total isolated yield.

The trichloroacetimidates 135a and 1350 could not be

differentiated by 1H NMR (80 Hz) (Table 16). The C1' proton

in both trichloroacetimidates appear at (5 6.35 - 6.38. The

dihedral angle (a) between two adjacent bonds (C1' and C2')

is 60° in D-mannose because of axial orientation of C2'

hydroxy group. D-Mannose exists mainly in the C-1

conformation. The coupling constants between an axial and

an equatorial hydrogen, Ja,e in 135$ is 3.5 Hz (a 60°). A

diequatorial interaction in 135a also has Je,e = 4.0 Hz

(Figure 30).

Similar results were seen in the imidate formation with

L-mannose. The 2,3,4,6-tetra-0-benzyl-L-mannopyranose

(141) was prepared in 90% isolated yield from L-mannose

(Sigma, USA) following the sequence of methyiation,

benzylation and hydrolysis as shown in Scheme 20.

Methyl-L-mannopyranoside (139)was prepared as a syrup from

L-mannose (138, mixed anomer) following the method of Levene

and Muscat.226 Methyl-L-mannopyranoside (139) was

benzylated with sodium hydride-benzyl chloride in DM50.228
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Je,e = 4 Hz (aa 60°)
135a

ring

OR

C.3 H2

a 7. 60°

o NH

CCI,

Newman Formula
135a

OR
R ring 0 0 NH

RO
C3NH H2, CCI,

(C -1) H" y v a :60°
CM,

Ja,e = 3.5 Hz (a a 60°)
135$

R = C,H,CH2-

Newman Formula
135$

Figure 30: Newman Projection Formulae of D-Mannose
trichloroacetimidates 135a and 135$.
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H;2H a tee

R RO

Methyl-L- 140
L-Mannose Mannoside

(138) (139)

R =

Legends:
a abs.Me0H,F1+; b C8H,CH,CI,NaH,DMSO;
C 80%H0Ac, 211 HCI, Reflux

174

RRQ:4R R27.1c
141

(90% overall)
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Table 16. 0-Glycosyltrichloroacetimidates of Tetra- 0- benzyl -0 and

L-Mannose (131 and 138)

Yielda

(%) C1'H
(br.$)

1H MAR (6)b
NH

IR (NaC1)1)

J1' 2'
(Hz1

C =N

(cm-1)

135a 80% 6.35 3 Hz 8.5 1675

1350 65% 6.28 2 Hz 8.5 1670

142a 89% 6.3 4 Hz 8.5 1670

142B 86% 6.25 2.5 Hz 8.5 1670

(a) Isolated yields

(b) 80 MHz spectra in CDC13 with Me4Si as internal standard
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The pure tetrabenzyl-methyl-L-mannopyranoside (140) was

demethylated by acid hydrolysis (80% HOAc and 1N HC1) at

reflux for 8 hours. 2,3,4,6-Tetra-0-benzyl-L-mannopyrano-

side (141) was obtained as a syrup; 1H NMR (CDC13) 6 7.77

(m, 20 H, Ph's), 5.18 (d, J1',2, = 4 Hz, 1 H, C1' H), 1.8

(s, 1 H, C1' OH).

Employing the same method as for tetrabenzyl-D-

mannopyranose we made the trichloroacetimidates 142a and

1428 from 141 (Scheme 21). Here again 1H NMR (CDC13) could

not differentiate the B-trichloroacetimidate 1428 from the

a-trichloroacetimidate (142a). The C1' protons in both

trichloroacetimidates appear at 6 6.35 (Table 16).

L-mannose exists in 1-C conformation. The coupling constant

Je,e in 142a was 3.5 Hz and Je,e in 1428 was 3.2 Hz. The

dihedral angle (a) between two adjacent bonds (Cl' and C2')

is 60° in L-mannose because of the axial orientation of

C2' hydroxyl group (Figure 31).

b) Glycoside formation. The a-trichloroacetimidates 135a

and 142a react smoothly with digitoxigenin (1) under

catalysis of BF3Et20 at -20° for 2 hours and then at 0° for

1 hour. Yields of digitoxigenin 8 -D and 8- L- tetrabenzyl

mannosides 136 and 143 were 60-61% (isolated yields, Schemes

19 and 21), with an additional 18-28% of digitoxigenin a-D

and a-L-tetrabenzyl mannosides.

The 8-trichloroacetimidates 1358 and 1428 react

rapidly with digitoxigenin (1) under catalysis of
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RO

RO

(1C)
Je,e = 4 Hz (oa60°)

142a

NH

O "CCI,

H

H

OR

C3

ring 0

NH

0 CCI3

H2'

a = 600

OR

Hy 11 Hit.< =600

0 CCI, C3 H
NH

RO ring 0 OACCI,
OR

H

(1C)
Ja,e = 4 Hz (aa60°)

1420

R = CollsCH,

OR

Figure 31: Newman Projection Formulae of L-Mannose
trichloroacetimidates 142a and 1420.
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trimethylsilyl trifluoromethanesulphonate (TMS-0Tf) and

molecular sieves (4A). The reaction is usually completed in

15-30 minutes after addition of catalyst at -10°. Yields of

digitoxigenin a-0 and a-L-tetrabenzyl mannosides 137 and 144

were typically 60% (isolated yield); with an additional

28-30% of anomeric 8 -0 and 8 -L- tetrabenzyl mannosides.

Here again, choice of catalyst, catalyst stoichiometry

and temperature was found to be crucial. At room temperature

(22°), for example, 14S-dehydration of digitoxigenin was

extensive. Reaction of a-trichloroacetimidates 135a and

142a, was best performed at -22° for two hours and at 0° for

1 hour with digitoxigenin:imidate:8F3Et20 stoichiometry of

1.1:1.0:0.3. Glycosidation of 8-trichloroacetimidates 135$

and 1428 was a very rapid reaction, (15-30 minutes) under
0

catalysis with TMS -OTf. Molecular sieves (4A) facilitate

the reaction, possibly because they are a powerful acid

acceptor. 271 A stoichiometry of digitoxigenin: S-imidate:

TMS -OTf, 1.2:1.0:0.5 was found to be ideal with

0-trichloroacetimidates 1350 and 142$.

c. Stereochemical Assignments. As with the previously

discussed glucoside synthesis, glycosidation gave mixture of

tetrabenzyl mannoside anomers. These anomers were then

separated by flash chromatography and characterized by I3C

NMR and molecular rotation. The only previously reported

I3C NMR studies of a- and 8- anomeric pairs of D-mannopyrano-

sides of some simple alcohols was by Kasai and coworkers.273b
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a

NH

H

142«
(89%)

b

002
OR OR

143
(61 %)

108
(71%)

H

RC3Y;017.:

141

Legends:
a CCI3CN,NaH,CH2C12,22°,1
b Digitoxigenin, mol. seive
C 20% Pd/C(H2), 2h, 22 °; d
e Digitoxigenin,CH2Cl2,mol

179

R = CeHsCH,-

d

1420
(86%)

R

144
(59%)

plus 30% 143

ic

0

H

HO
OH

109
(73%)

h;,
4A,BF3-820,-20-0°, 2h;
CCI3C K2CO3,CH2C12,22°,8h;

.seive 4 , TMS -OTf, -20°,30 min.
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Because these mannosides have an axial 2'-OH group in the

stable conformation, the coupling constant of the anomeric

proton signal (31,,2') is of no use for determination of

their anomeric configuration, since the anomeric proton

(CI') signals of both anomers generally appear as a slightly

broadened singlet.

We applied 13C NMR spectroscopy for the

characterization of.the anomeric configurations of D- and

L-mannosides. As we have seen in the spectra of tetrabenzyl-

0-0 and a-L-glucosides of digitoxigenin (Table 17), carbon

signals of Cl' (anomeric carbon), C2', C3' and C5' appear at

remarkably lower fields than those of the corresponding

a-anomers. In contrast, only slight differences in carbon

chemical shifts of C1' and C2' were found between a- and

a-anomers of tetrabenzyl 0- and L-mannosides, while

significant downfield shifts of C3' and C5' signals from the

a-anomers to the corresponding a-anomers were still observed.

In addition, mannosidation deshields C3, C2 and Cl of

digitoxigenin. The glycosidation shifts (Table 18) were

derived as AA = 6 (digitoxigenin mannoside)-6 (digitoxigenin).

Signals of the carbinol carbon C3 are generally deshielded

by about 7.00 + 0.6 ppm on s-D and a-L-mannosylation, just

as with the 0-D and 8- L- glucosidation. However, it is

significant that the magnitude of the downfield shift of C3

on a-mannosylation is somewhat smaller than that of

S- mannosylation; i.e. by ca + 5.2 ppm. In contrast, the C3
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Table 17. 13C Chemical shifts of D- Tetrabenzyl Mannopyranosides,

L-Tetrabenzyl Mannopyranosides and Digitoxigenina

136 137 143 144 Digitoxigenin
(1)

C-1' 99.79 95.79 99.89 95.81

C-2' 74.18 72.61 73.72 73.72

C-3' 77.11 73.17 77.08 73.02

C-4' 71.43 71.53 71.43 71.68

C-5' 78.72 75.39 78.07 75.39

C-6' 69.88 69.28 69.96 69.16
C-1 30.40 29.93 30.32 30.13 29.62
C-2 29.77 29.54 29.69 29.34 27.85
C-3 73.98 71.91 73.79 72.11 66.75
C-4 35.18 35.03 35.23 34.92 33.28
C-5 36.71 36.45 36.63 36.22 35.97
0-6 26.70 26.31 26.49 26.40 26.47
C-7 21.35 23.61 21.20 20.95 21.14
C-8 41.80 41.63 41.83 41.45 41.73
C-9 35.77 35.47 35.74 35.40 35.46
C-10 35.26 35.19 33.10 32.81 35.37
C-11 21.30 21.09 21.28 23.53 21.32
C-12 39.12 39.85 40.02 39.69 39.99
C-13 49.65 49.48 49.61 49.42 49.60
C-14 85.49 85.32 85.51 85.12 85.45
C-15 33.06 32.97 31.98 29.29 33.06
C-16 26.92 26.72 29.88 26.66 26.88
C-17 50.91 50.82 50.96 50.68 50.94
C-18 15.76 15.63 15.78 15.53 15.76
C-19 23.62 23.76 23.87 23.78 23.70
0-20 174.85 174.69 174.57 174.78 174.94
C-21 73.71 73.37 73.63 74.98 73.54
C-22 117.55 117.44 117.03 117.23 117.52

C-23 174.64 174.49 174.71 174.90 174.90

(a) In ppm downfield from Me4Si in CDC13
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shift for the a and 8- glucosides was only about 3.0 ppm.

Further, the assigned structures of the S- and a-anomers

were supported by their molecular rotations (Table 19).

Similar to what we observed with digitoxigenin glucosides,

the a-0 and enantiomeric 8-L mannosides have positive

(M)D value, whereas 8 -D and a-L-mannosides have negative

(M)D values. These values are in accord with the Klyne

rule.276

d. Debenzylation. Debenzylation of tetra-0-benzyl

mannosides 136, 137, 143 and 144 was achieved by catalytic

hydrogenolysis over freshly prepared 20% palladium on

charcoal. Hydrogenation was performed in MeOHIEtOAC (3:1)

at room temperature and atmospheric pressure for 2 hours.

Loss of 20(22)ene was negligible based on UV analysis at

Amax 217 nm absorption in methanol.
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Table 18. 13C Glycosidation shifts, AA in ppm

AA = 6(digitoxigenin mannoside) - 6(digitoxigenin)a

Ca(C3)
(A6A)

CB(C2)
(A6A)

CA(C1)

(A6A)

136 73.98 29.77 30.40
(+7.23) (+1.92) (+0.78)

137 71.91 29.54 30.03
(+5.16) (+1.69) (+0.41)

143 73.79 29.69 30.32
(+7.04) (+1.84) (+0.70)

144 72.11 29.34 30.13
(+5.36) (+1.49) (+0.51)

(a) Methods reported by Kasai et al (ref. 273)
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Table 19. Rotation contribution of sugar (Mannose) component

(a)D
(c)

a
(M)0 AC b

Digitoxigenin (1) +19.10 + 71.53
(0.104)

Digitoxigenin- -8.9286 - 49.52 -121.05
a-D-mannoside (106) (0.089)

Digitoxigenin +28.57 +158.48 +86.94
a-D-mannoside (107) (0.136)

Digitoxigenin +38.16 +211.66 +140.13

a-L-mannoside (108) (0.126)

Digitoxigenin -33.4 -185.26 -256.79
a-L-mannoside (109) (0.096)

(a) (M)g = (a)D X molecular weight X 10-2

(b) Ac = Mg of the mannoside - (M)8 of digitoxigenin
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3. Stereoselective syntheses of digitoxigenin a-L and

3 -L- rhamnosides:

The trichloroacetimidate approach, which we have used

very successfully for the synthesis of four possible

digitoxigenin glucosides and four possible digitoxigenin

mannosides, was extended for the synthesis of

digitoxigenin-L-rhamnosides. In addition, we also explored

the Mukaiyama approach269 of making 1,2-trans-glycosides.

As discussed earlier, Mukaiyama and coworkers have reported

that 3,5-dinitro-2-pyridy1-2,3,4,6-tetra-0-benzyl a-0

glucopyranoside (120, Figure 29) reacts with various

alcohols in the presence of anhydrous zinc chloride or

8F3Et20 to give the corresponding 1,2-trans-glucosides,

selectively in good yield.

Our intention was to compare Schmidt and Michel's

imidate approach, used by us for the synthesis of digitoxi-

genin glycosides, with that of Mukaiyama's approach for gly-

coside synthesis.

a-L-Rhamnose (Sigma, USA) was transformed into

2,3,4-tri-O-benzyl-a-L-rhamnose (147) as shown in Scheme 22.

Methyl-L-rhamnoside (145) was prepared in 90% isolated yield

by methylation (abs. Me0H/H+ )226,227 of a-L-rhamnose (22) as

a colorless syrup; 1H NMR (020, TMSext) 6 3.85 (s, 3 H,

OCH3), 4.2 (d, J1',2' = 3 Hz, 1 H, C1' H), 1.75 (d, J = 6

Hz, 3 H, C5' CH3). Rhamnoside 145 was benzylated following

the method of Iwashige and Saeki228 using sodium hydride-
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H
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a
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R = C6}-1,CH2-
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(mp 89.90 °)
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OMs b
(82%)

Legends:
a Anhyd.Me0H,W,Reflux,2h;
b NaH.DMSO, 18-Crown-6, C6H,CH,C1,24h, 22°;
c 80% HOAc (traces of acetone), 1M HCI, 100°, 8h

136

CH3 0

OR R

146

M.
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benzyl chloride in DMSO with a catalytic amount of 18-crown-6

ether at room temperature for 24 hours. The pure tribenzyl-

methyl-L-rhamnoside 146 (80% isolated yield) obtained after

column chromatography was dissolved in a minimum amount of

acetone and then hydrolyzed with 80% HOAc and 1 M HCl at

100° for 7 hours. 2,3,4-Tri-O-benzyl-a-L-rhamnose (147) was

obtained in 85% isolated yield after chromatographic

purification, as white needles; mp 89-90°; 1H NMR (CDC13,

TMS) d 7.25 (m, 15 H, Ph's), 5.0 (d, J = 9 Hz, 1 H, C1' H),

4.6 (d, J = 8 Hz, 6 H, CH2), 1.25 (d, J = 6 Hz, C5' CH3).

a. Activation of anomeric (C1') hydroxyl group by

2-chloro-3,5-dinitro pyridine following the method of

Mukaiyama et a1269. As shown in Scheme 23, treatment of

2-chloro-3,5-dinitropyridine (Aldrich, USA) with

2,3,4-tri-0-benzyl-a-L-rhamnose (147) resulted in the

extremely rapid (30 min) formation of 1-0-(3,5-dinitro-

2-pyridy1)-2,3,4-tri-0-benzyl-L-rhamnose (148) by the action

of fluoride ion (KF, 18-crown-6 ether and 2,6 lutidine).

The pyridyl derivative (148) obtained in 90% yield was found

to be very stable at room temperature under N2.

We found a combination of potassium fluoride and

18-crown-6 ether was an absolute requirement for the

formation of 148. We attempted substituting sodium fluoride

with 18-crown-6, as a source of fluoride ion, with no

success. This is because 18-crown-6 is a macrocyclic

polyether which has a pronounced ability to co-ordinate
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0--ions. This solvation of K+ -ion will render potassium

fluoride soluble in CH2C12 and thus leave a relatively

poorly solvated F-anion behind. This highly reactive

fluoride anion ("naked anion") thus will catalyze the

substitution of 2-chloro-3,5-dinitro-pyridine more

effectively.

b. Imidate formation. As shown in Scheme 23, treatment of

2,3,4-tri-0-benzyl-a-L-rhamnose (147) with trichloroacetoni-

trile in the presence of sodium hydride at room temperature

for 1 hour resulted in the formation of the thermodynamically

favoured trichloroacetimidate 149a in 61% isolated yield.

This result is consistent with yields thus obtained for the

corresponding glucosides and Mannosides.

The tribenzyl-a-L-rhamnose 147 when reacted with

trichloroacetonitrile under kinetic conditions (anhydrous

K2CO3, CC13CN, 22°, 6 hours) following the procedure we used

with tetrabenzyl glucose and mannose, gave

trichloroacetimidate 149$ in 60% isolated yield.

The trichloroacetimidates 149a and 1490 could not be

differentiated by 1H NMR (80 Hz) (Table 20). The C1' proton

in both trichloroacetimidates appear at 6 6.24 to 6.31. The

dihedral angle (a) between two adjacent bonds (C1' and C2')

is ; 60° in L-rhamnose because of axial orientation of C2'

hydroxyl group. The coupling constants between an axial and

an equatorial hydrogen (11-a,e) in 1490 is 3.5 Hz (a 7= 60°).

A diequatorial interaction in 149a also has Je,e = 3.8 Hz.
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Table 20. 0- Glycosyltrichloroacetimidates and 3,5-Dinitro-2-pyridyl

Derivative of Tri-O-benzyl-L-Rhamnose

a b b b

Yielpa 1H NNR (6)b IR (NaC1)

(%) Cl'H(d) 1-1',2'(Hz) -NH (cm-1)
(br.$)

149a 61% 6.3 3.0 Hz 8.45 1670 (C=N)

1490 58% 6.24 1.3 Hz 8.5 1675 (C=N)

148 90% 6.5 3.5 -C- 1608 (Ph),

1536, 1340 (NO2)

(a) Isolated yields

(b) 80 MHz spectra in CDC13 with Me4Si as internal standard

(c) The C4 proton and C6 proton of pyridine ring resonance at 6 9.1

(d, J = 4.5 Hz, 1 H) and 8.9 (d, J = 4 Hz, 1 H) respectively
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Legends:
a KF, 18-crown-6, CH2C12,2,6-Lutidine, lh,22°;
b Digitoxigenin, CH,CI,,mol.seive 4A,BF,-Et20, -20° -30°,30 min;
C 100/0 Pd/C [H,] d CCI,CN,NaH, CH,C12,22°,Ih;
e Digitoxigenin, CH2C12,BF,-Et20,mol.seive 4A,-20° -- 30 °,Ih
f CCI,CN, anhyd. K,CO CH2C12,22°;
g Digitoxigenin, TMS-0Tf,mol.seive 4A,-10°C,30 min.
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Similar results are seen with 1-0-pyridyl derivative

148. The anomeric proton in 148 appears at 6 6.5 with a

coupling constant (31,,2') of 3.5 Hz (Table 20).

c. Glycoside Formation. As shown in Scheme 23,

1-0-(3,5-dinitro-2-pyridy1)-tribenzyl-L-rhamnose (148)

reacted smoothly and rapidly (10-20 min.) with digitoxigenin

(1) under catalysis of BF3Et20 at -30° to -20°. The iso-

lated yield of digitoxigenin-L-rhamnoside (anomeric mixture)

was 59%. The anomeric mixture was separated using flash chro-

matography (Si02, eluent 5% Et20 in CH2C12). The yield of

digitoxigenin-8-L-tribenzyl rhamnoside (150) was 44% (isolated

yield) with an additional 11% of digitoxigenin-a-L-tribenzyl-

rhamnoside (151), mp 117-118° (Et20). The best stoichemistry

we found was digitoxigenin:pyridyl derivative:8F3Et20;

1.2:1.8:1.0.

The reaction of 148 with digitoxigenin (1) under

catalysis with anhydrous zinc chloride, at room temperature

gave 14,15-ene-digitoxigenin extensively. If the reaction

was allowed to run for longer time (16-17 hours), 14,15-ene

digitoxigenin-L-rhamnoside (mixed anomers) was the only

isolated product.

The trichloroacetimidate 149a reacted rapidly under

catalysis of BF3Et20 at -20° to -30° for 1 hour. The yield

of digitoxigenin-8-L-tribenzyl rhamnoside (150) was 40%

(isolated yield); with an additional 18% of digitoxigenin-

a-L-tribenzyl rhamnoside (151), mp 117-119° (Et20). The
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stoichiometry of 1.2:1.0:0.3 between trichloroacetimidate,

149a: digitoxigenin:8FEt20 was found to be optimal.

The trichloroacetimidate 1490 reacted rapidly (30 min)

under catalysis of trimethyl silyl trifluoromethane

sulphonate (TMS-07f) and 44 molecular sieves. The isolated

yield of digitoxigenin-a-L-tribenzyl rhamnoside (151) was

43%; with an additional 5% of anomeric S-L-tribenzyl

rhamnoside (150).

d. Stereochemical Assignments. The 13C NMR spectra of

digitoxigenin L-rhamnosides 150 and 151 were very similar

to previously reported carbon spectra of known cardenolide-

L-rhamnosides: evomonoside (27)245, 3'-0-methyl evomonoside

(28)264 and neriifolin (12) .246

The proton NMR spectra does not differentiate digitoxi-

genin-8-L- tribenzyl rhamnoside (150) from digitoxigenin-a-

L-tribenzylrhamnoside (151) because of an axial 2'

substituent in the stable conformation of (1-C) 150 and

151.

Similar to what we observed in digitoxigenin-L-

mannosides, only a slight difference in carbon chemical

shifts of C2' were found between a- and S- anomers of

digitoxigenin-tribenzyl-L-rhamnosides. While significant

downfield shifts of C1', C3' and C5' signals from the

0- anomers to the corresponding a-anomer is still observed

(Table 21) C3' and C5' are affected through the y-effect by

the change in anomeric configuration. These findings are
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Table 21. 13C Chemical shifts (6) of L-Tribenzyl Rhamnoside,

3-0'-methylevomonoside (28), Norifolin (12) and Digitoxigeinin (1)

150a 151a 3'-0-Methylb
evomonoside

(28)

Norifolinb Digitoxigenina

(12) (1)

C-1' 100.05 96.29 97.3 97.2
C-2' 73.71 72.50 67.4 73.0

C-3' 82.96 80.93 81.4 84.7

C-4' 71.76 71.82 71.7 74.7

C-5' 74.97 68.37 67.7 67.5

C-6' 18.12 18.06 17.6 17.5

C-1 30.48 30.29 30.4 30.6 29.62

C-2 26.63 26.69 26.5 26.5 27.85

C-3 73.23 71.84 71.7 73.3 66.75
C-4 33.33 29.62 29.4 30.0 33.28

C-5 36.79 36.49 36.5 36.9 35.97

C-6 24.80 26.53 26.6 26.5 26.47
C-7 21.35 21.22 21.2 21.2 21.14

C-8 42.10 41.92 41.8 41.8 41.73

C-9 35.97 35.78 35.7 35.9 35.46
C-10 35.43 35.24 35.2 35.3 35.37
C-11 21.46 21.42 21.4 21.4 21.32
C-12 40.27 40.11 40.0 40.0 39.99

C-13 49.82 49.70 50.3 50.3 49.60

C-14 85.86 85.60 85.5 85.5 85.45

C-15 32.19 33.21 33.1 33.2 33.06
C-16 27.04 26.98 26.9 26.9 26.88
C-17 51.25 51.05 50.9 50.9 50.94

C-18 15.87 15.80 15.8 15.8 15.76
C-19 23.97 23.79 23.8 23.9 23.70
C-20 174.56 174.69 174.6 174.6 174.94
C-21 73.71 74.16 73.5 73.4 73.54

C-22 118.12 117.76 117.7 117.8 117.52

C-23 175.17 174.85 174.6 174.6 174.90

(a) In ppm downfield from Me4Si in CDC13

(b) Values reproduced from ref. 246 and are in ppm downfield from Me4Si in
Me0H
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consistent with those reported by Thomas127 and others.273

The digitoxigenin-8-L-rhamnoside (110) has not been

studied before and hence, 13C NMR shifts of 110 had not been

reported previously. Thomas and coworkers127 have made

digitoxigenin-a-L-rhamnoside (94). They have assigned

a-configuration in accordance with the assignments made for

methyl a-L-rhamnoside. They reported "with the rhamnosides

the C1' signal did not vary between isomers." This

conclusion was made on the basis of the fact that no

difference in carbon chemical shift of C1' exists between

a-L and a-L-methyl rhamnosides. In contrast, we observed

the carbon chemical shift of C1' in arL-anomer 150 was

shifted slightly downfield than a-L-anomer 151 (Table 21).

The assignment of a-stereochemistry to 94 is consistent

with molecular rotation data (Table 22). The molecular

rotation of 94 is -85.44°. For the naturally occuring

a-L-rhamnosides the molecular rotation is also being negative:

evomonoside [27, (M)0 _1590]278; 3-0'-methylevomonoside [28,

(M)S - 1100] 246, and neriifolin [12, (M)c? 2670]246. The

change of +74° in 94 [(M)0 -85.44°] and evomonoside [27, (M)0

-159°] is similar to the change in going from a-L-rhamnose

[(M)P -14°]247 to 3-0'-methyl-a-L-rhamnose [(M)D +62 °].247

With regard to the influence of glycosidation on the

structure of digitoxigenin, the C3, C2 and Cl of digitoxi-

genin are deshielded. The glycosidation shifts (Table 23)
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Table 22. Rotation Contribution of Sugar (Rhamnose) Component

0
()D
(ca)

(m)Da ACb

digitoxigenin-8-L-
rhamnoside +44.38° +231.07° +159.54°

(110)

digitoxigenin-a-L-
rhamnoside

(0.126)

-16.41° -85.44° -156.97°
(94) (0.096)

Evomonoside (27)c -159°

3-01-methyl-
evomonoside (28)0

-110°

Norifolin (12)0 -267°

0 0

(a) MID = (a)0 x molecular weight x 10-2

0 0
(b) Ac = (m)c, of rhamnoside - (M)D of digitoxigenin

o
(c) These values of MD are from ref. 246
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Table 23. 13C Glycosidation shifts, AA in ppm

AA = 6 (digitoxigenin rhamnoside) - 6 (digitoxigenin)a

Ca(C3)

(A6A)

C8(C2)

(A6A)

CA(C1)

'(16A)

150

151

72.23

(+6.48)

71.84

(+5.09)

26.63

(-1.22)

26.69

(-1.16)

30.48

(+0.86)

30.29

(+0.67)

(a) Methods reported by Kasai et al (ref. 273)
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were derived as AA = 6(digitoxigenin rhamnoside)- 6(digitoxi-

genin). Signals of the carbinol carbon C3 are generally

deshielded by ca + 6.48 + 0.5 ppm on S- L- rhamnosylation, as

compared with ca + 5.0 ppm with a-rhamnosylation. These

values are consistent with those previously reported. 273,274

e. Debenzylation. Debenzylation of tri-0- benzyl -L-

rhamnosides 150 and 151 was achieved by catalytic

hydrogenolysis over freshly prepared 10% palladium on

charcoal. Hydrogenation was performed in MeOH:Et0Ac (3:1)

at room temperature and atmospheric pressure for 2 hours.

Loss of 20(22)ene was negligible based on UV analysis at

Amax 217 nm in Me0H.
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B) Biological Results and Conclusion

Hog kidney Na+,KT-ATPase experiments were conducted by

our University of Minnesota co-workers as described in

Chapter 2.

The results obtained in this study. (Table 24)

demonstrate that the sugar moiety can either enhance, or

have no effect on the inherent hog kidney Na',K+-ATPase inhi-

bitory activity of digitoxigenin (1). As shown in Table

24, the presence of equatorial 4'-OH on the sugar moiety

seems to have very pronounced effect. As can be seen with

100, a 13-0-glucose enhanced activity of digitoxigenin by a

factor of almost 11, whereas the 8-0-galactoside 101 was

only 1.86 times more potent than digitoxigenin. The only

difference between the two sugars is the orientation of the

4'-hydroxyl group, which is equatorial in the case of

glucoside. Similarly, the 4'-hydroxyl group of

a-L-rhamnoside 94; 0-L-rhamnoside 110; 8-L-glucoside 104;

and $-D-digitoxoside 95 are also equatorial. The equatorial

4'-hydroxyl group was thus common in all the potent

glycosides tested, regardless of the nature of the

glycosidic linkage.

The presence of 8-glycosidic linkage does seem to

enhance activity as can be seen in the increase in activity

of 8-0-glucoside 100 over the corresponding sugar

a-D-glucoside 103. A similar enhancing role of a 8-linkage

can be seen in the increase in activity of 8 -L- glucoside,
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Table 24. Hog Kidney Na+,e-Dependent ATPase Inhibition Data for

Digitoxigenin Glycosides

Analoguea 1050, M Approximate
Relative Activity

Digitoxigenin (1) 1.2 x 10-7 1

S- D- Glucoside (100) 1.05 x 10-8 11.4

a-D-Glucoside (103) 9.33 x 10-8 1.29

S- L- Glucoside (104) 1.60 x 10-8 7.5

a-L-Glucoside (105) 6.03 x 10-8 1.99

0-0-Mannoside (106) 3.89 x 10-8 3.08

a-D-Mannoside (107) 1.29 x 10-7 0.93

0-L-Mannoside (108) 1.78 x 10-8 6.74

a-L-Mannoside (109) 1.05 x 10-7 1.14

0-L-Rhamnoside (110) 4.79 x 10-9 25

a-L-Rhamnoside (94) 6.79 x 10-9 18

8-D-Galactoside (101)0 6.45 x 10-8 1.86

S- D- Digitoxoside (95)b 7.04 x 10-9 17

6-Hydroxy-8-D- 1.07 x 10-8 11.2

Digitoxoside (99)b

(a) For conformations of glycoside sugars see Figure 21 and 22.

(b) These values are reproduced from Kihara et al (ref. 131)
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104 over a-L-glucoside 105; 8- D- mannoside 106 over

a-D-mannoside 107; 0-L-mannoside 108 over a-L-mannoside,

109; and 0-L-rhamnoside 110 over a-L-rhamnoside 94. We

recognize, however, that conformational flexibility about

the C3-0 and 0-C1' bonds may be an important factor. For

example, it might be possible for a 0-0-glycoside to be in a

stable conformation in which one OH group could occupy the

same approximate position as another OH group in a 0-L

glycoside. Our coworker, Dr. Jane Griffin has begun to

examine this possibility. In unpublished studies, she has

completed conformational energy maps of the four possible

glucosides (100, 103, 104, 105), and is now superimposing a

wide variety of conformations for further measurement and

study.

The presence of an equatorial 2'-OH on the sugar moiety

does seem to enhance activity, as can be seen in the

increase in the activity of analogues 100 and 104 with an

equatorial 2'-OH over the corresponding sugar 106 and 108

with an axial 2'-OH. Similarly, the presence of a hydroxyl

group on C6' seems to cause a significant decrease in acti-

vity from that of the corresponding 6'-deoxy sugar (see the

activity for analogues 110 vs 108, 94 vs 109 and 95 vs 99).

Three sugars were particularly effective in enhancing

the activity of digitoxin. These were the 0-linked

L-rhamnose, which increased activity by 25 times, the

0-linked D-digitoxose which increased activity by 17 times
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and a-linked L-rhamnose which increased activity by 18 times

(see the activities of analogues 110, 95 and 94). The high

activity associated with these sugars is due probably to the

nature and configuration of the functional groups on the

sugar moiety. The only functional groups which these sugars

have in common are the 5'-equatorial methyl group and the

4'-equatorial hydroxyl group. These functional groups of

the sugar moiety must therefore be regarded, tentatively, as

contributing significantly to the formation of the

drug-receptor complex. The contribution of these two

functional groups (i.e., C5'-equatorial methyl and

4'-equatorial hydroxyl groups) is so large that the

influence of glycosidic linkage (a or B) and sugar

conformation (L or D) becomes a secondary one (see the

activity for analogues 110 vs 94 and analogues 110 vs 95).

The Ne,e-ATPase "sugar site" binding model proposed

by Yoda and coworkers accentuate the importance of

stereochemistry of the sugar 3'-OH.73 According to them,

if 3'-OH is axial, binding of the sugar to the Na+,K+-ATPase

would be better than if 3'-OH is equatorial. The high

activities of B- D- digitoxoside 95 and 6-hydroxy

B- D- digitoxoside 99 are consistent with the Yoda model.

However, the high activity of a-D-digitoxoside 95 can be

explained more meaningfully due to the presence of C5'-

methyl group. As can be seen 6- hydroxy -B -D- digitoxoside 99

is structurally similar to a-D-digitoxoside 95. The only
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difference they have is the substituent on C5'. Decreased

activity of 99 strongly suggests the contribution of

C5'-methyl group is far more significant than any

contribution 3'-OH axial might have. The activity enhancing

role of C5'-methyl (6-deoxy sugar) over C5'-hydroxymethyl

can also be seen in analogues 110 and 94. S- L- Rhamnoside

110 is approximately 4 times more potent than corresponding

C5'-hydroxymethyl derivative, B-L-mannoside, 108. Similarly

a-L-rhamnoside 94 is about 15 times more active than

a-L-mannoside, 109. Furthermore, all the glycosides tested

have both 3'-OH and 4'-OH groups equatorial. High

activities associated with these glycosides seriously

question correctness of Yoda's sugar "site binding model".

Still other factors may affect binding to the sugar

binding site on Ne,e-ATPase. The data reported here were

obtained with hog kidney Ne,K+-ATPase, while Yoda's work

was based on Nal",e-ATPase from beef brain. Earlier studies

of Fullerton using rat brain Ne,e-ATPase118 showed that

addition of a B-D-glucose to digitoxigenin had little effect

on activity, yet the present study shows nearly a tenfold

increase in activity with hog kidney enzyme. This indicates

that there may be differences in the "sugar binding site"

which is dependent on the source of the enzyme used.

The enhancement of activity by 05' methyl group and an

equatorial 4'-OH, as we observed here, can also explain the

observations of Stache and coworkers249 that the
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digitoxigenin 2,3-dideoxy a-L-rhamnoside (113) (which has

neither a C2'-OH nor C3'-OH) is as active as digoxin (10) as

inotropic agent (similar results were seen by Djojo and

coworkers251 with their experiment with hog kidney

Na+,0"-ATPase). If an axial 3'-OH is primarily responsible

for forming drug-receptor interaction, as proposed by Yoda,

then digitoxigenin 2,3-dideoxy-a-L-rhamnoside (113) should

be very less active. The high inotropic as well as

'Ne,e-ATPase inhibitory activity of 113 once again

emphasize the activity enhancement role of C5'-methyl and

equatorial 4'-OH groups. Furthermore, as noted by Fullerton

and coworkers131, "ouabain - the most widely used glycoside

in studying Na+,e-ATPase - may not fit the proposed

sugar-site binding model'. The conformation of a-L-rhamnose

both as the free sugar and in ouabain has the 3'-OH

equatoria1250. Nevertheless, this sugar is a substantial

potentiator of genin activity.73 The a-L-rhamnose drawing

used in formulation of the Yoda model had the 3'-OH

axia173, 124-126 However, the two observed250 crystallographic

conformations for ouabain's a-L-rhamnoside also have an

equatorial 4'-OH, consistent with the observations that

an equatorial position for the 4'-OH enhances activity.

The limited study described here suggests that sugars

with 5'-CH3 and equatorial 4'-OH are substantial potentiator

of genin activity. In sugars with 5'-CH3 and equatorial

4'-OH, (i.e., a-L-rhamnoside 94, S-L-rhamnoside 110 and
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8 -D- digitoxoside 95), the presence or absence of 2'-hydroxyl

group and the configuration of 3'-hydroxyl group does not

make a significant contribution to the drug-receptor

interaction. However, an equatorial 2'-OH is more

favourable when sugars have C5'-hydroxymethyl substituent

(see the activity for analogues 100 vs 106, 104 vs 108).

In conclusion, the following generalizations can be

made about the structure-activity relationships among the

digitoxigenin glycosides studied:

1. Almost all cardiac glycosides are more potent than

digitoxigenin due to possible hydrogen bonding with the

'sugar site' of Na+,e-ATPase. However, with the exception

of the a-L-rhamnoside 94, a-D and a-L glucoside and

mannosides are not much more active than digitoxigenin.

2. The 8-anomers of digitoxigenin glycosides are more

active than corresponding a-anomers. This suggests

a-stereochemistry is preferred at the 'sugar site';

3. Sugar's 2'- and 3'-hydroxyl groups (axial or equatorial)

do not make a significant contribution to the formation of

the drug-receptor interaction;

4. The contribution of an equatorial 4'-hydroxyl group and

most importantly a 5'-methyl group contribute significantly

to the formation of a drug-receptor complex. This suggests

that there may be a hydrophobic binding site for the

5'-methyl group or alternatively that the presence of polar

function, like hydroxymethyl (-CH2OH) at C5' may weaken
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the drug-receptor complex. In addition, there may be a

hydrophilic interaction with the 4'-hydroxyl group. If it is

equatorial, the interaction is more stable. The 3'-hydroxyl

group may also form a hydrogen bond with this putative

hydrogen bonding site. However, its contribution to the sta-

bility of drug-receptor complex, may or may not be very

significant. Our results are in good agreement with those

reported recently by Brown and coworkers.129

We recognize, however, the sugar moiety is free to

rotate about the glycoside bond (03-0-C1') so that a number

of conformations are possible. Different sugars may

therefore take up different positions relative to the steroid

in order to maximize interaction with the receptor. This

greatly limits the relevance of all generalizations made

about the potential binding groups of the sugar residues.

The only way one can precisely predict the conformational

and configurational preference of sugar's functional group

is to construct the conformational energy maps, which will

tell us the "active" conformations and thus the nature of

'sugar site' of Na',0"-ATPase.

Future investigations with the aid of computer graphics

and conformational potential energy calculations will

hopefully delineate the 'active' binding conformations of

these cardenolides.
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CHAPTER 5

CHEMICAL EXPERIMENTAL
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Melting points were determined in open capillary tubes

with a Thomas-Hoover melting point apparatus and are

uncorrected. Elemental analyses were performed by M-H-W

Laboratories, Phoenix, Arizona, and agreed with theoretical

values to within + 0.4%. Ultraviolet (UV) spectra were

recorded in absolute Me0H with a Varian CARY 219 UV

spectrophotometer (courtesy of Prof. M. Schimerlik,

Biochemistry-Biophysics Department, Oregon State

University). Infrared (ir) spectra were obtained neat or

potassium bromide pellets with a Beckmann Acculab 7 Grating

infrared spectrophotometer. Nuclear magnetic resonance (1H

nmr and 13C nmr) spectra were taken in CDC13 or as otherwise

reported, with a varian Associate Model EM-360, FT-80 or

Bruker AM-400 instruments at ambient temperature using

tetramethylsilane (TMS) as internal standard and expressed

in 6 units. Unless otherwise specified, s refers to singlet

d to doublet, dd doublet to doublet, t to triplet, q to

quartet and m to multiplet. Optical rotations were

determined with a Perkin-Elmer 243 polarimeter at the

instrument facility of the Chemistry Department, Oregon

State University.

Micro thin layer chromatography was performed to

monitor column fractions and to establish homogeneity of

products. It was performed on EM silica gel 60E-254 plates

(0.25 nm or with 2% cerric sulfate (in 2N H2SO4) spray. The

preparative thin layer chromatography (tic) plates of 0.75
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thickness were made from silica gel 60 PF-254 (E. Merck-

Dormsadt Germany) using Quickfit thin layer chromatography

apparatus. Approximately 50 mg of the sample was spotted per

plate. The separated compound was isolated from the gel by

extracting with a mixture of CH2C12 : EtOAc : Me0H (1:1:1).

Column chromatography including dry column chromatography

was performed as previously reported132 utilizing EM silica

gel 60, 0.05-0.2 mm (70-325 mesh ASTM). Flash chromatography

was performed as reported by Still and coworkers229

utilizing EM silica gel 60, 0.040-0.063 mm (230-400 mesh

ASTM). The only difference was nitrogen was used as a

pressure gas instead of air to avoid oxidation of compounds

in column. A little modification in column chromatography

was done for very polar compounds. The crude polar

compounds were dissolved in minimum amount of CH3OH-CH2C12

(1:1). To this solution was suspended about 5-10 g of

silica gel. The suspension was then dried on rotaevaporator

at 50° under vacuum and then poured carefully on the top of

the pre-prepared silica gel column. The desired compound

was eluted with chosen solvent system in increasing

polarity.

Ozonolysis was performed on OREC Laboratory ozonator

Model 03V10-0 using dry oxygen as source.

All reactions were carried out by using degassed

solvents under a nitrogen atmosphere. Yields reported are

usually the average yields from various experiments. The
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syntheses of photoaffinity compounds (light sensitive) was

performed in the dark, well protected with aluminium foil.

The photoaffinity compounds are stored at -20° over derite

Or P205.

All reagents were obtained from Aldrich, J:T. Baker,

Sigma and Pfanstsiehil Chemical companies. Digitoxin was

purchased from Sandoz, Basel, Switzerland. Gitoxin was a

gift from Dr. D. Satoh (Shionogi Research Laboratory,

Shionogi and Co., Ltd. Fukushima-ku, Osaka, Japan). Unless

otherwise stated, all reagents and solvents used were

reagent grade, without subsiquent purification. Solvents

were dried using CaH2 (for CH2C12, C1CH2CH2C1), Na metal

(for Et20, Petroleum Et20, n-Hexane), sodium bis (2-methoxy

ethoxy) aluminium hydride in toluene (for THF) using ACE

glass-dry solvent stills.

Abbreviations employed are, THF:tetrahydrofuran;

DMSO:dimethylsulfoxide; DMFidimethylformamide; HMPA:

hexamethylphosphoramide; OCCI:dicyclohexylcarbodiimide;

DMAP:N,N,dimethylaminopyridine; NBS:N-bromosuccinimide,

PPTSspyridinium-p-toluenesulfonate; p-Ts0H:p-toluene

sulfonic acid; Zn(0Tf)2:zinc trifluoromethanesulfonate;

TMS- OTf:trimethylsilyl trifluoromethanesulfonate. Anal:

elemental analysis; Calcd: calculated.
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a) Synthesis of 160-substituted digitoxigenin derivatives

(Scheme 1 and 2):

(38,58,140,160,170)-3,14,16-trihydroxycard-20(22)-

enolide (13) (gitoxigenin). Gitoxin (25), 30 gram (0.0384

moles), was suspended in reagent grade methanol (1500 mL).

The suspension was heated on a steam bath for 15 min. then

0.08 N H2504 (1000 mL) was added to the suspension.

Heating on the steam bath was augmented by wrapping the

reaction vessel (4 liters erlenmeyer) with cotton rags. The

suspension was occasionally stirred with an untreated wooden

dowel for 2.5 h. The progress of the reaction was followed

with thin layer chromatography (solvent system = CH2C12:

Acetone, 2:1). During the last half hour of the reaction

the suspension becomes clear. The vessel was immediately

cooled in an ice bath and the acid neutralized with 200 ml

of 5% NaHCO3 solution. The yellow-green solution was

concentrated to 500 ml on a rotaevaporator, and placed in a

freezer at -40°C overnight. The solution was filtered, and

the residue was redissolved in 300 ml hot MeOH:CHC13 (2:3).

After filtering, the remaining residue was washed with hot

ethyl acetate. The resulting solution of Me0HsCHC13:ethyl

acetate was concentrated to 150 ml with a rotaevaporator

and cooled overnight at -40°C. The resulting crystals of 13

were filtered and washed with 200 ml (2 x 100 ml) of -40°C

ethyl acetate:petroleum ether (2:1) and dried in a vacuum

dessicator for 2 days, yield 10.16 g (68%), mp 223-225°
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r 128
(111145 224-226): LaID = +5.93 (c 1.18, pyridine); UV Amax

(MeOH) 220 nm (log c 4.09); IR (K8r) 3420-3580 (OH), 2940

(CH), 1740 (00-unsat. 0.0), 1635 (0 =0) cm-1; 1H NMR

6.18 (s, 1H, C-22 H), 5.03 (d, J.16 Hz, 2H,

1H, C-3 H), 3.28 (d, J = 8 Hz, 1H, C-17

8 Hz, 2H, C-15 H), 1.13 (s, 3H, C-19 CH3),

CH3).

Anal. Calcd for C23H3405: C, 70.74; H, 8.78.

Found: C, 70.71; H, 8.80.

(38,50,140,160,170)-3,16-diacetoxy-14-hydroxy-card-20(22)-

enolide (34). (Gitoxigenin 36,168-diacetate). Acetic

anhydride (50 ml) was added to a stirred solution of

gitoxigenin (13) (10.05 g) in dry pyridine (60 ml) at room

temp. After stirring for 14 h at room temperature, the

reaction mixture was poured into water and stirred for 5 h

at 0-5°C. The crystals were filtered and dried in vacuo to

yield crude crystals (13.55 g). The crystals were re-

crystallized from Me0H-Et0Ac to yield 11.53q (90.4%) of 34;

mp 247-250° (111148 248-250°C); U1322-28.57° (C.1.05,

pyridine); IR (K8r) 3550 (OH), 1780, 1745, 1725 ( C.0),

1635, 1655 ( C=C ) cm-1; UV A max (MeOH) 219 nm (c 13744);

NMR (acetone-d6) 6 5.93 (1 H, m, Wh/2 Hz, C22-H), 5.45 (1 H,

ddd, J.10, 10, 2 Hz, C16-H) 5.05 (1 H, m, C3-H), 4.81, 5.09

(2 H, dd, J = 16, 2 Hz, C21-H), 3.23 (1 H, d, J = 10 Hz,

C17-H), 2.75 (1 H, dd, J = 16, 10 Hz, C15-Ha), 1.82 (1 H, m,

C15-Hb) 1.94, 2.03 (6 H, s, acetates)' 0.98 (6 H, s, C18-H

and C19-H).

(Pyridine -d5) 6

C-21 H), 4.33 (m,

H), 2.73 (dd, J =

0.98 (s, 3H, C-1
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Anal. Calcd for C27H3807: C, 68.33; H, 8.06. Found: C,

68.15; H, 8.07.

(30,50,140,160,170)-3-acetoxy-14,16-dihydroxycard-20(22)-

enolide (33) (gitoxigenin 38- acetate).

(a) Method A: The hydrolysis of 38,168- diacetate

(34) with KHCO3. To a solution of 34 (9.0 g) in Me0H (2700

mL) was added a solution of KNC03 (5.4 g) in Me0H (2160

mL)-H20 (540 mL). This was stirred at room temperature for

4 days. 0.05 N NCI was added dropwise to the stirred

solution until pH 6.5 at 0-5°. The solution was evaporated

in vacuo and the residue was extracted with CHC13 (100 ml X

2). The chloroform layer was washed with H2O (200 ml),

dried and evaporated in vacuo. The residue (8.73 g) was

subjected to chromatography on a silica gel (150 g) column

with acetone-CH2C12 as eluent withan increasing acetone

content. After concentration of the eluate with acetone-

CH2C12 (2:8), the residue was recrystallized from Me0H

yielding 33 (5.33 g, 65.0%); mp 228-232°1 111145 228-233°,
22
-3.49° (C=0.86, pyridine), IR (Kar) 3560, 3510, 3420,

3350 (OH), 1790, 1765, 1740 (C=0), 1635 ( C=C ) cm-1; UV A

max (MeOH) 220 nm (c 14136); NMR (CDC13) d 5.90 (1 H, s,

C22 -H), 5.03 (1 H, m, C3-H), 4.98 (2 H, d, J = 16 Hz,

C21 -H), 3.63 (1 H, d, J = 8 Hz, C17 -H), 2.85, 2.93 (2 H, s,

C14 -OH and C16-0H), 2.03 (3 H, s, OCOCH3), 0.98 (6 H, s,

C18-H and C19-H).

Anal. Calcd for C251-13606: C, 69.42; H, 8.39. Found: C,
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69.29; H, 8.41.

(b) Method B: Acetylation of gitoxigenin (13) with

acetic anhydride and acetic acid. To a solution of 13 (8.00

g) in CHC13 (100 ml) was added acetic anyhydride (160 ml)

and acetic acid (8 ml) and was stirred at 60-70° for 2 h.

The reaction mixture was poured into ice water (500 ml) and

extracted with CHC13 (300 ml). The chloroform layer was

washed successively with H2O (200 ml), 5% NaHCO3 (300 ml X

4), H2O (300 ml), dried and evaporated in vacua. The

residue (8.10 g) was subjected to chromatography on a silica

gel column (200 g) with acetone-CH2C12 as eluent with an

increasing acetone content. After concentration of the

eluate with acetone-CH2C12 (1.5:8.5), the residue was

recyrstallized from Me0H yielding 1.72 g (17.7%) of 34,

38,166 -diacetyl gitoxigenin (34), mp 247-250° (111.143

248-250°).

After concentration of the eluate with acetone-CH2C12

(2.0:8.0), the residue was recrystallized from Me0H yielding

3-acetylgitoxigenin (33, 5.046 g, 56.9%), mp 229 -232° (lit

228-235).

(c) Method Cs Acetylation of 13 with acetic anhydride.

A solution of 13 (0.1 g, 2.6 mmol) in Ac20 (10 ml) was

stirred at 60° for 2 h. The mixture was concentrated to one

third the original volume in vacuum at 40, H2O (100 mL) was

added and the mixture was extracted with CH2C12 (3 X 25 mL).

The combined extract was washed twice with 5% aq. NaHCO3
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(50 mL) and once with H2O (100 mL), dried over MgSO4 and

concentrated to an amorphous powder. The crude amorphous

powder was purified on short silica gel column, eluant 10%

Me0H-CH2C12. The pure 33, Rf 0.55 was isolated and

recrystallized by Me0H to afford 0.05 g (47%) of white

crystalline solid: mp 228-233° (111.144 228- 232 °). The minor

product 34, Rf 0.75 was also isolated by eluting with 3%

Me0H-CH2C12 and recrystallized by Me0H to afford 0.015 g

(10%) of pure 34; mp 247-259° (111.145 248-250°).

(38,58,148,168,178)-16-acetoxy-3,14-dihydoxycard-20(22)-

enolide (32) (gitoxigenin 168-acetate). To a solution of

13 (1.018 g) in dry pyridine (10 ml) was added acetic

anhydride (2 ml). This was stirred at room temperature for

1 h. The reaction mixture was poured into water and

extracted with CHC13 (100 ml X 2). The chloroform layer was

washed successively with 1 N HC1, H20, 5% NaHCO3, H20, dried

and evaporated in vacuo. The residue (1.05 g) was

chromatographed on a silica gel (50 g) column with

Me0H-CH2C12 as eluent with an increasing Me0H content. The

product (obtained in the meoH-cm2c12, 2.5:7.5 fractions) was

recrystallized from Me0H yielding gitoxigenin

38,168-diacetate (34) (294 mg; 23.8%), mp 247-250°

(111.144 248-250). The fractions with Me0H-CH2C12 (5:95)

contained 32 and were recrystallized from EtOAc yielding

gitoxigenin 168-acetate (32) (812 mg, 72.0%), mp 227-229°

(111.144 226-229°) [ofj-26.1° (C.1.11, pyridine), IR (KBr)
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3525, 3390 (OH), 1795, 1755, (C=0), 1617, (C =C) cm-1; UV A

max (MeOH) 219 nm (e 12710); NMR (acetone-d6) S 5.90 (1 H,

m, Wh /2 =2 Hz, C22-H), 5.45 (1 H, ddd, J = 9, 9, 2 Hz,

C16-H), 4.94 (2 H, dd, H = 16, 2 Hz, C21-H), 4.03, (1 H, m,

C3-H), 3.41 (1 H, d, J = 9 Hz, C17-H), 2.98 (1 H, s,

14-0H), 2.78 (1 H, dd, J = 16, 2 Hz, Ci5a-H), 1.82 (1 H, dd,

J = 16, 9 Hz, C15b-H), 1.93 (3H, s, -00CCH3), 0.98 (3H, s,

C19-H), 0.93 (3H, s, C18-H).

Anal. Calcd for C25H3606: C, 69.42; H, 8.39. Found: C,

69.52; H, 8.18.

(30,50,140,160,170)-3-acetoxy-16-formyloxy-14,16-dihydoxy-

card-20(22)-enolide (35) (gitoxigenin 38-acetate, 168- formate).

Method A. To a stirred mixture of 33 (0.3 g, 0.7 mmol),

N,N-dimethylaminopyridine (0.1 g) and Et3N (0.6 mL) in

CH2C12 (5 mL) was added slowly formic acetic anhydride (2 mL,

23 mmol) at 0°C. The mixture was stirred for 20 min at below

10° and then added to ice-H20 (200 mL). The quenched reaction

was extracted with CH2C12 (2 X 200 mL). The combined extract

was washed twice with 50 mL portions of 5% aq. NaHCO3 and once

with H2O (100 mL), dried over MgSO4 and concentrated to an oil.

The crude oil was purified on short silica gel column, eluant

10% Et0Ac-CH2C12 to yield 0.305 g (96%) of pure 35. The solid

was recrystallized from MeOH to afford 35 as white crystalline

r 22
plates. mp 240-241°; UILID -17.86° (c=1.40, pyridine); UV A

max (MeOH) 218.5 (log e 4.16); IR (KBr) 3300 (OH), 2940 (CH),

1730 (a,8- unsat. C=0), 1760 (formyl, C=0), 1615 (C=C) cm-1; 1H

NMR (C0013) S 7.9 (1 H, s, CHO), 5.95 (1 H, s, C22-H), 5.6 (1
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H, ad, C16-H), 4.9 (2 H, dd, J21,22 = 16 Hz, C-21 H), 3.45 (1

H, d, C17-H), 2.84 (1 H, dd, J = 16, 2 Hz, C15-H), 2.03 (3 H,

s, acetate), 0.99 (6 H, s, C18 and C19 CH3); 1H NMR (pyridine

d5) 6 8.15(1 H, s, C16-0CH0), 6.28 (1 H, s, C22-H), 5.76 (1 H,

m,.C3-H), 5.33 2 H, m, C21-H), 3.41 (1 H, d, C17-H), 2.84 (1 H,

dd, J = 16, 2 Hz, C15-H), 2.08 (3 H, s, C3-000CH3), 0.90 (3 H,

s, C18-H), 1.09 (3 H, s, C19-H).

Anal. Calcd. for C203607: C, .67.82; H, 7.82.

Found; C, 67,52; H, 8.18.

Acetic formic anhydride. To a dry 1 1. three-necked

round-bottomed flask was added 100 g of HCOONa and 200 ml of

anhydrous ether. To this stirred mixture was added 90 ml of

distilled acetyl chloride for 5 min, while the temperature was

maintained at 23-27°. After the addition was complete, the

mixture was stirred for 6 h at 23-27°. The mixture was then

filtered with suction, the solid residue was rinsed with 100 ml

of dry ether, and the ether is removed by distillation at

reduced pressure at 0-5°. The residue was removed and

distilled to yield 73.5 g (65.6%) of acetic formic anhydride as

colorless liquid, by 27-28° (10 mm Hg) (111.230 by 25-28°); IR

(neat) 1210, 1750 (C=0), 1060 (C-O-C) cm-I; IH NMR (C0C13) 6

11.7 (1H, s, CH=0), 2.1 (s, 3H, CH3).

Method B. To a stirred mixture of 33 (0.15 g, 0.35 mmol),

DMAP (0.1 g) and Et3N (0.8 mL) in dioxan (10 mL) was added

formic acid (3 mL) and acetic anhydride (2 mL) at 22°. The

mixture was then refluxed at 90° for 45 min. The mixture was
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cooled and then added to ice-H20 (100 mL), The quenched

reaction was extracted with CH2012 (2 X 100 mL). The combined

extract was washed twice with 50 mL portions of 5% aq.NaHCO3,

then with 1N HC1 (50 mL) and once with H2O (100 mL), dried over

Mg804 and concentrated to an oil. The crude oil was purified

by column chromatography over silica gel, eluant 5%

EtOAc- CH2C12 to yield 0.075 g (49%) of pure 35 along with

diacetyl derivative 34 (50%).

Method C. To a solution of 300 mg of 3-acetylgitoxigenin

(33) in dry pyridine (5 ml) was added acetic formic anhydride

(2 ml). This was left at 0-5° for 2 h. The reaction

mixture was poured into ice water (50 ml) and extracted with

CHC13 (50 ml X 2). The chloroform layer was washed

successively with IN HC1 (50 ml X 2), H2O (50 ml), 5%

NaHCO3 (50 ml) and H2O (100 ml), dried and evaporated. The

residue (305 mg) was recrystallized from Me0H to give 275 mg

(86.1%) of 35 as colorless needles, mp 241-242°.

(38,58,140,168,170)-3,14,16-trihydroxyandrostane-17-

carboxaldehyde (39$) (Gitoxigenin 173-aldehyde). The

conversion of gitoxigenin 38,168-diacetate 34 to

carboxaldehyde, 393 was essentially done by following a

modified procedure reported by Boutagy 148 for converting

digitoxigenin-38-acetate to its 178-carboxaldehyde.

Gitoxigenin 38,168-diacetate 34 (10 g, 23 mmol) was

dissolved in CH2C12 (100 mL), cooled in a dry ice-acetone

bath (-78°), and ozonized using OREC (Ozone Research and
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Equipment Corporation) Laboratory Ozonator Model 03V10-0.

(1-2% ozone in_02, bubbling through the reaction mixture at

5 lb/min) for 2-3 h. Half of the solvent was then removed

under vacuum (10 mm) at 22° and without further isolation,

the ozonide was stirred with Zn (4 g) in glacial acetic acid

(100 mL) at 0° for 3 h and at 22° for 30 min. The solution

was filtered and the acetic acid was removed under high

vacuum (0.1 mm) at 22°. The residue was dissolved in CH2C12

(100 mL), washed with three 50 mL portions of 5% NaHCO3, two

50 mL portions of H20, dried over MgSO4 and evaporated to

yield 11.5 (91%) of 36 as thick oil; IR (neat) 3460 (OH),

1780 (CH=0), 1730 (a, a-unsat. C=0) cm-1; 1H NMR (CDC13 6

9.82 (1 H, s, CH=0), 4.92 (2 H, m, C-21 H), 5.05 (1 H, m,

C-3 H), 1.94 and 2.13 (6 H, s, acetates), 0.98 (3 H, s, C-19

CH3), 0.89 (3 H, s, C-18 CH3).

To a solution of 36 (10 g, 20 mmol) in Me0H (150 mL) was

slowly added NaBH4 (2 g, 53 mmol). The mixture was allowed

to stir for 1 h at 22° and then neutralized by 5% acetic acid

to pH 6-6.5. The mixture was concentrated to half of its

original volume and then extracted with CH2C12 (3 x 100 mL).

The CH2C12 extract was washed with H2O (100 mL), dried over

MgSO4 and concentrated to crude 37 as amorphous powder,

yield 8.5 g (83%); IR (CHC13) 3400 (OH), 1730 (a, S- Unsat.

C=0) cm-1; 1H NMR (CDC13) 6 3.80 (2 H, m, C21-H), 3.40 (br

2 H, m, hydroxyl), 1.95 and 2.13 (6 H, s, acetates).

To a solution of 37 (8.5 g, 18 mmol) in Me0H (25 mL) was
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added 5% methanolic KOH (150 mL) and refluxed for 30 min.

The solution was cooled, adjusted to pH 6.5 with 5% HC1 and

then concentrated under vacuum. On cooling at 0°, small

white crystals formed which then collected yield 6.8 g (86%)

of the tetrahydroxypregnane, 38, mp 168-169°. IR (KBr) 3400

(OH) cm-1; 1H NMR (Pyridine-d5) 6 5.72 (br, m, exchanged

with D20, OH's), 1.63 (3 H, s, C-18 CH3), 1.02 (3 H, s,

C-19 CH3).

38 (6.5 g, 17.67 mmol) was dissolved in Me0H (150 mL)

and was treated with a solution of NaI04 (6.7 g) in H2O

(45 mL) at 22° under stirring. This was allowed to stir for

30 min then was filtered. The filtrate was concentrated to

one fourth of its original volume and cooled at 0°. The

precipitated white crystals were collected washed with H2O

(3 x 100 mL) and dried over filter funnel. The crude

crystals were dissolved in Me0H (50 mL). The methanolic

solution was dried over Mg504, concentrated to give crude

product which was recrystallized from EtOH -Et20 gave pure

(38,50,140,168,178)-3,14-dihydroxyandrostane-17-

carboxaldehyde (40), yield 3.8 g (68%), mp 243-245°, IR

(K8r) 3360 (OH), 1680 (CH=0) cm-1, 1H NMR (acetone-d6) 6

9.85 (d, 1 H, J=6 Hz, CH=0, 4.08 (1 H, m, C-3 H), 0.96 (3 H,

s, C-19 CH3), 0.902 (3 H, s, C-18 CH3). [afj -14.79 (c

0.1352, Me0H).
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(30,50,140,160,170. 20E)-methyl 3,14,16-trihydroxy-

androstane-20-ene-21-carboxylate (40) (gitoxigenin

170-methylester). To a suspension of NaH (0.297 g, 97% pure,

12 mmol) in dry THE (25 mL) was added trimethylphosphono-

accetate (1.82 g, 1.62 mL, 10 mmol) in dry THE (50 mL)

dropwise at -15°, under N2 atmosphere. The resultant

mixture was stirred until the evolution of H2 was ceased (30

min). To this generated viscous enolate at -15° was added a

solution of 390 (1.35 g, 4 mmol) in dry THE (30 mL) under N2

atmosphere at 22°. The resultant mixture was kept stirring

for 45 min to 1 hour at 22° and then poured in cold accetate

buffer (114.28 g NaOAC trihydrate and 28.57 g glacial HOAc

in 500 mL H20) and stirred for 30 min. Extraction with THE

(3 x 100 mL) and subsequent drying over MgSO4 and

evaporation of solvent gave crude oil containing traces of

HOAc. The oily residue was dissolved in CHC13 (100 mL).

The CHC13 solution was neutralized with 5% aq NaHCO3 (pH

7.0), washed with H2O (2 x 100 mL) dried over MgSO4 and

concentrated to an oil, which was purified by flash

chromatography over silica gel, eluant 5% EtOH in CH2C12, to

give pure 40, yield 1.2 g (65%), mp 182-184° (CHC13-Et20);

IR (KBr) 3420 (OH), 2900 (CH), 1710 (a, 8-unsat. C=0), 1650

(0=0) cm-1; 1H NMR (C0013) 6 7.25 (1 H, dd, 317,20=10 Hz,

320,21 =16 Hz, C-20 H), 5.7 (1 H, d, J=16 Hz, C-21 H), 4.16

(1 H, m, C-3 H), 3.7 (3 H, s, OMe), 2.7 (1 H, dd, J=4, 10

Hz, C-16 H), 0.9 (3 H, s, C-19 CH3), 0.88 (3 H, s, C-18

CH3); [air +54.48 (c 0.1266, Me0H), UV Amax 236 (log c 4.51).
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Anal. Calcd. for C23H3505: C, 70.38; H, 9.24.

Found: C, 70.29, H, 9.11.

(30,58,148,16$,170)-3-bis-[(2,6-dideoxy-0-0-ribohexo-

pyranosyl)oxy]-14,16-dihydroxycard-20(22)-enolide (43) was

prepared using a modification of the Satoh and Aoyama method

used for stepwise degradation of digitoxin and gitoxin.

(i) Oxidation of gitoxin (25) with NaI04: To a solution

of gitoxin (25) (5.0 g, 6.40 mmol) in Me0H (1500 mL) was

added a solution of sodium meta periodate (5 g) in H2O (50

mL). The resultant mixture was stirred at 22° for 2 h. The

precipitated NaI03 was removed by filteration. The

filterate was concentrated under vacuum to about one third

its original volume and was extracted with CH2C12 (3 X 100

mL). The CH2C12 extract was washed with H2O (2 X 100 mL),

dried over MgSO4 and concentrated to give caude dialdehyde

41, 4.397 g (88%) as white amorphous powder which was then

recrystallized from (acetone/n-Hexane); mp 183-185°; IR

(KBr) 3400 (OH), 1725 (a,8-unsat. C=0), 1740 (CHO), 1620

(C=C) cm-1.

(ii) Reduction of 41 with Na8H4: To the solution of

dialdehyde, 41 (5.0 g, 6.42 mmol) in Me0H (500 mL) was added

Na8H4 (0.59 g) in small portions under stirring at 22°.

The mixture was stirred for 2 h and was then neutralized

with 5% HOAC to pH 6.5. The neutralized mixture was

concentrated at 40° under vacuum and then extracted with

CH2C12 (3 X 100 mL). The CH2C12 extract was washed with
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H2O (2 X 100 mL), dried over MgSO4, evaporated in vacuo to

give crude dimethylol 42, 4.503 g (81) as white powder; mp

185° (acetone/n-hexane); IR (KBr) 3450 (OH), 1730

(a/8-unsat) C=0, 1630 (C=C) cm-1.

(iii) Hydrolysis of 42: To a solution of dimethylol

42 (4.5 g, 5.6 mmol) in Me0H (500 mL) was added under

stirring at 22° 0.05 N HC1 (75 mL) and reaction mixture was

kept stirring for 24 h. The reaction mixture was

neutralized with 5% aq NaHCO3 to pH 6.5, concentrated in

vacuo to one third its original volume and then extracted

with CH2C12 (3 X 100 mL). The CH2C12 extract was washed

with H2O (2 X 100 mL), dried aver M004 and evaporated at

20° in vacuo to give 43 as amorphous powder. The crude

product was purified by column chromatography over silica

gel, eluant 9% EtOH- CH2C12. Recrystalization from

CH2C12-n-hexane gave pure 43, yield 3.847 g (85%) as white

granular powders mp 198-201° (lit. 199-201°)151; UV Amax

(MeOH) 218 (c 28840.3); [afg2+10.13 (C=0.27 Me0H); IR (KBr)

3440 (OH), 1725 (a,8-unsat. C=0) 1620 (C=C) cm-1; 1H NMR

(pyridine-d5) d 6.18 (1 H, s, C22-H), 5.53 (2 H, d, J = 16

Hz, C21-H), 5.37 (1 H, m, C16_H), 4.60 (2 H, m, C3'-H and

C3-H), 4.35 (1 H, m, C4' and 04"-H), 4.19 (1 H, m, 03-m),

3.48 (2 H, m, C5'-H and C5"-H), 3.23 (1 H, d, J = 8 Hz,

C17-H), 2.68 (2 H, dd, J = 9, 16 Hz, C15-H), 1.39 and 1.44

(6 H, d, J = 6 Hz, C6-H and C6..-H), 1.06 (3 H, s, C19-H),

0.83 (3 H, s, C18 -H),
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Anal. Calcd. for C35H 54-n 11: C, 64.59; H, 8.36.

Found: C, 64.49; H, 8.52.

(30,58,1413,160,17$)-3[(2,6-dideoxy-8-D-ribohexopyranosyl)

oxy]-14,16-dihydroxycard-20(22)-enolide (44). This was

prepared from 43 following a similar procedure as used for

producing 43 from gitoxin (25). Gitoxigenin bis-digitoxoside

(43) was oxidized by NaI04 to corresponding dialdehyde in

75% yield, which on reduction with NaBH4 and subsequent acid

hydrolysis with 0.05 N HC1 gave crude gitoxigenin

monodigitoxoside 44 in 70% overall yield. The crude 44 was

purified by column chromatography, eluant 20%

Me0H-CH2C12 (in increasing polarity), and recrystallized

from EtOH -Et20: mp 214-216°; [a]D2+ 10.13 (C=0.27, Me0H);

IR (KBr) 3500 (OH), 1730 (a,8- unsat. C=0) 1615 (C=C) cm-1;

1H NMR (pyridine-d5) (5 6.19 (1 H, s, C22-H), 5.54 (2 H, d,

J = 16 Hz, C21-H), 4.40 (1 H, m, Cy-N), 4.24 (1 H, m, C3' -H),

4.18 (1 H, m, C4' -H), 3.57 (1 H, m, C5' -H), 3.24 (1 H, d,

= 8 Hz, C17-H), 2.68 (1 H, dd, J = 16, 10 Hz, 015-H), 1.56

(3 H, d, J = 6 Hz, C6' -CH3), 1.08 (3 H, s, C19-H), 0.88 (3

H, s, C18-H).

Anal. Calcd. for C29H4408: C, 66.89; H, 8.51.

Found: C, 66.79; H, 8.45.

(30,50,146,160,170)-31(2,6-dideoxy-3,4-0-(1-methyl-

ethylidene)-0-0-ribohexopyranosyl)oxy]-14,16-dihydroxycard-

20(22)-enolide (45). To a solution of 44 (2.5 g, 4.8 mmol)

in anhydrous acetone (60 mL) was added p -TsOH (25 mg) at 22°
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under stirring. The reaction mixture was kept stirring for

5 h at 22° by this time the reaction was almost complete as

evident from tic (10% Me0H-CH2C12). The mixture was

concentrated to half the volume in vacua at 30° and the

residue was treated with H2O (5 mL). The precipitated solid

was extracted with CH2C12 (50 mL X 2). The CH2C12 extract

was washed with H2O (50 mL), dried over MgSO4, concentrated

in vacuo to give crude oil, which was purified by flash

chromatography, eluant 15% EtOAc- CH2C12, to give pure 45,

yield 2.2 g (72%). mp 214-216° raiL2-4- 13.12 (C 0.15 Me0H):

UV Vmax (MeOH) 218 nm; IR (KBr) 3490 (OH), 1730 (a,8-unsat.

C=0) 1615 (C =C) cm-1; 1H NMR (CDC13) 8 5.91 (1 H, s, C22-H),

4.98 (2 H, d, J = 16 Hz, C21-H), 4.40 (1 H, m, C16-H), 4.0

(1 H, m, C3-H), 4.75 (1 H, dd, J = 8, 3 Hz, C1' -H), 4.40 (1

H, m, C3'-H), 3.53 (1 H, dd, J = 9, 5 Hz, C4'-H), 3.48 (1 H,

m, C5' -H) 2.90 (1 H, m, C17-H), 2.40 (1 H, dd, J = 7, 6 Hz,

C15-H), 1.35 and 1.48 (6 H, s, acetonide CH3), 1.24 (3 H, d,

J = 6 Hz, C6' -H) 0.94 (6 H, s, C18 -H and C19-H).

Anal. Calcd. for C32H4808: C, 68.55; H, 8.63.

Found: C, 68.33; H, 8.80.

(36,50,140,160,17B)-3-[(2,6-dideoxy-3,4-0-(1-methyl-

ethylidene)-0-D-ribohexopyranosyl)oxyl-16-acetoxy-14-

hydroxycard-20(22)-enolide (46). To a solution of 0.50 g

of 45 in pyridine (6 ml) was added acetic anhydride (6 ml).

The resultant solution was allowed to stir at room

temperature for 5 h and then added to ice H2O (100 ml). The



225

crystals were filtered, dried in vacum and recrystallized

from Me0H-Et20 to give 449 mg (96.5%) of 46 as colorless

needles: mp 192-195° CalD19- 7.09 (C 0.13 Me0H): IR (K8r)

3400 (OH), 1785, 1760, 1750 (sh) ( C.0), 1645, 1625 ( C =C )

cm-1, 1H NMR (C0C15) d 5.93 (1 H, s, C-22 H), 5.45 (1 H,

ddd, J = 10, 10, 2 Hz, C16-H), 4.90 (2 H, d, J = 16 Hz,

C21-H), 4.73 (1 H, dd, J = 8, 3 Hz, C1' -H), 4.38 (1 H, m,

Cy-H), 3.99 (1 H, m, C3 -H), 3.53 (1 H, dd, J = 9, 5 Hz,

C4' -H), 3.51 (1 H, m, C5'-H), 3.15 (1 H, d, J = 8 Hz,

C17-H), 2.70 (1 H, dd, J = 16, 10 Hz, C15-H), 1.95 (1 H, s,

C16- 0- C -CH3), 1.34, 1.48 (6 H, s, Acetonide Me's) '

1.24 (3

H, d, J = 6 Hz, C6' -H), 0.95 (6 H, s, C18-H and C19-H).

Anal. Calcd. for C34H5009: C, 67.75; H, 8.36.

Found: C, 67.70; H, 8.42.

(38,50,140,168,170)-3-[(2,6-dideoxy-9-D-ribohexopyranosyl)

oxy]-16-acetoxy-14-hydroxycard-20(22)-enolide (47). A

solution of 46 (200 mg) in 60% AcOH (30 ml) was stirred at

room temperature for 5 h. The reaction mixture was poured

into water (200 ml) and extracted two times with

CHC15 (100m1). The chloroform layer was washed with water,

dried over MgSO4, and evaporated in vacuo to give an oil.

The crude oil was purified via flash chromatography on

silica gel (20% acetone-CH2C12) to yield 146 mg (78.2%) of

47 as amorphous powder and 41 mg (28.5%) of

r 1 9
16-acetylgitoxigenin (32). 47, mp 167-170° LaJD - 19.07° (c

0.19, Me0H); IR (K8r) 3460 (OH), 1782, 1745 (C=0) cm-1, NMR

(CDC15) d 5.95 (1 H, S, C22-H), 5.43 (1 H, ddd, J = 10, 10,
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2 Hz, C16-H), 4.90 (2 H, d, J = 16 Hz, C21-H), 4.85 (1 H,

dd, J = 8, 2 Hz, C1' -H), 4.08 (1 H, m, C3'-H), 3.70 (1 H,

dd, J = 9, 6 Hz, C4'-H), 3.35 (1 H, m, C5,-H), 3.18 (1 H, d,

J = 9 Hz, C17-H), 1.96 (3 H, s, C16-OCCH3), 0.95 (6 H, 5,

C18-H and C19-H),

Anal. Calcd. for C31114609: C, 66.17; H, 8.24.

Found: C, 66.19; H, 8.35.

(38,58,148,168,178)-34(2,6-dideoxy-3,4-0-(1-methyl-

ethylidene)-0-0-ribohexopyranosyfloxy]-14-hydroxy-16-formyl-

oxycard-20(22)-enolide (48). Method A: To a stirred

mixture of 45 (0.45 g, 0.8 mmol), DMAP (0.2 g) and Et3N (1.0

mL) in CH2C12 (10 mL) was added slowly formic acetic

anhydride (2.5 mL, 29 mmol) at 10°. The mixture was stirred

for 30 min and then added to ice-H20 (200 mL). The quenched

reaction was extracted with CH2C12 (2 X 200 mL). The

combined extract was washed twice with 5% aq NaHCO3 (50 mL),

and once with H2O (100 mL), dried over Mg504 and

concentrated to an oil. The crude oil was purified on short

silica gel column, eluant 10% EtOAc- CH2C12 to yield 0.3 g

(62%) of pure 48. The solid was recrystallized from

r 22
EtOAc -Et20 to afford 48 as white powder: nip 197-198° Lodi)

13.347 0.29, Me0H): UV Vmax (MeOH) 218 (log c 4.21); IR

(K8r) 3440 (OH), 1765 (C=0), 1730 (ct,B-unsat. C=0) 1620

(C=C) cm-1; 1H NMR (CDC13) 6 7.9 (1 H, s, CHO), 5.95 (1 H,

s, C22-H), 5.60 (1 H, ddd, J = 10, 10, 2 Hz, C16-H), 4.94 (2

H, d, J = 16 Hz, C21-H), 4.75 (1 H, dd, J = 8, 3 Hz, Cl'-H),
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4.40 (1 H, m, C3'-H), 4.01 (1 H, m, C3-H), 3.54 (1 H, dd, J

= 9, 5 Hz, C -H), 3.53 (1 H, m, C5'-H), 2.78 (1 H, dd, J =

10, 16 Hz, C15-H), 1.36 and 1.49 (6 H, s, acetonide CH3's),

1.26 (3 H, d, J = 6 Hz, C6' -H), 0.98 (3 H, s, C18-H), 0.94

(3 H, s, C19-H).

Anal. Calcd. for C33H4809: C, 67.32; H, 8.21.

Found: C, 67.16; H, 8.14.

Method B. To a solution of 45 (0.50 g) in dry pyridine

(6 ml) was added acetic formic anhydride (5 ml) at 0-5°.

This was left at 0-5° for 2 h. The reaction mixture was

poured into ice water. The crystals were filtered and dried

in.vacuo to yield a crude crystal (505 mg). The crystals

were recrystallized from EtOAc -Et20 to yield 420 mg (80.0%)

of 48 as colorless needles. mp 197-199°.

(38,50,148,168,170)-3-[(2,6-dideoxy-8-0-ribohexopyranosyl)

oxy]-14-hydroxy-16-formyloxycard-20(22)-enolide (49).

48 (0.49, 0.68 mmol) was stirred at 22° with 60% HOAc (54

mL) for 5 h, monitored with tic (10% EtOH- CH2C12). The

resulted clear solution was poured in ice-cold H2O (200 mL)

and then extracted with CHC13 (2 X 100 mL). The combined

CHC13 extract was washed with H2O (3 X 200 mL), 5% NaHCO3 (2

X 100 mL) then again with H2O (2 X 100 mL). The

CHC13 extract was then dried over Mg504, concentrated to get

crude oil, which was purified by flash chromatography over

silica gel, eluant 7.5% EtOH- CH2C12. The pure 49, yield

r 280
0.25 g (67%) of white amorphous powder: mp 145-150° [aJD
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-14.07° (C 0.32, Me0H): UV A max (MeOH) 218 nm (log e 4.22);

IR (Kar) 3500 (OH), 1740 (CHO), 1710 (a,8-unsat. C =0) 1615

(C=C), 1H NMR (CDC13) 6 7.9 (1 H, s, CHO), 5.95 (1 H, s,

C22-H): 5.58 (1 H, ddd, J = 10, 10, 2 Hz, C16-H), 4.95 (2 H,

d, J = 16 Hz, C21-H), 4.0 (1 H, m, C3-H), 4.88 (1 H, dd, J =

8, 2 Hz, C11-H), 4.05 (1 H, m, C3'-H), 3.78 (1 H, dd, J = 9,

6 Hz, C4'-H), 3.25 (1 H, m, C59-H), 3.23 (1 H, d, J = 9 Hz,

C17-H), 1.29 (3 H, d, J = 6 Hz, C6' -CH3).

Anal. Calcd. for C30H4409: C, 65.67; H, 8.08.

Found: C, 65.56; H, 8.18.

(38,58,148,168,178)-3-acetoxy-16-(1,1,1-trifluoro-2-

diazopropionyl)oxy-14-hydroxycard-20(22)-enolide (69)

(gitoxigenin 38-acetate, 168-trifluoro-diazopropionate).

To a stirred solution of gitoxigenin -38- acetate (33, 0.21 g,

0.49 mmole) in CH2C12 (20 mL) containing DMAP (50 mg) was

stirred at 0°C for 10 min and then cooled to -78°. A solu-

tion of 3,3,3-trifluoro-2-diazo-propionyl chloride (68, 0.8

mL, 10 mmol) in CH2C12 (5 mL) was added dropwise under

stirring. The reaction mixture was stirred for 1 h at -78°

then for 30 min at 22°. The reaction mixture was then poured

in ice-cold 5% NaHCO3 soluton (50 mL). The organic layer

was washed twice with H2O (50 mL x 2), dried (MgSO4) and

rotaevaporated to get oil, which was chromatographed

(Preparative tic, Si02, eluent 10% EtOAc- CH2C12).

Extraction of 69 from gel, yielded 0.070 g of crude 69, mp

180-183°; IR (CHC13) Vmax 3500 (OH), 1750 (C.c-C-), 2100
0
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(C=N2) cm-1; 1H NMR (CDC13 6 6.1 (1 H, s, C-22 H), 5.5 (1 H,

t, C-16 H), 5.06 (1 H, s, C-3 H), 4.85 (1 H, dd, J = 10,2 Hz,

C-21 H), 3.320 (1 H, d, J = 7.5 Hz, C-17H), 2.98 (2 H, dd, J

6.2 Hz, C-15 H's), 2.0 (3 H, s, acetate), 0.92 (6 H, s,

C-18 and C-19 CH3).

Anal. Calcd. for C28H3507N2F3: C, 59.15; H, 6.20, N,

4.93. Found: C, 58.94; H, 6.59; N, 4.78.

3,3,3-Trifluoro-2-diazo-propionyl chloride (68) was made

by Dr. T. Deffo, following the modification of literature

procedure.201 2,2,2-trifluorodiazoethane (67)(prepared by

the diazotization of commercially available trifluoroethyl-

amine-HC1 following the procedure of Gilman and Jones200)

was reacted with phosgene (10-20 equivalent) in the presence

of dry Et3N (1.05-1.10 equivalent) in dry CH2C12 at 22°.

Evaporation of Ch2C12 and then distillation of residue under

reduced pressure (135 mm Hg) gave desired 68 in 19% overall

yield; by 58-62° (135 mm Hg) (lit.201 59 -65 °, 135 mm Hg).

(38.58,140,160,170)-3-acetoxy-16-azidoacetoxy-14-

hydroxycard-20(22)-enolide (71) (gitoxigenin 38-acetate,

168-azido acetate). To a stirred solution of gitoxigenin-

38- acetate (33, 0.43, 1 mmol) in CH2C12 (20 mL) containing

dry Et3N (1 mL) and DMAP (50 mg) was stirred at room temp.°

for 10 min. and then was cooled at 0°C. To this was added

dropwise freshly distilled chloroacetyl chloride (bp

105-106°, 0.8 mL, 10 mmol) and the mixture was stirred under

N2 at 0° for 15 min and then at room temp for another 15-20
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min. The reaction mixture was then poured in ice-cold5A,

NaHCo3 solution (50 mL). The organic layer was washed twice

wtih 5% NaHCO3 solution (50 mL x 2), then with 0.5 N HC1 (50

mL x 2) and finally with H2O (100 mL). The dried (anhydrous

Mg504) CH2C12 extract was rotaevaporated at 40° to get

pungent smelling oil (0.55 g). This chororactyl derivative

was immediately reacted with sodium azide.

In dark sodium azide (1.3 g, 20 mmol) was suspended in

80-95% EtOH (20 mL). To this suspension, minimum amount (3

mL) distilled H2O was added to dissolve the salt (5 mL H2O

is needed). To this solution of chloroacetyl derivative

(0.5 g, 1 mmol) in acetone (5 mL) was added and the mixture

was refluxed at 60-70° for 40 min. The reddish colored

reaction mixture was rotaevaporated to about one third its

original volume and then extracted with EtOAc (100 mL x 2)

followed by CH2C12 (100 mL). The total organic extract was

dried (MgSO4), rotaevaporated to get reddish oil which was

flash chromatographed over Si02 (eluent 23% Et0Ac-CH2C12).

The spot with Rf 0.38 (solvent system 30% Et0Ac-CH2C12) was

eluted and concentrated to get amorphous powder, which was

recrystallized with EtOAc -n- Hexane, yield 0.21 g (40% from

33); mp 208-209°;
Eajo22_13.

0 (C=0.1687 CHC13) IR (K8r) Vmax

3500 (OH), 2950 (CH Stet.), 2100 (azide), 1790 (C=C-C=0),

1630 (C=0) cm-1; 1H NMR (CDCL3) 6 6.0 (1 H, s, C-22H), 5.55

(1 H, t, C-16H), 5.06 (1 H, s, C-3H), 4.9 (2 H, dd, J = 10,

2 Hz, C-21H), 3.78 (2 H, m, CH2N3), 3.20 (1 H, d, J = 8 Hz,
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acetate), 1.98 (1 H, s, C-15H2), 0.89, 0.92

and C-19 CH3).

Anal. Calcd. for C27H3707N3: C, 62.09;

N, 8.15. Found: C, 61.82; H, 7.31; N, 8.09.

2.0

(6

H,

(3 H,

H, s,

7.23;
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s,

C-18

(38,58,148,160,170)-3-[(2,6-dideoxy-3,4-0-(1-methyl-

ethylidene)-0-0-ribohexopyranosyl)ox0-16-azidoacetoxy-14-

hydroxycard-20(22)-enolide (72). To a solution of 45 (0.561

g, 1 mmol) in CH2C12 (20 mL) was added Et3N (1 mL). The

mixture was stirred under N2 at 22°C for 15 min and then

cooled to 0 °C. Chloroacetyl chloride (0.8 mL, 10 mmol) was

then aaded dropwise and the mixture was allowed to stirred

at 0 °C for 2 h and at room temperature for an additional 15

min. The reaction mixture was poured into ice-H20 (200 mL)

containing saturated NaHCO3 (20 mL). The CH2C12 layer was

washed successively with saturated NaHCO3 (20 mL); 10% HC1,

(100 mL) and then dried (MgSO4). Evaporation of solvent

gave an oil (1.2 g).

This oil was dissolved quickly in EtOH (10 mL). To

this was added sodium azide solution (2.0 g NaN3 in 95% EtOH

(40 mL)-H20 (15 mL) at room temperature. The reaction mix-

ture was refluxed far 1 h in an oil bath (75 -80 °) then was

concentrated (under vacuum) to one third of its original

volume. The reaction mixture was poured in ice-cold H2O

(100 mL) and then extracted with EtOAc (100 mL x 2) and then

with CH2C12 (100 mL x 2). The total extract was dried
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(MgSO4), rotaevaporated to get an oil. The oil was purified

by flash chromatography (Si02, eluant 10% EtOAc-CH2C12).

The spot with R6-0-85 (solvent system CH2C12:Et0Ac:Me0H

10:1:1) was collected. Yield 0.426 g (60.1%); mp

r 23
203-205°(0H2012 -n-Hexane); [a]D -7.24 (C=0.1105, Me0H)

IR (KBr) Vmax 3500 (OH), 2950 (CH Stet.), 2100 (azide), 1790

(0=0-0=0), 1700 (0=0) cm-1; 1H NMR (00013) 6 6.0 (1 H, s,

C-22 H), 5.6 (1H, ddd, J = 10 Hz, C-16 H), 4.98 (2 H, dd, J

= 10,2 Hz, C-21H), 4.8 (1 H, dd, J = 8,2 Hz, C-1'H), 4.4 (1

H, m, 4.05 (1 H, s, C-3H), 3.8 (2 H, m, CH2N3). 3.6

(1 H, m, C-5'H), 3.45 (1 H, m, 2.5 (1 H, d, J = 10

Hz, C-17H), 2.8 (1 H, dd, J = 10,2 Hz, C-15H1), 2.2 (1 H, d,

J = 12 Hz, C-2'H), 1.95 (1 H, dd, C-2'H2), 1.85 (AB part of

ABX system superimposed on steroid ring carbons, C-15H2),

1.3 (6 H, s, acetonide CH3's), 0.98 (6 H, s, C18 and C-19

CH3).

Anal. Calcd. for C34H4909N3: C, 63.43; H, 7.67, 6.53.

Founds C, 63.33; H, 7.61; N, 6.31.

(30,50,140,168,170)-34(2,6-dideoxy-O-D-ribohexo-

pyranosyl)oxy]-16-azidoacetoxy-14-hydroxycard-20(22)-enolide

(73). To a solution of 72 (0.175 g, 0.272 mmol) in THE (5

mL) was added 60% aq. acetic acid at room temperature, then

was poured in ice-H20 (100 mL) containing saturated NaHCO3

solution (50 mL). The aqueous solution was extracted with

EtOAc (200 mL x 3). The organic (EtOAc) extract was dried

(MgSO4) and rotaevaporated to get an oily residue, which was
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flash chromatographed (SiO, 20% acetone in CH2C12) to get an

amorphous powder (0.093 g (57%), LJP-28.05 (C=0.1105); IR

(CHC13) Vmax 3550 (OH), 2950 (CH Stet.), 2100 (azide), 1790

(C= C -C =0), 1690 (C=0) cm-1; 1H NMR (CDC13) 6 6.0 (1 H, s,

C-22H), 5.56 (1 H, ddd, J = 10,2,2 Hz, C-16H), 4.99 (2 H,

dd, J = 10,2 Hz, C-22H), 4.98 (1 H, d, J = 8 Hz, C-1'H), 4.1

(1 H, m, C-3'H), 4.0 (1 H, s, C-3H), 3.8 (2 H, m, CH2N3),

3.75 (1 H, m, C-5'H), 3.35 (1 H, dd, J = 2,2 Hz, C-4'H), 3.2

(1 H, d, C-17H), 2.8 (1 H, dd, J = 10,2 Hz, C-15H1), 1.89

(AB part of ABX system superimposed on steroid ring carbons,

C-15H2), 0.99 (6 H, s, C-18 and C-19 CH3).

Anal. Calcd. for C311-14509N3: C, 61.68; H, 7.51, 6.96.

Found: C, 61.79; H, 7.51; N, 6.96.

(38,58,140,168,17B)-3,14-dihydroxyandrostane-17-

carboxaldehyde (81). Digitoxin (7) was hydrolyzed to digi-

toxigenin (1) by the method of Villaecusa.231 The digitoxi-

genin so obtained was recrystallized twice with Me0H-Et0Ac,

yield 78%. Oigitoxigenin was converted to 178-aldehyde 81

by following the procedure previously reported by Boutagy 148

and used by Kihara et al.132 Digitoxigenin (1) was con-

verted to digitoxigenin-38-acetate (77) in 80% yield by

treatment with Ac20-pyridine. Digitoxigenin-38-acetate (77)

was reduced in situ by Zn-HOAc to ketoaldehyde. The keto-

aldehyde (78) was reduced by sodium borohydride followed by

alkaline hydrolysis gave a 178-diol, 80, which on oxidation

with sodium metaperiodate gave the desired
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digitoxigenin-178-aldehyde (81) in 70% overall yield; mp

77-79 (111.132 77-79); IR (KBr) Vmax 1690 (C =0) cm-1; 1H NMR

(CDC13) 6 9.72 (1 H, d, 3 = 8 Hz, CHO).

Anal. Calcd. for C203203: C, 75.04; H, 10.32.

Found: C, 74.88; H, 10.02.

(30,50,14$)-3,14-dihydroxypregn-20-ene-21-carboxylic

acid (84). This was prepared by modified Wittig-Horner

reaction.204 1.6M n-BuLi in n-Hexane (2.7 mL, 0.0043 mmol)

was to dry THF1(7imL) at -78° under N2. To this solution

was added a solution of diethylcarbosymethane phosphonate205

(0.39 g, 0.002 mol) in dry THF (5 mL) over a period of 10

min. under a N2 atmosphere. The mixture was stired

vigorously for 30 min. at -78° and then the reaction tem-

perature was raised to 0°C. 178-aldehyde 181, 0.5 g, 0.015

mole) in THF (2 mL) was added dropwise and the mixture was

allowed to warm at 22° and kept stirring at 22° for an addi-

tional 3 h. The mixture was then quenched with H2O (5 mL),

the organic layer (THF) was extracted wtih 10% aq NaHCO3 (50

mL x 2) and the combined aqueous layer was washed with Et21

(100 mL). The aqueous solution was acidified to pH 4.0

(further acidification is deterent as diethylphosphate also

precipitate). The acidic solution was saturated with sodium

chloride and extracted with Et20 (100 mL x 3). The ether

extract was washed with H2o (50 mL), dried (mgso4) and eva-

porated in vacuum to afford crude 84. The crude product was

recrystallized from EtOAc to afford 84 as white crystalline
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r

solid; mp 252-254° (111.148 253-254°); Lcdp
3
+26.59 (C=0.120)

Me0H; IR (KBr) 3500 (OH, CO2H), 1730 (C=C-C=0), 1650 (C=C)

cm-1; 1H NMR (DMSO-d6) 6 7.09 (1 H, dd, J = 10,18 Hz,

C-20H), 5.47 (1 H, d, J = 18 Hz, C-21H), 3.9 (1H, br s,

C-3H), 0.75 (3 H, s, C-18 CH3), 0.92 (3 H, s, C-19 CH3).

Anal. Calcd. for C22H3404: C, 72.89; H, 9.45,

Found: C, 72.71; H, 9.53.

Diethylcarboxymethane phosphonate (83). To a solution

of KoH (3.8 g) in 70% EtOH (15 mL) was added gradually to

triethylphosphonoacetate (15 g, 13.7 mL) at 20-25° under

stirring. After two hours stirring at room temperature the

reaction mixture was vacuum evaporated and the residue was

crystallized from butanone. White broad needles of potassium

diethyl carboxymethane phosphonate (12 gm, 77%), mp 106-108°

was obtained.

A solution of potassium diethylcarboxymethane

phosphonate (5.0 g) in H2O (5.0 mL) was acidified with 10%

HC1 to pH 1.0. This acidified solution was then extracted

with CHC13 (100 x 2 mL). The chloroform extract was washed

twice with H2O and was then dried over Mg504. Evaporation

of solvent (CHC13) under vacuum at 20°, left the residue of

diethylcarboxymehtane phosphonate as an oil; 4.0 gm (70%),

1H NMR (CDC13) 6 11.1 (1 H, s, 000H), 4.2 (4 H, q, J = 6 Hz,

CH2), 3.0 (2 H, d, J = 20 Hz, CH2-P=0) 1.35 (6 H, t, J = 6

Hz, CH3).
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3-[(38,58,143,20E)-3,14-dihydroxy-21-norchol-20(22)-en-

23-one]-1,3-thiazolidine-2-thione (76). To a solution of 84

(0.072 g, 0.2 mmol) in CH3CN (10 mL) was added isopropyl-

ethylamine (Honing base) and the mixture was stirred for 10

min at room temperature. To this solution of

phenylphosphonic dithiazolidine-2-thione (85) (0.22 mmol) in

in CH3CN (5 mL) was added under N2. The mixture was stirred

at room temperature for 3 hours. The solvent (CH3CN) was

then distilled off under vacuum and the residue was

chromatographed (preparative TLC over 5i02 eluent 10%

Me0H-CH2C12). The gel containing yellow band was isolated

and extracted (100 mL x 3) with a mixture of

CH2C12:MeOH:Et0Ac (11111). The extract was filtered

rotaevaportated to get amorphous powder, which was

crystallized with CH2C12-n-Hexane. Yield 0.040 g (44%); mp

186-189°; IR (CHC13) Vmax 3450 (b, OH), 2950 (CH Stet.),

1720 (C=C-C-), 1690 (C=s) cm-I; IH NMR (CDC13) 7.2 (2 H, dd,
0

J = 10,18 Hz, C-22 and C-20H), 4.45 (2 H, t, J = 8 Hz,

CH2-N), 4.15 (1 H, br.s., C-3H), 3.25 (2 H, t, J = 8 Hz,

CH2-5), 0.94 (3 H, s, C-19 CH3), 0.85 (3 H, s, C-18 CH3).

Anal. Calcd. for C25H3603NS2: C, 64.86; H, 7.84.

Found: C, 63.67; H, 7.99.

Phenylphosphonic dithiazolidine-2-thione (85).

Thiazolidine-2-thione (2.7 g, 0.022 mole) was dissolved in

dry THE (10 mL) containing Et3N (4.6 mL) at 0°C. To this

solution at 0°C was added phenylphosphonic dichloride (2.0

g, 1.45 mL, 0.011 mole) dropwise over a period of 5 min.
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The mixture was stirred under N2 at 0°C for 30 min. and then

at 22° for 5 hours. The solvent (CH3CN) was rotaevaporated

and the residue was dissolved in CH2C12 (50 mL). The Ch2C12

solution was washed with H2O (50 mL x 2), dried (Mg504) and

concentrated to give yellow oil which crystallizes with

Et20. Yield = 2.13 g (76%), mp 206-208°, 1H NMR (C0C13)

8.25-7.5 (5 H, m, Ph), 4.2 - 4.7 (4 H, m, CH2-s), 3.45 (4 H,

't, CH2N).

ALTERNATE SYNTHESIS OF 85. To a suspension of NaH (5.0 g,

50% in oil) (twice washed with dry n-Hexane under N2) in dry

THE (20 mL) at 0°C was added a solution of thiazolidine-

2-thione (8.4 g, 0.070 mole) in dry THE (40 mL). The

mixture was allowed to stir at 0° for 30 min. until all the

evaluation of H2 was ceased. To this was added dropwise a

solution of phenylphosphonic dichloride (6.88 g, 5 mL, 0.035

mole) in dry THE (10 mL) under N2 at 0°C. This was allowed

to stir at 0°C for 30 min. then at 22° for 5 hours. The

reaction mixture was passed through a band of celite. Flask

and celite band was washed with Ch2C12 (50 mL x 2). The

total filterate and washings were rotaevaporated to dryness.

The residue was redissolved in CH2C12 (100 mL). The CH2C12

soluton was washed with H2O (50 mL x 2), saturated Nan (100

mL) and dried over MgSO4. The dried CH2C12 solution was

concentrated to 25 mL and then kept in a freezer (0°C). The

precipitated yellow crystals were filtered, washed with Et20

and dried. Yield 5.0 g (82%) mp 206-208°, (spectral data
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are identical to those reported above for 85).

2,3,4,6-Tetra-0-benzyl-a-D-glucopyranosy1-1-0-

trichloracetaimidate (118a) .268a To a stirred suspension of

NaH (0.5 g, 10 mmol) in CH2C12 (25 mL) was added a solution

of 113 (5.4 g, 10 mmol) in CH2C12 (25 mL) at room

temperature. The suspension was stirred for 15 min then

trichloroacetonitrile (3.5 mL) was slowly added. The

resultant mixture was stirred for 2 hr at room temperature

and filtered through celite. Evaporation of the filtrate

gave a crude oil which was purified rapidly via flash

chromatography over silica gel, elution with 15% Et20 -Pet.

ether (30-60°), to yield 5.5 g (76%) of 118a as an oil: IR

(NaC1) 1670 (C=N)1 3325 (NH) cm-11 1H NMR 6 6.5 (1 H, d,

ji)29 = 3.5 Hz, C1'H), 8.6 (1 H, s, -C=NH).

(30,58,148,170)-34(2,3,4,6-Tetra-0-benzyl-0-D-

glucopyranosyl)oxy]-14-hydroxycard-20(22)-enolide (121).

To a stirred mixture of digotoxigenin (0.75 g, 2.0 mmol) and

4A molecular sieves in CH2C12 (80 mL) was added a solution

of 118a (1.8 g, 2.63 mmol) in CH2C12 (20 mL) at -30°C. The

solution was stirred for 10 min after which 8F3Et20 (0.085

g, 0.073 mL, 0.6 mmol) in CH2C12 (1.0 mL) was slowly added.

The resulting solution was allowed to stir at -30°C for 3 hr

and then added to an ice water slurry (200 mL). The

quenched reacton was extracted with CH2C12 (2 x 100 mL).

The combined extract was washed twice with 50 mL portions of

5% aqueous NaHCO3 and once with 100 mL of H20, dried over

Mg504, and concentrated to an oil. This crude oil was
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purified via column chromatography on silica gel (1:10

Et20/CH2C12) to yield 1.16 (65%) of 121 as an amorphous

powder: 1H NMR 6 7.25 (20 H, 5, Ph), 5.85 (1 H, s, C22 H),

4.45 (d, 31,,2' = 7 Hz, C1'H), 4.9 (2 H, qd, J21,21' = 18

Hz, -21,22 = 2 Hz, C21 CH2), 0.85 (3 H, s, C18 CH3), 0.87 (3

H, s, C19 CH3), 4.05 (1 H, bs, C3 H); 13C NMR 6 101.51

(C1'), 84.92 (C5'), 82.25 (C3'), 75.66 (C4'), 69.13 (C6'):

73.86 (C3, genin).

In addition, 0.35 g (20%) a-D-anomer 122 (spectral data

identical to those reported for 122 below) and 0.1 g (0.26

mmol) of digitoxigenin were also recovered.

(38,50,140,178)-3-[(8-0-glucopyranolsyl)oxy]-14-hydroxy-

card-20(22)-enolide (100) (digitoxigenin-B-D-glucoside). In

20 mL of EtOAc was dissolved 0.5 g (0.55 mmol) of 121. The

solution was hydrogenated over 20% Pd/C, freshly prepared by

activating 0.7 g of charcoal with 8.0 mL of 5% PdC12 in 50

mL Me0H. The suspension of Pd/C was added to the solution

of 121 at room temperature and atmospheric pressure. The

theoretical amount of H2 was absorbed in 1 hr. The catalyst

was removed by filtration, washed with Me0H and the solvent

evaporated to afford 0.293 g of crude 100 which was purified

on a short silica gel column (1.5:10 Me0H/Ch2C12) to yield

0.25 g (83.7%) of pure 100. The solid was recrystallized

from EtOH /E20 to afford 100 as white powder: mp 229-233°C

(lit 238-242°C): IR (Ker) 3300 (OH), 2940 (CH), 1730

(a03-unsat. C=0), 1615 (C=C) cm-I; IH NMR (MeOH -d4) 6 0.82
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(3 H, s, C18 CH3), 0.89 (3 H, s, 019 CH3), 4.3 (1 H, d,

JI,,2' = 7.5 Hz, C1'H), 4.04 (1 H, m, C3 H), 4.9 (2 H, qd

321,21' = 18.0 Hz, J21,22 = 2.0 Hz, C21 CH2); UV Vmax (MeOH)

217 nm (log e 4.22), [a]p = -6.30 (C = .300); [M]p = -34.97,

C = -106.5.

Anal. Calcd. for C29H4409.1 H20: C, 62.91; H, 8.18.

Found: C, 62.98; H, 7.95.

2,3,4,6-Tetra-0-benzy1-0-D-glucopyranosyl-1-0-tri-

chloracetimidate ( 1180).268a To a stirred suspension of

anhydrous potassium carbonate (3.0 g, 28 mmol) in CH2C12 (20

mL) was added to a solution of 113 (3.0 g, 5.55 mmol) in

CH2C12 (10 mL) at room temperature. The suspension was

stirred for 20 min then trichloroacetonitrile (3.0 mL) was

slowly added. The resultant mixture was stirred for 5 hr at

room temperature and filtered through celite. Evaporation

of the filterate gave a crude oil which was purified rapidly

via flash chromatography over silica gel (15% Et20-n-hexane)

to yield 2.10 g (55%) of 1183 as an oils IR (NaC1) 1670

(C=N), 3325 (NH) cm-1; 1H NMR 6 5.92 (1 H, d, 31,2 = 7.0 Hz,

C1' H), 8.7 (s, 1H, NH).

(38,50,140,170)-31(2,3,4,6-Tetra-0-benzyl-a-D

glucopyranosyl)oxy]-14-hydroxycard-20(22)-enolide (122)

a. From imidate 1183. To a stirred mixture of digitoxigenin

(1.5 g, 4.0 mmol) and 4A molecular seives in CH2C12 (70 mL)

was added a solution of 1183 (2.1 g, 3.06 mmol) in CH2C12

(20 mL) at -10°C. The solution was stirred for 15 min after
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which TMS-0Tf (0.25 mL, 1.32 mmol) in CH2C12 (2 mL was

slowly added. The resulting solution was allowed to stir at

-10°C for 15 min and at 0°C for an additional 15 min. The

reaction mixture was added to ice H2O (200 mL). The

quenched reaction mixture was extracted with CH2C12 (2 x 100

mL). The combined extract was washed twice with 50 mL por-

tions of 5% aqueous NaHCO3 and once with 100 mL of H20,

dried over Mg504, and concentrated to an oil. The crude oil

was purified by flash chromatography on silica gel (10%

Et20-Ch2C12) to yield 1.03 g 58%) of 122 as amorphous

powder. IH NMR (CDC13): 6 7.25 (20 H, s, Ph), 5.8 (1 H, s,

C22 H), 4.5 (1 H, d, J1',2' = 3.0 Hz, Cl' H), 4.8 (2 H, qd,

321,21' = 18 Hz, J21,22 = 1.5 Hz, C21 CH2), 0.82 (3 H, s,

C18 CH3), 0.9 (3 H, s, C19 CH3), 2.65 (1 H, d, J = 8 Hz, C17

H); 13C NMR 6 95.01 (Cl'), 81.96 (C3') 80.49 (02'), 78.18

(C5'), 75.57 (04'), 68.95 (C6'), 70.54 (03).

In addition 0.32 g (19%) of 8-0 anomer 121 (spectral

data were identical to those reported for 121 above) and

digitoxigenin, (0.12 g, 0.3 mmol) were also recovered.

b. By halide ion catalysis from bromide 116. In 40 ml

of CH2C12 saturated with HBr was dissolved 0.69 g (1 mmol)

of 1-0-(p-nitrobenzoy1)-2,3,4,6-tetra-0-benzyl-a-D-

glucopyranose. 272 As previously reported273, the solution

was kept at room temperature for 2.5 h, the precipitated p-

nitrobenzoic acid removed by filtration, and the solvent

evaporated to afford 0.63 g of 2,3,4,6-tetra-0-benzyl-a-
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D-glycopyranosyl bromide (116) as a light yellow oil. The

product was then dissolved in CH2C12 along with 210 mg (1

mmol) of tetraethylammonium bromide, 129 mg (1 mmol) of

diisopropylethylamine and 374 mg (1 mmol) or 187 mg (0.5

mmol) of digitoxigenin. The solution was then stirred at

20°, 40°, or 60° (in a sealed tube) for periods of up to 14

days (see Table 10). The reaction mixture was poured into a

mixture of 1336 mg (8 mmol) of silver acetate, 240 mg (4

mmol) of acetic acid, and 204 mg (2 mmol) of acetic

anhydride, and stirred in the dark for 1 h. The silver

salts were filtered, washed with CH2C12, and the combined

CH2C12 solutions washed twice with 5 ml of water, and the

water layer back-extracted twice with 5 ml of CH2C12. The

combined CH2C12 extracts were dried over K2CO3, and solvent

evaporated. To the residue was added 20 ml of dry benzene,

and the solvent evaporated. The benzene addition was

repeated twice to remove acetic acid. The resulting crude

mixture was separated using flash chromatography (119 Me0H

and Ch2C12 followed by 3:10'87 Me0H, CH2CN, and CH2C12) to

afford ce-D 122 B-D 121, and recovered digitoxigenin in iso-

lated yields shown in Table 10.

Diphenylacetic acid (60 g, 0.28 mole) was refluxed at

80° in an oil bath with freshly distilled thionyl chloride

(45 ml) for 3 h. The excess thionyl chloride was distilled

off and the resulting deep yellow solution was co-distilled

with toluene (100 ml x 3) to remove traces of thionyl
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chloride. The resulting oil was dissolved in dry Et20 (150

ml) and the solution was added dropwise into a mixture of

p-toludine (32.5 g, 0.304 mole) and collidine (42.5 ml) in

dry Et20 (150 ml) at room temperature for 24 hours then

filtered. The precipitate was washed thoroughly with Et20.

The filtrate was extrated with 10% dil Hcl (50 ml x 2) and

then with H2O (100 ml x 2). The ether extract was washed

with saturated sodium chloride solution (25 ml) and then

dried (M004) and evaporated to dryness. The residue and

the precipitate was digested with hot EtOAc (200 ml x 2).

The insoluble collidine Hcl was diltered off and the

filtrate was rotaevaporated to get crude N- (p- tolyl)- diphenyl

acetamide. This was recrystallized with Me0H to get white

needles. Yield 65 gm (76%) mp 180-181° (111.274 177- 181 °);

1H NMR (CDC13 7.2 (14 H, m, Ph's), 5.0 (1 H, s, CH-Ph),

2.25(3 H, s, CH3).

Anal. Calcd. for C21H19NO: C, 83.69; H, 6.36.

Found: C, 83.73; H, 6.39.

The N- (p- tolyl)- diphenyl acetamide (20 mg 0.066 mole)

was dissolved in dry pyridine (600 ml) by stirring at room

temperature for 10 min. To this powdered P205 (52 gm) was

then added followed by Flurosil (100 gm) (dried at 200C° for

2 days). After the addition of dry pyridine (400 ml), the

mixture was stirred at 80° for 10 h. Then the reaction

mixture was cooled and the resulting reddish solution was

filtered and the ppt was washed with dry pyridine (50 ml).
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The filtrate and washings were evaporated at 50-60° under

vacuum. The residue was dissolved in dry Et20 (200 ml) by

warming and then filtered. The precipitate was washed with

dry Et20 (10 ml x 3). The ethereal solution was evaporated

to dryness. To the residue was added hot dry petroleum

ether (bp 30-60u) (200 ml). The clear solution was

refrigerated to get yellow needles. Yield 15-9 gm (82%),

mp. 80-81 (111.254 82-84°) IR (KBr) Vmax 2000 cm-1 (C=C=N-);

1H NMR (CDC13) 7.25 (14 H, m, Phs), 82.3 (3 H, s, CH3).

Anal. Calcd. for C2IH17Ns C, 89.01%; H, 6.04;

Found: C, 89.10; H, 5.91.

Diphenylketene-p-tolylimine was prepared following the

method of Stevens and Singhal274 with little modification.

2,3,4,6-Tetra-0-benzy1-0-0-glucopyranosyl-1-0-diphenyl-

ketene-p-tlylimidate 117.268a To a stirred suspension of NaH

(4.8 g, 0.2 mmol) in CH2C12 (10 mL) was added a solution of

113 (2.7 g, 5 mmol) in CH2C12 (25 mL) at room temperature.

The suspension was stirred for 20 min then a solution of

diphenylketene-p-tolylimine (1.4 g, 5 mmol) in CH2C12 (10

mL) was slowly added. The mixture was stirred for 35 h at

room temperature and filtered through celite. Evaporation of

filtrate gave an orange-brown oil which was purified on a

short basic alumina column (1t20 EtOAc /n- hexane) to yield

3.0 g (73%) of 117 as a yellow oil, IR (NaCl) 1670 (C=N)

cm-1; 1H NMR 66.11 (1 H, d, 31,2 = 7 Hz, Cl'H), 5.2 (1 H, s,

Ph2-CH-).
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(36,50,146,170)-3-[(2,3,4,6-Tetra-0-benzyl-a-0-glyco-

pyranosyl)oxy]-14-hydroxycard-20(22)-enolide (122) from toly-

limidate 117. To a well stirred mixture of digitoxigenin

(0.25 g, 0.66 mmol), 44 molecular sieves and pyridinium-p-

toluene sulfonate (0.17 g, 0.66 mmol) in CH2C12 (50 mL) at

room temperature was added 117 (0.825 g, 1 mmol) in CH2C12

(20 mL). The resultant mixture was stirred for 96 hr at

room temperature, and the solvent was evaporated to dryness.

The residue was dissolved in Et20, filtered and the filtrate

was washed with 100 mL of saturated aqueous NaC1, dried and

evaporated to an oil. The crude oil was purified via flash

chromatography on silica gel (10% Et20-CH2C12) to yield 0.11

g (18.36%) of 122. The spectral data were identical to

those reported for 122 above.

In addition, 13 mg (2.16%) of 8-D-anomer 121 (spectral

data identical to those reported for 121 above) and 0.16 g

of digitoxigenin were also recovered.

[(30,50,140,170)-3-(a-D-glucopyranosyl)oxy]-14-

hydroxycard-20(22)-enolide (103). In 10 mL of EtOAc was

dissolved 0.1 g (0.11 mmol) of 122. The solution was hydro-

genated over 20% Pd/C (freshly prepared by activating 0.2 g

charcoal with 2.3 mL 5% PdC12 in 25 mL Me0H). The activated

charcoal was transferred with 50 mL Me0H to the solution of

122 at room temperature and atmospheric pressure. The

theoretical amount of H2 was absorbed in 45 min. The cata-

lyst was removed by filtration, washed with Me0H and the
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solvent evaporated to afford 68 mg of crude 103, which was

purified on short silica gel column (1.5:10 Me0H/CH2C12) to

yield 55 mg (84%) of pure 103. The solid was recrystallized

from Me0H/Et20 to afford 103 as white powder: mp 230-233',

IR (KBr) 3300 (OH), 2945 (CH), 1750 (a,13-unsat. C=0), 1615

(C=C) cm-1; 1H NMR (MeOH -d4: d 0.98 (6 H, s, C18 and C19

CH3), 4.13 (1 H, d, 31'2, = 3.5 Hz, Cl'H), 5.0 2 H, qd,

321 ,21.= 18 Hz, 321,22 = 1.5 Hz, C21 CH2), UV Amax (Me0H)

217 nM (log e 4.18); LJD (Me0H) + 40.33 (c = .300); [MiD =

+233.72, C = 162.19.

Anal. Calcd. for C29H4409 1H20: C, 62.91; H, 8.18.

Found: C, 63.09; H, 8.24.

2,3,4,6-Tetra-0-benzyl-a,0-L-glucopyranose (126).

Methyl-a-B-L-glucopyranose 124 was prepared from L-glucopy-

ranose (123) (5.0 g, 0.027 mmol) following the method of

Levene and Muskat226 as a white crystalline solid, mp

106-107°, 1H NMR (MeOH -d4) d 4.25 (1 H, d, 31,2 = 8 Hz,

Cl'H), 3.51 (3 H, s, C1' OMe).

Anal. Calcd. for C7H1406: C, 43.30, H, 7.27.

Found: C, 43.19; H, 7.44.

The methyl a,B-L-glucopyranoside was benzylated

following the method of Iwashige and Saeki228 using

NaH/benzyl chloride /DMSO at room temperature for 20 h.

After usual work up the crude 125 was purified by column

chromatography on silica gel (1:10 Et0Ac-C6H6). The pure

125 was hydrolyzed with 80% HOAc-2N HC1 at 90°C for 10 h.
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Recrystallization of crude 126 from Me0H gave 9.8 g (65%

overall) of 126 as a white crystalline solid; mp 154-156°C

(mixed anomers), 1H NMR: 6 7.2 (20 H, s, 4 Ph), 5.1 (1 H, d,

31',2' = 4 Hz, Cl'H), 1.6 (1 H, s, C1' OH).

Anal. Calcd. for C34H3606: C, 75.63; H, 6.71.

Found: C, 75.72; H, 6.60.

2,3,4,6-Tetra-0-benzyl-a-L-glucopyranosy1-1-0-trichloro-

acetimidate (127a). To a stirred suspension of NaH 90.5 g, 10

mmol) and 126 (5.4 g, 10 mmol) in CH2C12 (50 mL) was added

trichloroacetonitrile (3.5 mL) over a period of 5 min. The

resultant mixture was stirred for 2 hr at room temperature

and filtered through celite. Evaporation of filtrate gave a

crude oil which was purified rapidly via flash chromatography,

over silica gel (15% Et20-n-hexane) to afford 127a as a homo-

genous oil, 5.8 g (85%): IR (NaC1) 1670 (C=N), 3325 (NH)

cm-1; 1H NMR 6 6.5 (1 H, d, 31,,2' = 3.5 Hz, Cl'H), 8.67 (1

H, s, -C=NH).

(30,58,148,170)-3-6-L-glucoyranosyl)oxyl-14-hydroxy-

card-20(22)-enolide (129). To a stirred mixture of 127a

(1.8 g, 2.63 mmol), digitoxigenin (0.75 g, 2.0 mmol) and ca.

4A molecular sieves in CH2C12 (100 mL) at -30°C, a solution

of 8F3.Et20 (85 mg, 0.073 mL, 0.6 mmol) in CH2C12 (1.0 mL)

was added slowly. The resultant solution was allowed to

stir at -30°C for 3 h and then added to ice H2O (200 mL).

The quenched reaction was extracted with CH2C12 (2 x 100

mL). The combined ext ract was washed twice with 50% aqueous
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NaHCO3 and once with 100 mL of H20, dried over MgSO4 and

evaporated to an oil. The crude oil was purified via flash

chromatography CH2C12, 5% Et20-CH2C12, 7.5% Et20-CH2C12) to

yield 1.10 g (61.2%) of 129 as an amorphous powder: 1H NMR

6 7.25 (20 H, s, Ph), 5.85 (1 H, s, C22 H), 4.8 (qd, -121,21'

= 17 Hz, -21,22 = 2.0 Hz, 2 H, C21 CH2), 4.02 (d, J = 8 Hz,

1 H, C-3 H), 2.72 (d, J = 7 Hz, 1 H, C17 H), 0.82 (s, 3 H,

C18 CH3), 0.9 (s, 3 H, C19 CH3); I3C NMR 6 101.63 (C1'),

69.25 (06'), 73.99 (C3).

In addition, 0.34 g (19.26%) of a-L-amoner 130 (spectral

data identical to those reported for 130 below) and 1.11 g of

digitoxigenin were also recovered.

(30,50,140,170)-3-6-L-glucopyranosyl)oxy]-14-hydroxy-

card-20(22)-enolide (104). In 40 mL of EtOAc was dissolved 1.0

g (0.11 mmol) of 129. The solution was hydrogenated over 40%

Pd/C (freshly prepared by activating 1.4 g charcoal with 32

mL of 5% PdC12 in 100 mL Me0H). The activated charcoal was

transferred with 100 mL Me0H to the solution of 129 at room

temperature and atmospheric pressure. The theoretical amount

of H2 was absorbed in 2 h. The catalyst was removed by

filtration, washed with Me0H and the solvent was evaporated

to afford 0.61 g of 104 which was purified by a short silica

gel column (1.5:10 Me0H/CH2C12) to yield 0.523 g (87.5%) of

pure 104. The solid was recrystallized from EtOH /E20 to

afford 104 as white flakes: mp 234-235°C; IR (KBr) 3360

(OH), 1745 (a,0 C=0), 1020 (0=0); IH NMR (Me0H-d4) 6 5.82 (1
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H, 5, Cli H), 4.95 (2 H, qd 321,21' = 18 Hz, J21,22 = 2 Hz,

C-21 CH2), 4.75 (s, OH) 4.0 (1 H, d, = 8 Hz, C-1'11),

2.8 (d, J = 8 Hz, C-17 H), 0.9 (s, 3 H, C18 CH3), 0.98 (s, 3

H, C19 CH3); UV Amax (MeOH) 217 nm (log c 4.21); [a]Dcl=

r lo
+16.33 (c = .300); DUD'. +90.66, C = +19.07.

Anal. Calcd. for C29H4409.1H20: C, 62.91; H, 8.18.

Found: C, 62.07; H, 8.01.

2,3,4,6-Tetra-0-benzy1-0-L-glucopyranosyl-1-0-trichloro-

acetimidate (127$). To a stirred suspension of anhydrous

potassium carbonate (3.0 g, 28 mmol) in CH2C12 (20 mL) was

added to a solution of 126 (3.0 g, 5.55 mmol) in CH2C12 (10

mL) at room temperature. The suspension was stirred for 30

min, then trichloroacetonitrile (3.0 mL) was slowly added.

The resultant mixture was stirred for six hr at room tem-

perature and filtered through celite. Evaporation of

filtrate gave a crude oil which was purified rapidly via

flash chromatography over silica gel (15% Et20-n-hexane) to

yield 2.18 g (56%) of 1278 as an oil: IR (NaC1) 1672 (C=N),

3325 (NH) cm-1; 1H NMR1 d 6.10 (1 H, d, 31,2 = 7.5 Hz), 8.68

(1 H, 5, NH).

(30,50,140,170)-34(2,3,4,6-Tetra-0-benzyl-a-L-glucopy-

ranosyl)oxy]-14-hydroxycard-20(22)-enolide (130). To a stirred
0

mixture of digitoxigenin (1.5 g, 4.0 mmol) and 4A molecular

seives in CH2C12 (70 mL) was added a solution of 1278 (2.1 g,

3.06 mmol) in CH2C12 (20 mL) at -10°C. The solution was

stirred for 15 min after which TMS-0Tf (0.25 mL, 1.32 mmol)
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in CH2C12 (2 mL) was slowly added. The resulting solution

was allowed to stir at -10°C for 15 min and at 0°C for an

additional 20 min. The reaction mixture was added to

ice-H20-5% aqueous HaHCO3 (1:1, 200 mL). The quenched reac-

tion mixture was extracted with CH2C12 (2 x 100 mL). The

combined extract was washed twice with 50 mL portions of H20,

dried over MgSO4, and concentrated to an oil. The crude oil

was purified by flash chromatography on silica gel (10%

Et20-CH2C12) to yield 0.906 g (51%) of 130 as oil. 1H NMR 6

7.2 (20 H, s, Ph), 5.84 (s, 1 H, C22 H), 4.1 (d, J = 8 Hz, 1

H, C17 H), 4.52 (d, J1,2 = 4 Hz, 1 H, C1'H), 4.9 (2 H, qd

321,21' = 18 Hz, -21,22 = 2.5 Hz, C21 Ch2), 0.8 (s, 3 H, C18

CH3), 0.89 (3 H, s, C19 CH3) 2.72 (d, J = 8 Hz, 1 H, C-17 H),

4.0 (d, J = 8 Hz, 1 H, C3 H); I3C NMR 6 95.13 (C1'), 73.46

(C2'), 81.95 (C3'), 75.48 (C-4'), 70.39 (C6).

In addition, 0.35 g (20%) of 8-D anomer 129 (spectral

data were identical to those reported for 129 above) and

digitoxigenin (0.15 g) were recovered.

2,3,4,6-Tetra-0-benzy1-$-L-glucopyranosyl-1-0-diphenyl-

ketene-p-tolylimidate (128). To a stirred suspension of NaH

(1.2 g, 0.05 mmol) in CH2C12 (10 mL) was added a solution of

126 (1.36 g, 2.5 mmol) in CH2C12 (20 mL) at room temperature.

The suspension was stirred for 20 min then a solution of

diphenylketene-p-tolylimine (1.06 g, 3.75 mmol) in CH2C12 (10

mL) was added. The mixture was stirred for 20 h at room tem-

perature and filtered through celite. Evaporation of
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filtrate gave a reddish brown oil which was purified on a

short basic alumina column (1:20 C6H6/n-hexane) to yield 1.6

g (77%) of pure 128 as a homogenous oil: IR (NaC1) 1672

(C=N) cm-1; 1H NMR d 6.13 (1 H, d, 31',2' = 7.5 Hz C1'H),

5.15 (1 H, s, Ph2-CH-).

(30,50,148,170)-3-[(2,3,4,6-Tetra-0-benzyl-a-L-glucopy-

ranosyl)oxy]-14-hydroxycard-20(22)-enolide (130). (i) Catalysis

with pyridinium-p-toluenesulfonate: A mixture of digitoxige-

nin (0.675 g, 1.8 mmol), 10 ml of molecular sieves (44) and

pyridinium-p-toluene sulfonate (0.5 g, 2.0 mmol) in CH2C12

(30 mL) was stirred at room temperature. After 15 min a

solution of 128 (1.6 g, 1.0 mmol) was added in CH2C12 (10 mL)

dropwise and the mixture was stirred for 96 h. The reaction

mixture was diluted with Ti20 (100 ml), washed with 100 mL of

50% aqueous NaC1, dried and evaporated to an oil. The crude

oil was purified via flash chromatography on silica gel (10%

Et20-CH2C12) to yield 0.257 g (15.6%) of 130 as amorphous

powder. The spectral data were identical to those reported

for 130 above.

In addition, 0.3 g of digitoxigenin was also recovered.

(ii) Catalysis by zinc triflate: To a well stirred

mixture of digitoxigenin (0.75 g, 2.0 mmol), 4A molecular

sieves and zinc triflate (1.1 g, 3.0 mmol) in CH2C12 (80 mL)

at 0°C was added 128 (2.4 g, 3.0 mmol) in CH2C12 (20 mL).

The mixture was stirred for 2 h at 0°C then 15 hr at room

temperature, and neutralized with triethylamine. After
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insoluble materials were removed by filtration, the filtrate

was evaporated and the residue was purified via flash chroma-

tography on silica gel (CH2C12, 5% Et20-CH2C12, 7.5%

Et20-CH2C12) to yield 0.441 g (25%) of 130 as an amorphous

powder.

In addition, 0.7 g (39%) of 0-L-anomer 129 (spectral

data identical to those reported for 129 above) and 0.2 g of

digitoxigenin were also recovered.

Zinc Triflate: This was made essentially by the modification

of Corey's method. 272a Triflic acid (5 ml, 0.056 mol) was

added dropwise to a suspension of zinc carbonate (2.5 g, 0.02

mol) in dry Me0H (20 mL) at room temperature. (During the

addition of the triflic acid a brisk evolution of CO2

occured). The reaction mixture was stirred at 23° for 20 min

and then atreflux for 2 h. The clear solution was cooled to

room temperature adn concentrated under reduced pressure

(5 mm). The resulting white cake was washed (4-5 times) with

petroleum ether (30-60°) (100 ml), then wa dissolved in

a minimum amount of acetonitrile. Et20 (ether) was added

dropwise to this solution until crystallization began. Yield

7.8 gm (80%).

Anal. Calcd. for C2F6S206Zn: C, 6.61

Found: C, 7.09.

(30,50,1413, 17B)-3-[(a-L-glucopyranosyl)ox 0-14-hydroxy-

card-20(22)-enolide (105). In 20 mL of EtOAc was dissolved

0.39 g (0.43 mmol) of 130. The solution was hydrogenated
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over 40% Pd/C (freshly prepared by activating 0.6 g charcoal

with 15.0 mL 5% PdC12 in 50 mL Me0H). The activated charcoal

was transferred with 50 mL Me0H to the solution of 130 at

room temperature and atmospheric pressure. The theoretical

amount of H2 was absorbed in 2 hr. The catalyst was removed

by filtration, washed with Me0H and the solvent was eva-

porated to yield 0.178 g (76.39%) of pure 105. The solid was

recrystallized from EtOH /Et20 to afford 105 as white flakes:

mp 208-211°C; IR (Kai.) 3360 (OH), 1740 (a03 unsatd. C=0),

1020 (C=C) cm-1; IH NMR (MeOH -d4 6 5.82 (1 H, s, C22 H), 4.75

(1 H, s), 4.3 (1 H, d, J1',2' = 4.0 Hz, C1'H), 2.8 (1 H, d, J

= 8 Hz, C17 H), 0.98 (s, 3 H, C19 CH3), 0.9 (s, 3 H, C18

CH3), 4.95 (2 H, qd, 321,21 = 18.0 Hz, 321,22 = 2.0 Hz, C21

CH); UV Amax (MeOH) 217 nm (log e 4.2); ["ID = -24.33 (c =

.300); MD 134.97, C = -206.50.

Anal. Calcd. for C29H4409 1H20: C, 62.91; H, 8.18.

Found: C, 62.94; H, 8.01.

2,3,4,6- Tetra -0- benzyl- a,8 -D- mannopyranose (134)

(Scheme 18) Methyl- a,8 -D- mannopyranoside (132) was prepared

from D-mannose (131) following the method of Levene and

Muskat226 as white crystalline (granular) solid; yield 80%;

mp 188-190°; 1H NMR (D20) 3.85 (3H, s, OMe).

The methyl-D-mannoside (132) was benzylated following

the method of Iwashige and Saeki228 using NaH-benzyl

chloride -DMSO at room temperature for 10 h. After the usual

work up the crude 133 was purified by column chromatography



254

(Si02, 5% EtOAc- C6H6). The pure tetrabenzyl-methyl-D-

mannoside was hydrolyzed232 by 80% HOAc-2N H2504 at 90° for

8 h. After the usual work up 2,3,4,6-tetra-0-benzyl-0-

mannopyranose (134) was obtained as a homogenous oil (60%

overall); 1H NMR (CDC13) 6 7.2 (20 H, m, Ph's), 4.7 (1 H, d,

J = 8 Hz, C-l'H), 4.5 (8 H, d, J = 7 Hz, CH2-Ph).

2,3,4,6-Tetra-0-benzyl-a-D-mannopyranosyl-1-0-

trichloroacetimidate (135a, Scheme 19). To a stirred

suspension of NaH (0.033 g, 1.25 mmol) in CH2C12 (10 mL) was

added a solution of 134 (1.0 g, 1.85 mmol) in CH2C12 (10 mL)

at room temperature. The suspension was stirred for 10 min,

then trichloroacetonitrile (1.0 mL) was added dropwise. The

resultant mixture was stirred for 1 h at room temperature

and then filtered through celite. Evaporation of filterate

gave a crude oil which was used without further purification.

Yield 0.84 g (80%); 1H NMR (CDC13) 6 8.55 (1 H, s, C = NH),

7.25 (20 H, m, Ph's), 6.35 (1 H, d, C-l'H), 4.7 (8 H, m,

CH2Ph).

(30,56,148,178)-31(2,3,4,6-Tetra-0-benzyl-13-0-

mannopyranosyl)oxy]-14-hydroxycard-20(22)-enolide (136).

To a stirred mixture of digitoxigenin (1.6 g, 4.34 mmol) in

CH2C12 (90 mL) was added a solution of 135a (3.864 g, 5.64

mmol) in CH2C12 (20 mL). The mixture was stirred at room

temperature for 10 min and was then cooled to -20°. A

solution of BF3.Et20 (0.10 mL) in CH2C12 (1 mL) was then

added dropwise. The mixture was stirred at -20° for 2 h ana
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then allowed to warm at room temperature (1 h). The

reaction mixture was poured into a mixture of 5% NaHCO3-

ice-cold H2O (200 mL each). The quenched reaction mixture

was extracted with CH2C12 (100 mL x 2). The CH2C12 extract

was washed with H2O (100 mL), dried (MgSO4) and

rotaevaporated to get oil (4.492 g, 87%). The crude oil was

purified via flash chromatography (5102, eluent 7.5%

Et20-CH2C12) to yield 3.2 g (62%) of 136. 1H NMR (CDC13) S

7.3 (20 H, m, Ph's) 5.9 (1 H, s, C-22 H), 4.95 (2 H, dd, H

18, 2 Hz, C-21 H), 4.0 (1 H, brS, C-3 H), 0.98 (3 H, s, C-18

CH3), 0.89 (3 H, s, C-19 CH3); 13C NMR (CDC13), 99.79

(C-1'), 74.18 (0-2'), 77.11 (C-3'), 71.43 (C-4'), 78.22

(C-5').

In addition 0.92 (18%) of a-D-anomer 137 (spectral data

are identical to those reported for 137 below) and

digitoxigenin (0.1 g) were also recovered.

(36,56,140,170)-31(0-D-mannopyranosyl)oxy]-14-

hydroxycard-20(22)-enolide (106). In 250 mL EtOAc was

dissolved 3.0 g (3.285 mmol) of 136. The solution was

hydrogenated over 20% Pd/C, freshly prepared by activating

4.6 g charcoal with 55 mL of 5% PdC12 in Me0H (250 mL). The

activated charcoal was transferred with 300 mL Me0H to the

solution of 137 at room temperature and atmospheric

pressure. The theoretical amount of H2 was absorbed in 2 h.

The catalyst was removed by filtration, washed with Me0H and

then rotaevaporated to afford 1.52 g (78%) of pure 106 after
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purification with short column chromatography (Si020 10%

EtOH- CH2C12); mp. 274-276°(d); Ecti:0- 8.93 (C = 0.0896,

Me0H); UV Amax (Me0H) 217 nm (log e 4.2); IR (KBr) 3490

(OH), 2900 (CH), 1740 (C=C-C=0), 1620 (C=C) cm-1; 1H NMR

(MeOH -d4) 6 5.85 (1 H, s, C-22 H), 5.0 (2 H, dd, J = 18, 2

Hz, C-21 H), 4.15 (1 H, d, J = 3.5 Hz, C-1'H), 0.98 (3 H, 5,

C-18 CH3), 0.89 (3 H, s, C-19 CH3).

Anal. Calcd. for C29H4409.1H20: C, 62.91; H, 8.30.

Founds C, 63.32; H, 8.43.

2,3,4,6-Tetra-O-benzy1-6-D-mannopyranosyl-1-0-tri-

chloroacetimidate (135$). To a stirred suspension of

anhydrous potassium carbonate (3.0 g, 28 mmol) in CH2C12 (10

mL) at room temperature. The suspension was stirred for 30

min at room temperature, then trichloroacetonitrile (3.0 mL)

was added dropwise. The resultant mixture was allowed to

stir at room temperature for 6 h and then filtered through

celite. The filterate was evaporated to give a crude oil.

This crude oil was used without further purification. Yield

3.342 g (65%); 1H NMR (CDC13) 6 8.54 (1 H, s, C=NH), 7.28

(20 H, m, Ph's), 6.38 (1 H, d, J = 3 Hz, C-1'), 4.72 (8 H,

m, CH2Ph).

(36,50,146,176)-3-(2,3,4,6-Tetra-0-benzyl-a-D-

mannopyranosyl)oxy]-14-hydroxycard-20(22)-enolide (137).

To a stirred mixture of digitoxigenin (2.4 g, 7.31 mmol) and

molecular sieves 44 in CH2C12 (70 mL) was added a solution

of 1356 (3.342 g, 4.9 mmol) in CH2C12 (20 mL) at -10°C.
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This resultant mixture was stirred for 10 min after which

TMS -OTf (0.33 mL, 1.6 mmol) was added slowly. The resultant

solution was allowed to stir for 15 min at -10° and then at

0° for 10 min. The reaction mixture was added to a mixture

of 5% NaHCO3 (200 mL) and cold H2O (200 mL). The quenched

reaction mixture was extracted with CH2C12 (100 mL x 2).

The combined extract was washed twice with 100 mL portions

of H2O and then dried (MgSO4). Evaporation of the solvent

gave crude oil (4.998 g, 97%). The crude oil was purified

by flash chromatography (S102, eluent, 7.5% Et20-CH2C12) to

give 3.194 g (62 %) of 137 as a homogenous oil. 11-1 NMR

(CDC13), 6 7.3 (20 H, m, Ph), 5.9 (1 H, s, C-22 H), 4.95 (2

H, dd, J = 18,2 Hz, C-21 H), 3.8 (1 H, brs, C-3 H), 0.95 (3

H, s, C-18 CH3), 0.92 (3 H, s, C-19 CH3); 13C NMR (CDC13) 6

95.79 (C-1'), 72.61 (C-2'), 73.17 (C-3'), 71.53 (C-4'),

75.39 (C-5'), 71.91 (C-3).

In addition, 1.44 g (28%) of 8-0-anomer (136) was also

obtained (spectral data of 136 are identical to those

reported above).

(30,50,140,170)-34(a-D-mannopyranosyl)oxyl-14-

hydroxycard-20(22)-enolide (107). In 200 mL EtOAc was

dissolved 3.0 g (3.285 mmol) of 137. The solution was

hydrogenated over 20% Pd/C, freshly prepared by activating

4.6 g charcoal with 55 mL of 5% PdC12 in 250 mL Me0H. The

activated charcoal was transferred with 300 mL Me0H to the

solution of 137 at room temperature and atmospheric
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pressure. The theoretical amount of H2 was absorbed in 2 h.

The catalyst was removed by filtration, washed with Me0H and

then evaporated to afford 1.39 g (75%) of pure 107 after

purification with short column chromatography (5i02, 10%

I-, 23
EtOH- CH2C12); nip 250-252°; LcilD + 28.57 (C=0.1365, Me0H);

UV Amax (MeOH) 217 nm (log c 4.18); IR (K8r) 3500 (OH), 2945

(CH), 1750 (C=C-C=0), 1615 (C=C) cm-I; 1H NMR (MeOH -d4) 6

5.85 (1 H, s, C-22 H), 5.0 (2 H, dd, J = 18, 2 Hz, C-21H),

4.25 (1 H, d, J = 3.5 Hz, C -1'H), 0.98 (6 H, s, C-18 and

C-19 CH3'S).

Anal. Calcd. for C29H4409: C, 64.92; H, 8.20.

Found: C, 64.85; H, 8.30.

2,3,4,6- Tetra -0- benzyl- a,8 -L- mannopyranose (141)

(Scheme 20). Methyl-L-mannopyranoside (mixed anomers, 139)

was prepared from L-mannopyranoside (138)as a homogenous

oil, following the method of Levene and Muskat.226 IH NMR

(D20) 3.8 (3 H, s, OMe).

Benzylation of 139 using NaH-benzyl chloride-DM50 at

room temperature, following the method of Iwashige and

Saeki228 gave methyl-tetrabenzyl-L-mannopyranoside (140) in

almost quantitative yield. The pure 140 was hydrolyzed232

by 80% HOAc-2N H2SO4 at reflux temperature for 10 h. After

usual work up and chromatographic purification,

2,3,4,6-tetra-0-benzyl-L-mannopyranose (141) was obtained as

r 120
a homogenous oil (90% overall); LaID - 21.14 (0=0.1561,

CHC13); IH NMR (CDC13) 6 7.3 (20 H, m, Ph's), 4.58 (1 H, d,
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J = 3.5 Hz, C -1'H), 4.5 (8 H, d, J = 7 Hz, CH2-Ph).

2,3,4,6-Tetra-0-benzyl-a-L-mannopyranosyl-1-0-tri-

chloroacetimidate (142a) (Scheme 21). To a stirred suspen-

sion of NaH (0.2 g, 5.88 mmol) in CH2C12 (10 mL) was added a

solution of 141 (3.5 g, 6.5 mmol) in CH2C12 (50 mL) at room

temperature. The suspension was stirred for 10 min, then

trichloroacetonitrile (8 mL) was added dropwise. The

resultant mixture was stirred for 1 h, filtered through

celite. Evaporation of the filtrate gave a crude oil 4.05

g (89%), which was used without further purification. 1H

NMR (CDC13) 6 8.5 (1 H, s, C=NH), 7.25 (20 H, m, Ph's), 6.3

(1 H, d, C -1'H), 4.8 (8 H, m, CH2-Ph).

(30,50,140,170)-3-42,3,4,6-Tetra-0-benzy14-L-

mannopyranosyl)ax0-14-hydroxycard-20(22)-enolide (143).

To a stirred solution of digitoxigenin (1.5 g, 4 mmol) in

CH2C12( 100 mL) was added 44 molecular sieve and a solution

of 142a (4.05 g, 5.97 mmol) in CH2C12 (50 mL). The mixture

was stirred at 22° for 10 min then was cooled to -20°. A

solution of BF3.Et20 (0.3 mL in 1 mL CH2C12) was added drop-

wise over a period of 10 min. The reaction mixture was

allowed to stir for 2 h at -20° and then poured in ice H2O

(200 mL). The aqueous layer was extracted with CH2C12 (200

mL x 2). The organic layer was washed with H2O (200 mL), 5%

NaHCO3 (100 mL) and again with H2O (100 mL). The CH2C12

extract was dried (MgSO4) and then rotaevaporated to get

crude oil (5.55 g). The crude oil was purified by flash
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chromatography (5102, 10% Et20-CH2C12) to afford 1.23 g

(61%) of 143 as an homogenous oil. 1H NMR (C0C13), 6 7.2

(20 H, m, Ph's), 5.82 (1 H, brs, C-22 H), 5.0 (2 H, d, J =

18, 1.5 Hz, C-21 H), 4.6 (8 H, m, CH2-Ph), 4.2 ((1 H, brs,

C-1'H), 0.98 (6 H, s, C-18 and C-19 CH3); I3C NMR (CDC13)

99.98 (C-1'), 78.66 (0-2'), 82.69 (0-3'), 75.92 (0-4'),

75.06 (0-5'), 71.43 (0-3).

In addition, 0.525 g (28%) of a-D-anomer (144)

(spectral data of 144 are identical to those reported below)

was also obtained.

(38,58,148,1713)-3-[(0-L-mannopyranosyl)oxy]-14-hydroxy

card-20(22)-enolide (108). In a 50 mL EtOAc was dossolved

0.05 g (0.72 mmol) of 143. The solution was hydrogenated

over 20% Pd/C, freshly prepared by activating 1.0 g charcoal

with 24 mL 5% PdC12 in Me0H (50 mL). The activated charcoal

was transferred with Me0H (30 mL) to the solution of 143 at

ambient temperature and atmospheric pressure. The theoreti-

cal amount of H2 was absorbed in 2 h. The catalyst was

removed by filteration, washed with Me0H and then evaporated

to afford 0.278 g (71%) after purification with short column

chromatography (S102, 7.5% EtOH- CH2C12); mp 249-251u

r 12 0
(EtOH- EtOAc); LaJD +38.16 (c=0.126, Me0H); UV Amax 217 nm

(log c 4.18); IR (KSr) 3500 (OH), 2900 (CH), 1720 (C=C-C=0),

1615 (C=C) cm-1; 1H NMR (MeOH -d4) 6 6.0 (1 H, brs, C-22 H),

5.01 (2 H, d, J = 18, 2 Hz, C-21 H), 4.2 (1 H, brs, C-1'H),

1.01 (3 H, s, C-18 CH3), 0.85 (3 H, s, C-19 CH3).
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Anal. Calcd. for C29H4409.1H20: C, 62.91; H, 8.30.

Found: C, 63.27; H, 8.13.

2,3,4,6-Tetra-0-benzyl-B-L-mannopyranosyl-1-0-tri-

chloroacetimidate (1428) (Scheme 21). To a suspension of

anhydrous K2CO3 (2.0 g) in CH2C12 (10 mL) was added a solu-

tion of 141 (1.8 g, 3.33 mmol) at room temperature. The

mixture was stirred at room temperature for 10 min and then

trichloroacetonitrile (2.0 mL) was added dropwise. The

resultant mixture was stirred for an additional 8 h at 22°

and then filtered through celite. The filtrate was rotaeva-

porated to get homogenous oil. Yield 1.9 g (86%); 1H NMR

(CDC13) 6 8.5 (1 H, s, C=NH), 7.3 (20 H, m, Ph's), 6.35 (1

H, d, J = 2 Hz, C -1'H), 4.7 (8 H, m, CH2-Ph).

(30,58,148,17B)-34(2,3,4,6-Tetra-0-benzyl-a-L-

mannopyranosyl)oxyl-14-hydroxycard-20(22)-enolide (144).

To a stirred solution of digitoxigenin (1.24 g, 3.33 mmol)

in CH2C12 (50 mL) was added 4A molecular sieve and a solu-

tion of 142E (1.9 g, 2.8 mmol) in CH2C12 (20 mL). The mix-

ture was stirred at 22° for 10 min then was cooled to -10°.

TMS -OTf (0.10 mL) was added dropwise over a period of 5 min.

The reaction mixture was allowed to stir for an additional

30 min then was poured in ice-cold H2O (200 mL) containing

50 mL 5% NaHCO3. The organic layer was washed with H2O (100

mL x 2), dried (MgSO4) and rotaevaporated to get crude oil

which was purified by flash chromatography (Si02, 10%

Et20-CH2C12) to afford 0.980 g (59%) of 144 as an homogenous
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oil. 1H NMR (CDC13), 6 7.25 (20 H, m, Ph's), 5.85 (1 H,

brs, C-22 H), 4.9 (2 H, d, 3 = 18, 2 Hz, C-21 H), 4.6 (8 H,

m, CH2-Ph), 4.15 (1 H, brs, C-1'H), 0.95 (6 H, s, C-18 and

C-19 CH3); 13C NMR (CDC13) 95.81 (C-1'), 73.35 (C-2'), 73.02

(0-3'), 71.68 (C-4'), 75.39 (0-5'), 72.11 (C-3).

In addition, 0.58 g (30%) of 8-0-anomer 143 (spectral

data are identical to those reported for 143 above) and

digitoxigenin (0.480 g) were also obtained.

(38,58,140,178)-3-[(a-L-mannopyranosyljoxy]-14-

hydroxycard-20(22)-enolide (109). In a 50 mL EtOAc was

dissolved 0.65 g (0.72 mmol) of 144. The solution was

hydrogenated over 20% Pd /C, freshly prepared by activating

1.0 g charcoal with 24 mL 5% PdC12 in Me0H (50 mL). The

activated charcoal was transferred with 30 mL Me0H to the

solution of 144 at room temperature and atmospheric

pressure. The theoretical amount of H2 was absorbed in 3 h.

The catalyst was removed by filtration, washed with Me0H and

then evaporated to afford 0.284 g (73%) after purification

with short column chromatography (Si02, 7.5% EtOH- CH2C12); mp

r

242-2450; UUD
20
- 33.4 (c=0.096, Me0H); UV Amax 217 nm (log c

4.20); IR (KBr) 3500 (OH), 1730 (C=C-C=0), 1610 (C=0) cm-1;

1H NMR (Me0H-d4) 6 5.82 (1 H, brs, C-22 H), 4.98 (2 H, d,

3 = 18, 1.5 Hz, C-21 H), 4.0 (1 H, brs, C-1'H), 0.95 (3 H,

s, C-18 CH3), 0.89 (3 H, s, C-19 CH3).

Anal. Calcd. for C29H4409. 1H20: CP 62.91; H, 8.30.

Found: C, 61.97; H, 8.43.
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2,3,4-Tri-O-benzyl-a-L-rhammopyranose (147) (Scheme 22).

Methyl-a-L-rhamnopyranoside (145) was prepared from

a-L-rhamnose (22) following the method of Levene and

Muskat,226 as an oil. The methyl-a-L-rhamnopyranoside (145)

was benzylated following the method of Iwashige and Saeki228

using KOH-benzyl chloride-DMF at room temperature for 7 h.

After the usual work up the crude 147 was purified by column

chromatography on silica gel (5% EtOAc in C6H6). The pure

147 was hydrolyzed with 80% HOAc-2N HC1 at 90° for 5 h.

After the usual work up, the oil so obtained was

crystallized by trituration with petroleum Et20 (30-60°).

The crude crystalline solid was recrystallized with

Et20-pet.Et20 to get white needles of 147, yield 85%; mp

89-90°; 1H NMR (CDC13) 6 7.3 (15 H, s, Ph) 5.0 (1 H, d, J =

4 Hz, C-l'H), 4.6 (6 H, m, CH2Ph), 1.3 (3 H, d, J = 6 Hz,

C-5' CH3).

Anal. Calcd. for C27H3005: C, 74.63; H, 6.90; 0, 18.41.

Found: C, 74.80; H, 7.00; 0, 18.50.

3,5-Dinitro-2-pyridy1-2,3,4-tri-0-benzyl-a-L-

rhamnopyranose (148). (Scheme 23). To a stirred mixture of

2,3,4-tri-0-benzyl-a-L-rhamnopyranose (147) (2.2 g, 5 mmol),

anhydrous potassium fluoride (1.0 g), 18-crown-6 ether (2.6

g) and 2,6-lutidine (1.75 mL) in CH2C12 (30 mL) was added

dropwise a solution of 2-chloro-3,5-dinitropyridine (1.22 g,

6.0 mmol) in CH2C12 (10 mL). The resultant deep red solu-

tion was stirred for 30 min at room temperature. The reac-

tion mixture was then rotaevaporated to dryness. The
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residue was dissolved in 1:1 mixture of benzene and CH2C12

and flash chromatographed (Si02, eluent C6 H6-n-_hexane) to

get pure 148 as yellow oil; Yield 2.9 g (90%); IR (CDC13)

1608 (Ph), 1536 and 1340 (NO2) cm-I; IH NMR (CDC13) 6 9.1 (1

H, d, J = 4.5 Hz, pyridine ring H4), 8.9 (1 H, d, J = 4 Hz,

pyridine ring H6), 7.3 (15 H, brs, Ph), 6.5 (1 H, d, J = 3.5

Hz, C-l'H), 4.9 (6 H, m, CH2-Ph).

2,3,4-Tri-0-benzyl-a-L-rhamnopyranosy1-1-0-trichloro-

acetimidate (149a). To a stirred suspension of NaH (0.18 g,

6.25 mmol) in CH2C12 (25 mL) was added a solution of 147

(2.2 g, 5.0 mmol) in CH2C12 (25 mL) at room temperature.

The suspension was stirred for 15 min then trich-

loroacetonitrile (3.0 mL) was slowly added. The resultant

mixture was stirred for 3 h at room temperature and filtered

through celite. Evaporation of the filterate gave a crude

oil which was purified rapidly via flash chromatography over

silica gel, [elution with 15% Et20-Pet.Ether (30-60%)], to

yield 1.735 g (61%) of 149a as an oil. IR (NaC1) 1670

(c.N), 3325 (NH) cm-1; 1H NMR 6 6.24 (1 H, d, J1,2 = 1.3 Hz,

C -1'H), 8.5 (1 H, s, 1.35 (3 H, d, J = 6.8 Hz, C-5'

CH3).

(38,50,140,178)-3-(2,3,4-Tri-0-benzyl-B-L-rhamno-

pyranosyl)oxy]-14-hydroxycard-20(22)-enolide (150).

a. From dinitropyridyl derivative 148. 3,5 Dinitro-2-

pyridy1-2,3,4-tri-O-benzyl-a-L-rhamnopyranose (148, 2.643 g,

4.4 mmol) was dissolved in CH2C12 (30 mL) at room tem-
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perature. To this, a solution of digitoxigenin (1.1 g, 2.94

mmol) in CH2C12 (90 mL) was added slowly. The mixture was

cooled to -40° and then a solution of 8F3.Et20 (0.3 mL) in

CH2C12 (1 mL) was added dropwise. The mixture was allowed

to stir for 20 min then was poured in cold 10% NaHCO3

solution (250 mL). The alkaline aqueous layer was extracted

with CH2C12 (100 mL x 2). The CH2C12 extract was dried

(MgSO4), filtered and then rotaevaporated to get oil (1.635

g, 58.86%). The oil was purified by flash chromatography

(Si02, eluent 5% Et20 in CH2C12) to yield 1.026 g (44%) of

150 as an oil. IH NMR (CDC13), 6 7.25 (15 H, s, Ph's),

5.82 (1 H, brs, C-22 H), 4.85 and 5.1 (3 H, dd, J = 18, 1.5

Hz, C-21 and C-20 H's), 4.65 (6 H, d, J = 9 Hz, CH2-Ph), 3.7

(1 H, m, C-3 H), 1.29 (3 H, d, J = 6 Hz, C-5' CH3), 0.80 and

0.85 (6 H, s, C-18 and C-19 CH3's); I3C NMR (CDC13) 6 100.05

(C-1'), 82.97 (C-3'), 74.16 (C-2'), 74.95 (C-5'), 71.76

(C-4'), 18.13 (C-6' CH3), 72.23 (C-3).

In addition, 0.262 g (11%) of a-L-anomer 151 (spectral

data were identical to those reported for 151 below) and

digitoxigenin (0.25 g, 0.53 mmol) were also recovered.

b. From imidate 149a. To a stirred mixture of digitoxige-

nin (0.85 g, 2.26 mmol) and molecular sieve 4A in CH2C12 (80

mL) was added a solution of 149a (1.7 g, 2.94 mmol) in

CH2C12 (20 mL) at -30 °C. The solution was stirred for 10

min at -30° after which BF3.Et20 (0.096 g, 0.083 mL, 0.67

mmol) in CH2C12 (1.0 mL) was slowly added. The resulting
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solution was allowed to stir at -30°C for 1 h and then added

to ice H2O (200 mL). The quenched reaction was extracted

with CH2C12 (2 x 100 mL). The combined extract was washed

twice with 50 mL portions of 5% aqueous NaHCO3 and once with

100 mL of H20, dried (Mg504) and concentrated to an oil.

This crude oil was purified via flash chromatography on

silica gel (1:10 Et20/CH2C12) to yield 0.713 g (40%) of 150

as amorphous powder. The spectral data were identical to

those reported for 150 above.

In addition, 0.31 g (18%) a-L-amomer 151, (spectral

data identical to those reported for 151 below) and 0.20 g

(0.52 mmol) digitoxigenin were also recovered.

(38,50,148,178)-34(0-L-rhamnopyranosyl)oxy]-14-

hydroxycard-20(22)-enolide (110). In 40 mL of EtOAc was

dissolved 1.73 g (2.12 mmol) of 150. The solution was

hydrogenated over 10% Pd/C, freshly prepared by activating

2.0 g charcoal with 12.0 mL 5% PdC12 in 150 mL Me0H. The

activated charcoal was transferred with 100 mL Me0H to the

solution of 150 at room temperature and atmospheric

pressure. The theoretical amount of H2 was absorbed in 1 h.

The catalyst was removed by filtration, washed with Me0H and

the solvent evaporated to afford 0.905 (77%) of pure 110

after short column chromatography (5102, 10% EtOH- CH2C12);

mp 225-226°; UV Amax (MeOH) 217 nm (log e 4.22); IR (KBr)

3500 (OH), 1720 (C=C-C-0); 1H NMR (MeOH -d4) 6 5.82 (1 H,

brs, C-22 H), 4.9 (2 H, qd 321,21'= 18 Hz, 321,22 = 2 Hz,
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C-21 H's); 4.3 (1 H, d, J1',2' = 3.5 Hz, C -1'H), 4.04 (1 H,

m, C-3 H), 1.25 (3 H, d, J = 6.5 Hz, C-5' CH3), 0.89 (3 H, s,

C-19 CH3), 0.82 (3 H, s, C-18 CH3); Cdr+44.379 (c=0.055,

Me0H).

Anal. Calcd. for C29H4408: C, 66.90; H, 8.52.

Found: C, 66.98; H, 8.78.

2,3,4-Tri-O-benzyl-0-L-rhamnopyranosyl-1-0-trichlor-

acetimidate (1496). To a stirred suspension of anhydrous

potassium carbonate (3.0 g, 28 mmol) in CH2C12 (20 mL) was

added a solution of 147 (2.7 g, 5.55 mmol) in CH2C12 (10 mL)

at room temperature. The suspension was stirred for 20 min

then trichloroacetonitrile (3.0 mL) was slowly added. The

resultant mixture was stirred for 6 h at room temperature

and filtered through celite. Evaporation of the filterate

gave a crude oil which was purified rapidly via flash chro-

matography over silica gel (10% Et20-n-hexane) to yield

1.925 g (61%) of 1496 as an oil. IR (NaCl) 1670 (C=N), 3325

(NH) cm-1; 1H NMR (CDC13) 6 8.50 (1 H, s, C=NH), 6.24 (1 H,

d, J1',2' = 1.3 Hz, C-1'H), 1.35 (3 H, d, J = 6.8 Hz, C-5'

CH3).

(30,50,140,170)-34(2,3,4-tri-0-benzyl-a-L-

rhamnopyranosyl)oxy]-14-hydroxycard-20(22)-enolide (151).

To a stirred mixture of digitoxigenin (0.85 g, 2.27 mmol)

and 4A molecular sieves in CH2C12 (80 mL) was added a solu-

tion of 1498 (1.8 g, 3.0 mmol) in CH2C12 (20 mL) at -10°C.

The solution was stirred for 15 min after which TMS-0Tf (0.3
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mL, 1.4 mmol) in CH2C12 (2 mL) was slowly added. The

resulting solution was allowed to stir at -10° for 15 min

and at 0°C for an additional 15 min. The reaction mixture

was added to ice H2O (200 mL). The quenched reaction mix-

ture was extracted with CH2C12 (2 x 100 mL). The combined

extract was washed twice witn 50 mL portions of 5% aqueous

NaHCO3 and once with 100 mL of H20, dried over Mg504, and

concentrated to an oil The crude oil was purified by flash

chromatography on silica gel (10% Et20-CH2C12) to yield

0.800 g (41%) of 151 as white crystalline

mp.117-119°; 11-1 NMR (C0C13), 6 7.2 (15 H,

solid,

brs, Ph's), 5.8 (1

H, brs, C-22 H), 4.90 (2 H, qd, J = 17.5, 1.3 Hz, C-21 H),

3.85 (1 H, m, C-3 H), 3.6 (1 H, m, C-3'H), 1.23 (3 H, d, J =

6 Hz, C-5' CH3), 0.94 (3 H, s, C-19 CH3), 0.88 (3 H, s, C-18

CH3); 13C NMR (C0013) 6 96.29 (0-1'), 80.94 (C-3'), 72.51

(0-5'), 71.82 (0-4'), 68.38 (C-2'), 18.06 (0-6'), 73.05

(C-3).

Anal. Calcd. for C506208: C, 75.92; H, 7.90.

Found: C, 76.05; H, 7.80.

In addition, 0.085 g (5%) of B -L- anomer 150 (spectral

data were identical to those reported for 150 above) and

digitoxigenin (0.210 g) were also recovered.

(38,58,148,178)-3-[(a-L-rhamnopyranosyl) oxy]-14-

hydroxycard-20(22)-enolide (94). 0.511 g (0.656 mmol) of

151 was hydrogenated using 0.7 g of carbon and 16.0 mL of 5%

PdC12, following the procedure used for 150 above. Yield
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0.248 g (76%); UV Amax (MeOH) 217 nm (log e 4.18); Le
-16.41 (c=0.055, Me0H). Other spectral data are identical

to those reported for 110 above.

Anal. Calcd. for C29H4408: C, 66.90; H, 8.52.

Found: C, 66.83; H, 8.43.
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CHAPTER 6

BIOLOGICAL EXPERIMENTALS
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The experimental procedures described here are per-

formed by Mr. Michael Barone under the supervision of Dr.

Khalil Ahmed at the Veteran Administration Medical Center,

University of Minnesota, Minneapolis.

(i) Animals

Frozen hog (pig) kidneys were obtained from Pel-Freeze

Biologicals, (Rogers, AR).

(ii) Preparation of hog kidney Ne,K+-ATPase

Partially purified hog kidney Na+,K+-ATPase was pre-

pared from the outer medulla of the kidney according to the

procedure of Jorgensen278, as modified by Maryand.101

Frozen tissues (hog kidney) were rapidly thawed while

suspended in sucrose medium used for tissue homogenization.

After removing fat tissues, outer medulla was dissected out

from kidneys and homogenized. The specific activity for

this enzyme was 700-900 pmol of Pi/mg of protein/h, with

over 95% ouabain sensitivity.

(iii) Procedures for Na4",e-ATPase Inhibition Studies

Type I inhibition -- Type I genin binding to

Ne,e-ATPase was achieved by incubating a suitaole amount

of the enzyme with the genins at varying concentrations

(depending on their activity) in the presence of 3 mM MgC12,

3 mM ATP (iris salt), 110 mM NaCI, and 30 mM Tris-HC1

buffer, pH 7.45 (measured at 37wC), for a period of 15 min

to achieve maximal binding of the genin. An appropriate

amount of KC1 was then added to yield a final concentration
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of 10 mM, and the reaction was allowed to proceed an addi-

tional 10 min. Suitable controls in the presence and

absence of genins, with and without added KC1, were

included. Nal",e-ATPase activity was measured as micromoles

of Pi formed per mg of protein per h in the presence of Mg2+

+ Na + + K+ minus that in the presence of Mg2+ + Na l- (33).

IC50 (the concentration required for half-maximal

inhibition) values were determined from the inhibition

curves obtained in the presence of varying concentrations of

genins and were referred to as "Type I" IC50 values. The

amount of enzyme in each assay was adjusted to allow

hydrolysis of less than 10% of the total ATP; control

experiments were carried out to establish that preincubation

of genins with the enzyme for periods longer than 15 min did

not alter the IC50 values in the above and subsequent

assays.

Type II Inhibition--Type II genin binding to

Ne,e-ATPase was achieved by incubating a suitable amount of

the enzyme in a reaction medium consisting of 5 mM MgC12,

0.5 mM Tris-Pi, 50 mM Tris-HC1, pH 7.45 (at 37°C), and

varying concentrations of genins, for a period of 15 min.

At the end of this, a suitable mixture of NaC1 + [y-32P]ATP

+ KC1 was introduced into the reaction while maintaining a

constant concentration of the drug in the final medium.

After this addition, the final concentration of various

reactants with the enzyme was as followss NaC1, 110 mM;
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MgC12, 3 mM; Tris-Pi, 0.3 mM; Tris-HC1, pH 7.45 (at 37°C),

30 mM; 4-32PJATP, 3 mM; and KC1 where present, 10 mM. The

reaction was carried out for an additional period of 2 min,

and measurement of Na+,e-ATPase activity in the presence

and absence of genins was carried out by measuring 32Pi

released as described previously. 101 The IC50 values for

genins obtained by this procedure were refined to as "Type

II" IC50 values.

iv. General Considerations for Enzyme Assays

In all of the above cases, preincubation conditions

employed a temperature of 37°C, the same as for the actual

enzyme activity assays. Genins were added as ethanolic

solutions. Suitable controls were included to establish

that the amount of ethanol added (always less than 20 p1/2.0

ml) did not influence any of the above assays. All

Ne,e-ATPase assays in the presence and absence of drugs,

were carried out during the linear phase of the reaction

with respect to time. For comparison, some assays (in the

presence and absence of digitoxigenin as the representative

genin) were also carried out by using the spectrophotometric

assays for Ne,K+-ATPase. In all these assays the genin was

allowed to bind to tne enzyme under various ligand

conditions and for the same periods of time as described

above to achieve equilibrium binding. Appropriate ligands

were then added to initiate the respective phosphatase
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reaction. After an initial mixing period of 30 sec. (during

which a spectrophotometric reading was not feasible) the

spectrophotometric recording of the reaction rate over a

subsequent period of 30 min remained linear. Thus, if a

shift from true equilibrium binding of the genin to the

enzyme occurred as a result of ligand addition it must be of

a very rapid nature and without progressive change in the

new equilibrium as attested to by the maintenance of linear

rates of reaction (from 30 sec. to 30 min). This would

indicate that IC50 values obtained in the present study

represent values based on apparent equilibrium of the drug

enzyme interaction under given conditions.

IC50 values were derived from plots of a semilogarithmic

relationship between the genin concentrations and the extent

of Na+,10--ATPase inhibition. Each experiment was repeated

at least three times.
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