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Four bromoacetylated cardenolides, namely, digitoxigenin 3-bromoacetate (2a), 15a-bromoacetoxydigitoxi- 
geriiii 3-acetate (2b), digoxigenin 3,12-dibromoacetate (Zcj, and Al%nhydrodigitoxigenin 3-bromoacetate (3a), 
were prepared and teited for their ability to inhibit Na- and K-ATPaiefrom guinea pig brain. Three of theze com- 
pounds, 2a, 2b, and 2c, inhibited the enzyme to approximately the Same extent. Compound 3a had significant 
ineverbible activity in spite of the fact that the corresponding 3-acetate (3b) did not appreciably inhibit the 
enzyme in a reversible fashion. 

The naturally occurring cardiotonic steroids have 
long been accepted in medicine for their potent' effects 
on the human heart. Investigat'ions2 into the mode of 
action of these compounds have demonstrated that' 
they act as inhibitors of active ion transport'. More 
specifically, it has been sho1vn3 that this interference 
with ion transport is a result of inhibition of Na+- and 
I< +-dependent ATPase (also called transport ATPase) 
\vhich, by catalyzing the cleavage of ATP to ADP, 
provides the energy required for active ion transport. 

The dephosphorylation of a postulated4 acyl phos- 
phate ester is I<+ dependent and this stage is inhibited 
by the cardiotonic steroid, ouabain.5 This inhibition 
is believed to be a result of displacement of I(+ from 
its attachmentm to the enzyme by t'he steroid in a com- 
petitive-type Portius and Repke7 have 
suggested that' the CO group of the unsaturated lactone, 
characteristic of the cardiac steroids, forms an H bond 
with an OH of the phosphoric acid residue in the postu- 
lated phosphorylated enzyme intermediate. This H 
bonding prevents access of I<+ to the phosphorylated 
enzyme and also permits free rotation of the steroid 
molecule so that its correct) face comes into close rela- 
tionship with the complementary enzyme surface. 
Alternatively, Repltes has proposed that the H bond 
involves a free OH, NH2, or SH group in the enzyme. 
Likewise, Glynng has postulated that, t,he unsat'urated 
lactone ring may interact with SH or other nucleophilic 
groups at the I<+ transport site, although Hoffman'O 
has adduced evidence that these steroids may actually 

(1) This vork  vas supported by a grant from the Michigan Heart As- 
sociation. Taken from the dissertation submitted by J .4.  K.  Cho, in 
partial fulfillment of the requirements for a Master of Science degree, 
Wayne State University, Detroit, Mich., 1970. 

( 2 )  (a) K. S. Lee, D. hl. Yu, D.  I. Lee, and R.  Burstein, J. Pharmacol. 
E z p .  Ther., 132, 139 (1961); (b) W. Klaus, G .  Kuschinsky, and H .  Lullman, 
Naunyn-Schmiedeberos Arch. E x p .  Path. Pharmakol., 242, 480 (1962); (c) 
I. hl. Glynn, Pharmacol. Rev., 16, 381 (1964). 

(3) (a) P .  9. Caldwell and R .  0. Keynes, J. Physiol.,  148, 8 (1959); (b) 
J. D. Judah and K.  Ahmed, J .  Cell. Comp.  Physiol . ,  64, 355 (1964); (c) 
D. E .  Duggan and R .  A I .  Noll, Arch. Biochem., 109, 388 (1965). 

(4) (a) L. E .  Hokin and A. Yoda, Proc. Na t .  Acad.  Sei. Lr. S., 52, 454 
(1964); (b) L .  E. Hokin, P. 9. Sastry, P .  R .  Galsworthy, and A .  Yoda, 
ibid. ,  54, 177 (1965); (c) K. Nagano, T. Kanazawa, N.  Miauno, Y. Tashima, 
T. Nakao, and hl .  Nakao, Biochem. Biophys.  Res. Commun. ,  19, 759 (1965); 
(d) D .  A .  Hems and R .  Rodnight, Biochem. J., 101, 516 (1966): (e) H. 
Bader, A .  K .  Sen, and R .  L. Post, Biochim. Biophys. Acta, 118, 106 (1966); 
( f )  A .  Kahlenberg, P. R .  Galsworthy, and L. E. Hokin, Arch. Biochem. 
Biophys. ,  126, 331 (1968). 

(5) J .  S. Charnock and R.  L. Post, Nature (London) ,  208, 471 (1965). 
(6) (a) L. J. Opit and J. S. Charnock, ibid. ,  199, 910 (1963); (b) J. C. 

(7) H .  J. Portius and K.  Repke, ArzneimA'orsch. ,  14, 1073 (1964). 
(8 )  K. Repke, Proc. Int. Pharmacol. Meet. Bnd, 1963, 77 (1965). 
(9) I .  M. Glynn, J. Physiol . ,  136, 148 (1957). 
(10) J. F. Hoffman, Amer.  J .  Med. ,  41, 666 (1966). 

Skou, Phusiol. Rev., 45, 596 (1965). 

inhibit in an allosteric manner rather than by direct 
competition with K+. 

I n  an effort t o  further elucidate the molecular mecha- 
nism of action of the cardiotonic steroids Kupchan, 
et a l . , "  used the concept of active-site-directed inhibi- 
tion.12 They found that strophanthidin 3-iodoacetate 
and bromoacetate (1, X = I and Br, respectively) are 
both active-site-directed inhibitors of Na- and I<- 

ATPase obtained from guinea pig brain and also ex- 
hibit high cardiotonic activity in the guinea pig atrial 
perparation. 

As part of a study to further define the nature of the 
inter-action between the cardiotonic steroids and Ka- 
and I<-ATPase we have prepared 4 bromoacetylated 
cardenolide derivatives-uiz., digitoxigenin 3-bromo- 
acetate (2a), 15a-bromoacetoxydigitoxigenin 3-acetate 
(2b), digoxigenin 3,12-dibromoacetate (2c), and AI4- 

anhydrodigit oxigenin 3-bromoacetat e (3a)-in order 
to test the ability of each to  irreversibly inhibit Xa- 
and K-ATPase. 

Synthesis.-Digitoxigenin acetate (2d) served as the 
starting material in the synthesis of 150-bromoacetoxy- 
digitoxigenin 3-acetate (2b). Dehydration of 2d to  
give A14-anhydrodigitoxigenin 3-acetate (3b) was ac- 
complished using the procedure of Bach, et ~ 1 . ' ~  Treat- 
ment of 3b  with m-chloroperbenzoic acid gave the 
14,15a-epoxide 4 which was hydrolyzed with HC10dL4 
to yield 15a-hydroxydigitoxigenin 3-acetate (2e). Bro- 
moacetylation of 2e to give 2b was achieved by heating 
with BrCK2COBr in dioxane-pyridine at 70" for 16 hr. 

The placement of the bromoacetyl group at  position 
3 of digitoxigenin (5)  was carried out a t  room temp 
using BrCHzCOBr in dioxane-pyridine. It was found 
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XCH,CO, ivjJ 
3a, X = Br 
b, X = H 

that when the reaction mixture \vas alloned to  stand 
for 1.5 hr, 2a wis the major product, but \\lien the 
reaction time was extended to 3 hr, 3a \\as the predomi- 
nant component of the reaction mixture. 

Wlien digoxigenin (6) was heated in dioxane-pj ridine 
with BrCHzCOBr at 73", 2c was obtained in 56% yield 
after purification 011 a silica gel tlc plate. 
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Biochemical Studies.-The inhibition studies lvere 
carried out using a Sa- and I<-ATPase preparation 
obtained from guinea pig brain. The procedure of 
I<upchan, et al. ,lib for obtaining the preparation was 

followed. The quantity of protein iii the prepnratioii 
was estimated by the method of Lov-ry, et al.,Ij : \ i d  tlir 
activity of the ATPase in both reversible n i i d  irrevcrsi- 
ble inhibition studios \\'as determined by tlic qu:tntity 
of inorganic phosphate liberated from the ATP bub- 
strate follo\ving the procedure used by I<upclinil, ef 
al.,"" for the evaluation of stropliniithidiii 3-haloace- 
tates. 

Table I shows the  effect of the carderiolide derivative\ 

TAULI: I 
Xa- AXII E;-ATPasi: IKHIBITIOS STUUIES 
-P ,c of control activity-- -<,: of enzyme inhibition-. 

P n -  Irre- 
h-0.a 15 aslied \\'aslied Keversil,le x.ersible 

2a 7 . 1  18.9 1 1 , s  81 .1  
2b 13.3 1!J. 6 6 . 3  0 . 4  
2 c 3 . S 15,.5 9 .7  4 . 5  
2d 67.5 100 3 2 . 6  0 . 0 
2e 98.0 104 6 . 0  - 4 . 0  
3a 20.0 2 9 . 7  9 . 7  70.3 
3b 96.6 96.7 0.1 3 . 3 
4 9 3 , 7  108 14 .3  - k . O  
5 t h l .  .) 10,5 31.5 - 5 . 0  
6 .>-. .> h.5, x .i3 , .i 14 .2  

hll iiicubat ion> were (wried oiii  w i th  ii filial c.:irdeiiolide 

-,, - 
'") ', 

CU1I('IL of lo-' .\I, 

on brain Ya- and I<-ATPase. Kit- and I<-ATPase :ic- 
tivity in the preseiice of c:irdeiiolide is expressed as ;i per 
cent of the activity of the control sample incubated ivith- 
out cardenolide. Irreversible inhibition of the Ka- arid 
Ti-ATPase \v:~s derllunstrated by failure to  regain tht 
control activity after washing. The 15 ashirig procedure 
brought the enzyme activity back to that of the control 
when the inhibition \vas of a reversible nature. The 
gain in activity after \vashing i q  the per cent of reversible 
inhibition. The activity riot regained after \vasliing is 
the per cent of irreversible inhibition. 

Discussion 

Digitoxigenin (5 )  and digoxigeiiiii (6) inhibited t h e  
ATPase only before washing and this inhibition vxs 
reversible. This agrees well with the results of Repke 
and Portius16 who showed that digitoxigenin inhibited 
Na- and K-ATPase by 507, at 1.2 X d l .  Digitoxi- 
genin 3-acetate (2d) also showed reversible inhibitioii iri 
our study but less than that seeii with digitoxigenin. 

Both 3b and 4 did not markedly inhibit the enzyme; 
the latter result is consistent n i th  the observation of 
Henderson and Cheii" that  both 14,15-a- arid 14,15-p- 
epoxy derivatives of digitoxigenin are inactive in cardio- 
toxicity studies. The n-eak reversible activity seen iri 
2e corresponds well n i th  the report of Shigei, et al.,18 
that 1.5,-hydroxydigitoxigenin does riot appreciablj. 
alter heart contractility. They have suggested that 
the 15,-OH group may interfere with the stereochem- 
ical arrangement in the vicinity of the C and D rings. 

The bromoacetates 2a, 2b, and 2c all irreversibly iii- 
hibited the transport ATPase preparation to approxi- 
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mately the same extent. Compound 3a was also 
found to be a potent irreversible inhibitor of transport 
ATPase in spite of the fact that 3b (which has very 
weak cardiotonic activityLg) did not appreciably in- 
hibit the enzyme. This is in contrast to the finding of 
Hokin, et al.,"& that  A; 14-dianhydrostrophant hidin 3- 
iodoacetate does not irreversibly inhibit transport 
ATPase whereas strophant hidin 3-iodoacetate does. 

Experimental Sectionz0 
3~-Hydroxy.14,15~-epoxy-5P,14a-eard-20(22)-enolide 3-Ace- 

tate (4).-To 418 mg (1.1 mmoles) of 3b13iii 8.6mlof CHC13was 
added a soln of 535 mg of m-ClCeH4C03H (purity 6SC;i,) in 13 ml 
of C6H6. The reaction mixt was allowed t o  staiid for 27 hr a t  
room temp. CHCI, (42 ml) v a s  added followed by 16 ml of lOc/b 
Sa2S03  soh .  The org layer was sepd and washed with 5x8 
Na2C03 soln and HzO and after drying (r\'a&h) yielded 385 mg of 
residue. Ilecrystii of the residue from lIe2CO-Et20 gave 376 
mg (X45, yield) of 4 as needles: mp 186-18s' (lit.14 inp 220-226" 
from Me2CO-petr ether; liL21 mp 1S7-1!Mo from RleOIT-EtpO); 
nmr 6 0.83 ( 3  H,  s, 1S-CH3; calcdZ2 6 O M ) ,  1.02 (3 H, R ,  19-CHB; 
calcdZ2 6 l.Ol), 2.11 (3 H ,  s, 3-CH3C02), 3.60 (1 H ,  m, I j -CH),  
4.77 (2 H ,  (I, J = 1 cps, 21-CH2), 5.17 i l  H,  m, 3-CH), 5.90 (1 
H ,  q, J = 1 cps, 22-CH); mass spectrim, parent' ion at n / c  
414, a (P - 1120)  peak at  n / c  396, and a (P - HOXc) peak at 
m / e  334. 

15~Hydroxydigitoxigenin 3-Acetate (2e).-This compd was 
prepd from 4 by the procedure described by Okada and Hasmi- 
uma.1* The product was obtaiiied in 655; yield and after re- 

(19) K .  Tokita, C .  Isono, and 1'. KiIJayaslii, S i p p o n  Yakurigaku Zi tsshi ,  
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were recorded with a Tarian .\-60.\ spectrometer in CI>Cls(MeaSi/. I n  
nmr descriptions s = singlet, q = iluartet, m = multiplet. Mass spectra 
were taken on an :1.C.I. RIS-902 instrument using 70 eV with a direct source 
inlet system. Preparative tlc plates (0.75-mm thick), prepared using E. 
Merck silica gel G ,  were activated at  l l O o  for 2 h r  before use. Bands were 
located under uv light and were extd from the plates xitli MeOH-CHCla, 
1 : 1 .  Elemental analyses were performed by  Spang Microanalytical 
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crystn from MeOH-Et,O had mp 260-262" (lit.14 mp 24j-2jS0 
from RlezCO-EtzO; lit.21 mp 247-250' from ~IeOH-Et,O). 

15a-Hydroxydigitoxigenin 3-Acetate 15-Bromoaeetate(2b).-A 
soln of 90 mg (0.2 mmole) of 2e in 3.6 ml of dry dioxane*3 and 
2 drops of pyridine was treated with 2 drops of BrCHzCOBr, 
whereupon a granular ppt formed. The suspension was stirred 
a t  70" for 16 hr. The reaction mixt was dild with 30 ml of HzO, 
and 5% N&03 soln was added to pH 7.  The mixt was then 
concd to  dryness, and the residue was purified by preparative 
tlc on silica gel (plates developed in CHC13-NeOH 10: 1, major 
product had Ri 0.4) to give, after 1 recrystn from JIeOH, 34 mg 
(4770 yield) of 2b. An anal. sample had mp 230-232"; nmr 

CH3COzj, and 3.80 ( 2  H ,  s, 13-BrCHX02). Anal .  (C2,HB7- 
Br07)  C ,  H ,  Br. 

Digitoxigenin 3-Bromoacetate (2a).--A soln of 50 mg of digi- 
toxigeiiiii (5) in 2.5 ml of dry dioxane was treated Xvith 2 drops of 
pyridine followed by 2 drops of BrCH2COBr. The white SIIS- 
pensioii was stirred a t  room temp for 1.5 hr. The reaction mixt 
was dild with 10 ml of H20, and the ppt was filtered off, washed 
with H20J and dried in e'acuo. Prep t l c  of this solid on silica 
gel (plates developed in CHC13-lIeOH, 96:4) gave 2 major 
bands.. The lower band (Xr 0.2) yielded 10mgof startiiigmaterial. 
The higher band (I<f 0.5) gave, after recryah from hIeOH, 38 mg 
(5i:G yield) of 2a, mp 211-21%$. Anal .  (C2aH3iBrOj) C, H .  
A14-Anhydrodigitoxigenin 3-Bromoacetate (%a).-The reac- 

tioii leading to t'his compd was carried oiit as described iii the 
synthesis of 2a except, that  the reaction time was 3 hr. Prep 
t,lc of the crude product on silica gel (plates developed iii CHC13- 
MeOH, 96:4)  gave a major band at  Rf 0.8 which, after recrystn 
from LleOH, gave 41 mg (6:,$; yield) of 3a, nip 193-193"; nmr 
6 0.82 (3 H ,  s, 18-CH3), 1.01 ( 3  H, s, lo-cI&), 3.85 ( 2  H, s, 3- 
BrCHaC02), and 5.27 (1 H, m, 15-CH). Anal .  ( C ~ A H ~ ~ B T O ~ ) ,  
C ,  H, Br. 

Digoxigenin 3J2-Dibromoacetate (2c).--A s o h  of 78 mg of 
digoxigeiiiri (6) in 3.6 ml of dry dioxane was treated with 2 drops 
of pyridine and 2 drops of BrCH2COBr. The white siispension 
was stirred for 4 hr at 75", dild with H&, and adjusted to  pH 7 
with 5:; iYaaC03 solii. The solvents were removed under re- 
duced pressure, and the residue was purified by prep tlc on silica 
gel (plates developed in  CHC13-lIeOH, 10: 1). The major band 
at lZr 0.7 gave, after recrystn from hIeOH-H20, 7 2  mg (56S;yield) 
of 212, nip 213-218". Anal .  (C27H360iBr2) C, H ,  Br. 

6 0.90 (3 H, S, Ifi-CHr), 0.93 (3 H ,  S ,  19-CH3), 2.01 (3 H, S, 3- 
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Yevei a1 (3-amino-2-hydl oxypropovy )acylanilides have been syiithe&ed. In expel imerital animals. they have 
potent p-ndreneigic blocking actions on the myocardium bllt not at Some other *Ites, for example, the peripheral 
blood ves,el,. Of the compound5 tested 4-(2-hydrouy-3-1sopropylaminopropoxy)acetan111de (practolol) was 
-elected for clinical trial on the basit of optimal potency and selectivity 

In extension of our work on 1-amino-3-aryloxy-2- acylamino substituents (RZCOYH) examined have 
propanols reh t  ed to propranolol1 we have prepared included examples of alkanoyl, aroyl, and aralkanoyl 
several :uinlogs in  wliich the aryl residue contains an groups. I n  general the compounds are potent P-adren- 
acylamino substituent. 111 these preliminary studies, ergic b1ocl;ing agents. They differ, however, from 
0111)' relatively minor variations of the substituent (Ri) previously kno\Tn active compounds in that the inhibi- 
011 the propanolamine side chain have been made. The tion of p-adrenergic responses is restricted to  certain 

sites. Thus, the most studied compound of the new (1) Inderal 


