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rapidly equilibrating l,2-dimethyl-2-benzonorbornenyl cations 
are best pictured as partially bridged carbenium ions with 
charge delocaliztion into the fused benzo ring, wherein the 
related benzonortricyclyl structures are considered only as 
minor contributors. 
Experimental Section 

Materials. 2-Methyl-2-e«<fo-benzonorborneol (10) and 1,2-di-
methyl-2-e«rfo-benzonorborneol (22) were prepared according to the 
procedures reported by Goering et al.4'7 

l-Methyl-2-ejco-chlorobenzonorbornene (11) was prepared by 
chlorination of 10 with concentrated hydrochloric acid at room tem
perature for two hours. The product was extracted with petroleum 
ether (30-60 0C), washed, dried (MgSO4), and distilled: bp 54-56 
0C (0.02 mm); 1H NMR (CDCl3, capillary Me4Si) S 1.70 (s, 2 H), 
2.08 (s, 3 H), 2.60 (m, 2 H), 3.70 (m, 1 H), 4.20 (m, 1 H), and 7.60 
(s, 4 H). 

2-Ethyl-2-e«do-benzonorborneol (14) was prepared from 2-ben-
zonorbornenone with ethylmagnesium bromide in anhydrous ether: 
mp 59-60 0C (pentane). 

Preparation of Carbocations. In general, benzonorbornenyl cations 
were prepared by careful addition of a suspension of appropriate 
benzonorbornenyl precursors in SO2CIF to either FSO3H, FSO3H-
SbFs, or SbF5 solution in SO2CIF at dry ice-acetone temperature (ca. 
—78 0C) with vigorous stirring to give ~10% solutions of the ions. An 
appropriate portion of the resulting solutions were immediately 
transferred to precooled NMR tube for NMR measurement. Details 
are as reported previously.5 

Proton and Carbon-13 NMR Spectroscopy. Both proton and car
bon-13 NMR spectra were obtained as previously reported.5 
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Cardiac glycosides and aglycones have an inotropic effect 
in both the failing heart and isolated cardiac preparations. 
They also are known to inhibit cardiac microsomal N a + / 
K+-ATPase at the same concentration levels. These observa
tions have led to proposals involving a direct casual relationship 
between the enzymic inhibition and the positive inotropic re
sponse.2 Other studies, however, suggest a dissociation of the 
two biological responses.3-5 Several derivatives of digitoxigenin 
(1) were used in the studies showing the dissociated responses. 
However, some conflict concerning the stereochemistry of these 
derivatives (3, 4a, and 4b) has arisen. 
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Figure 1 shows part of the pathway3,6 leading to the three 
digitoxigenin derivatives (3, 4a, and 4b) in question. Ammo-
nolysis of digitoxigenin (1) in 75% aqueous methanol afforded 
two isomeric lactolamides 2a and 2b. Heating 2a to 200 0 C or 
treatment with warm glacial acetic acid caused rapid cycli-
zation to lactam 4a. Similar treatment of lactol-amide 2b gave 
the epimeric lactam 4b. 

The configuration of the E / F rings in isodigitoxigenin (3) 
was first postulated on conformational and steric grounds to 
have a trans-diequatorial junction,7 Figure 2c. The alternate 
trans configuration, Figure 2d, was eliminated on conforma-
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3 ISODIGITOXIGEN1N 4a,b 

Figure 1. Schematical diagram'showing the formation of isodigitoxigenin 
and the corresponding lactam derivatives from digitoxigenin. 

tional grounds requiring a very highly distorted E ring. The 
cis-axial-equatorial, Figure 2b, configuration was eliminated 
on steric grounds involving contact between C(18) and C(22). 
The cis-equatorial-axial, Figure 2a, configuration was not 
considered possible because of short steric contacts involving 
0(21) of the lactone ring and C(15) and C(16). 

Later NMR spectral data did not support the assignment 
of a trans-diequatorial configuration.68 The coupling constant 
J for the C(21) proton was measured to be 4 to 5 Hz. Based on 
these measurements, the cis-equatorial-axial configuration was 
chosen as the most likely configuration.68-9 In addition, the 
lactam derivatives (4a,b) of isodigitoxigenin were found to have 
similar J values for the C(21) proton and were assigned cis-
equatorial-axial and cis-axial-equatorial configurations for 
the major (4a) and minor (4b) products, respectively.6 How
ever, the close proximity of two electronegative atoms com
bined with the same steric arguments made for isodigitoxigenin 
led to an alternate trans-diequatorial and cis-equatorial-axial 
configurational assignment for 4a and 4b, respectively.3'4 

The crystal and molecular structures of derivatives 4a and 
4b have been solved in order to determine their configuration 
and also conformational features which when combined with 
the biological data may provide some insight into the shape of 
the enzyme binding sites. 

Experimental Section 

(20S> and (20R)-3/S,21-Dihydroxy-14|D*,21-oxidonorchoIan-23-oic 
Acid Amides (2a) and (2b). A solution of 6.0 g of digitoxigenin (1) in 
650 ml of absolute methanol was treated with a stream of dry am
monia gas for 1 h at 0 0C and then stirred for 10 days at 27 0C. The 
excess ammonia was displaced by bubbling nitrogen through the so
lution. Evaporation of the solvent under reduced pressure gave a 
crystalline residue which was washed with water, filtered, and dried. 
The water washings were acidified with cold 5% HCl and the resulting 
precipitate was extracted into chloroform. The chloroform extract 
was washed with water, dried (Na2SC>4), and evaporated under re
duced pressure to afford 0.43 g of colorless needles of isodigitoxigenin 
(3), mp 271-273 0C. 

The major crystalline residue separated above was recrystallized 
from methanol to give 2.1 g of 2a, which was further recrystallized 
from methanol to give shiny plates, mp 271-273 0C; [a]20D —5° (c 
1, pyridine); »wK B r 3540, 3420, and 1670 cirr1; NMR (pyridine-J5) 
1.00 (C-19 methyl), 1.26 (C-18 methyl), 3.56 (methanol of solvation), 
4.36 (3a-H), 4.80 (NH2), 5.43 (3/3-OH), 5.76 (C-21-H), 9.08 (C-
21 -OH, H-bonded to carbonyl of amide) ppm. 

Anal. Calcd for C23H37N04-2CH3OH: C, 65.90; H. 9.96. Found: 
C, 66.05; H, 9.77. 

The mother liquor from the above recrystallization was evaporated 
to dryness under reduced pressure, and the resulting residue was 
dissolved in a mixture of 25 ml of methanol and 5 ml of glacial acetic 
acid. The mixture was warmed to 80 0C for 3 min, then kept for 8 h 

a) cis-equatorial-axial b) cis-axial-equatorial 
[20S.21S] [20R.21R] 

C) trans-diequatorial d) trans diaxial 

[20S,21R] [20R.21S1 

Figure 2. The four possible stereoisomers of isodigitoxigenin. 

at 27 °C. Thin-layer chromatography showed the presence of three 
products (I, II, III), none of which corresponded to starting materialor 
2a. With the aid of a fraction collector the mixture was separated by 
column chromatography on 140 g of silica gel (Merck 0.2-0.5 mm) 
using a mixture of 10% benzene, 20% acetone, and 70% anhydrous 
ether as eluent. There was obtained 0.20 g of compound 2b, (fraction 
III) in crystalline form. Recrystallization from methanol afforded 
colorless needles with a double mp 200-203 °C and 263-265 °C; 
[a]20D + 44° (c 1, pyridine): <wK B r 3400, 3250, and 1700 cm"1; 
NMR (pyridine-rfs) 1-00 (C-19 methyl), 1.18 (C-18 methyl), 3.41 
(methanol of solvation), 4.38 (3a-H), 4.83 (C-21-H), 4.86 (NH2), 
5.50 (3/3-OH), 9.55 (C-21-OH, H-bonded to carbonyl of amide) 
ppm. 

Anal. Calcd for C23H37NO4-CH3OH: C, 68.05; H, 9.76. Found: 
C, 68.50; H, 10.04. 

(20S,211?)- and (2Ofl,21S)-30-Hydroxy-14,21-epoxy-
5,8,14/3,20-cardanolactams (4a,b). When amide 2a was heated to 200 
0C, cyclization to lactam 4a occurred. The same result was obtained 
by treatment with warm glacial acetic acid. Recrystallization from 
aqueous methanol gave shiny plates, mp 275-277 0C; [a]20D —19° 
(c 1, pyridine); >wK B r 3521, 3448, and 1681 cm-1; NMR 1.00 (C-18 
and C-19 methyls), 4.16 (3a-H), 5.45 (d, J = 6 Hz, C-21-H), 5.96 
(NH) ppm. The mass spectrum showed M+ 373 corresponding to the 
anhydrous material. 

Anal. Calcd for C23H35NO3-H2O: C, 70.55; H, 9.53; N, 3.58. 
Found: C, 70.94; H, 9.41; N, 3.57. 

Heating amide 2b to 200 °C in the same way or by treatment with 
warm glacial acetic acid resulted in cyclization to lactam 4b. Re
crystallization from methanol-ethyl acetate gave colorless crystals: 
mp 266-268 0C; [a]20D -62° (c 1, pyridine); *wx

KBr 3472, 3367, 
3279, and 1678 cm"1; NMR 0.99 (C-19 methyl), 1.13 (C-18 methyl), 
4.15 (3a-H), 5.3 (C-21-H, d, J = 5 Hz), 6.68 (NH) ppm. 

Anal. Calcd for C23H35NO3: C, 73.96; H, 9.44; N, 3.75. Found: 
C, 73.74; H, 9.61; N, 3.81. 

The acetate of 4a was obtained on treatment with acetic anhydride 
in pyridine solution at 27 0C. The analytical sample crystallized from 
acetone-hexane mp 273-275 0C; [a]20D -39° (c 1, CHCl3); <wKBr 
3367, 1724, 1681, 1258, and 1235 cirr1; NMR 1.00 (C-18 and C-19 
methyls), 2.03 (30-acetate), 5.08 (3a-H), 5.41 (d, J = 6.5 Hz, C-
21-H), 6.41 (NH) ppm. The mass spectrum showed M+ 415. 

Anal. Calcd for C25H37NO4: C, 72.25; H, 8.97; N, 3.37. Found: 
C, 72.75; H, 8.89; N, 3.58. 

The acetate of 4b was obtained on treatment with acetic anhydride 
in pyridine solution. Recrystallization from ethanol gave colorless 
crystals: mp 241-243 0C; [<*]20D -25° (c 1, CHCl3); NMR 0.99 
(C-19 methyl), 1.11 (C-18 methyl), 2.03 (3/3-acetate), 2.50 (multiplet 
C-22 methylene), 5.08 (3a-H), 5.28 (C-21-H, d, J = 5 Hz) 6.80 
ppm. 

Anal. Calcd for C25H37NO4: C, 72.25; H, 8.97; N, 3.37. Found: 
C, 72.28; H, 9.04; N, 3.41. 

X-Ray Crystallography. Using samples of the two stereoisomers, 
(20S,21J?) and (20/?,21), of 30-hydroxy-14,21-epoxy-5j3,14/3,2O-
cardanolactam, intensity data were measured for each using a man
ually operated GE XRD-5 diffractometer to a maximum 20 of 145° 
by the stationary-counter, stationary-crystal technique employing 
balanced Co-Ni filters. The background contribution was subtracted 
from the intensities, and they were converted to structure factor am
plitudes by correcting for Lorentz and polarization factors. The rel
atively small size of crystals and the small absorption coefficients made 
absorption corrections unnecessary. The crystal and intensity data 
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Table I. Crystal and Intensity Measurement Data 

Name 

Molecular formula 
Crystallization solvent 
Crystal size 

(205,21 tf)-3/3-Hydroxy-14,21 -epoxy-5/3,14/3,20- (20/?,21 S)-30-Hydroxy-14,21 -epoxy-
cardanolactam (4a) hydrate 

C2 3H3 4NO3-H2O 
Methanol-water 
Rectangular plate 0.15 X 0.40 X 0.58 mm 

Space group 
Unit cell parameters 

(esd) 

Z 

Pycnometry density, 
Pexpl 

Px-ray 

X-ray radiation 
Wavelength 
Max 20 
Total number of unique data (data 3<r 

above background) 

/>2,2,2, 
a = 11.953(I)A 
b = 23.611 (4) 
c = 7.502(1) 

4 
2117 A3 

1.25 g cm -3 

1.22 
Cu Ka i 
1.5405 A 
140° 
2421(2094) 

5/3,14/3,20-cardanolactam 
C 2 3 H 3 4 NO 3 

Methanol-water 
Rectangular plate 0.08 X 0.38 X 0.67 

mm 
Pl, 
a = 1 1 . 4 7 2 ( I ) A 
6 = 7.7771 (6) 
c= 1 1 . 4 6 3 ( 1 ) 
/3 = 97.71 ( I ) 0 

2 
1014 A 3 

1.22 g c m - 3 

1.22 
Cu Ka, 
1.5405 A 
140° 
2168(1972) 

Table H. (20S,21.K)-3/3-Hydroxy-14,21-epoxy-5/3,14/3,20-cardanolactam Hydrate 
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C ( I T ) 
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e . I U B ( I ) 
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8,B424 
-B,BTSt 
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B,JSJt 
e.ssis 
8. 3549 

e .J«7T(2 
e . 3 * 8 8 ( 2 
B . S T J B I J 
B . 3 X 2 ( 2 
B,3355(1 
I.HlHl 
0,23TiI(I 
e , 2 U t ) ( I 
B,2KTT(I 
2 , 3 1 1 8 ( 1 
8 . 2 2 H I 2 
8 . 1 5 8 9 ( 2 
8 . 1 2 5 8 ( 2 
B 1 U B S ( I 
3 , 1 3 U ( J 
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e , U J T d 

- e . e t i s a 
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fit 
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8,3312 
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8.3T5» 
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8 ,3888 
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8 . 8 8 * 3 ( 3 ) 
B,ee5»(2) 
8 . 8 8 * 8 ( 3 ) 
B.BBtB(S) 
8,88511(2) 
8 . 8 8 5 1 ( 2 ) 
8 , 8 8 5 1 ( 2 ) 
8 , 8 8 1 5 ( 2 ) 
e , 8 8 4 7 ( 2 ) 
8 . B B 5 K 2 ) 
B 1 (BBi (S) 
B,BBSt(J) 
8 . 8 8 5 8 ( 2 ) 
2 . 8 8 4 5 ( 2 ) 
e.ae»i(2) 
8 , 8 2 * 7 ( 3 ) 
8 , 8 8 * 3 ( 3 ) 
8 , 8 8 9 9 ( 4 ) 
B,ee i» (3 ) 
B1BBTl(S) 
8 , 8 8 * 2 ( 3 ) 
8 , 8 8 8 8 ( 3 ) 
2 . 8 8 8 2 ( 3 ) 
e , 8 8 * 9 ( 2 ) 
B,BB93(2) 

, B B t T ( I ) 
, B l I I ( S ) 
. 8 1 3 7 ( 4 ) 

uo 

,5888 
,SBBe 
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H ( I S t ) 
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H t H t ) 
H ( H B ) 
H ( H C ) 
H(28) 
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H ( J J t ) 
H(JJB) 

B33 

8 . 8 1 3 9 ( » ) 
B ,8188(8) 
I 1 I ) I I I I t ) 
B 1 BlBBI* ) 
8 . 8 8 9 6 ( 5 ) 
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8 ,8B9»(5 ) 
B 1 B H l ( B ) 
B,8194(T) 
B,BlBb(S) 
B .B lB I (S ) 
B.BlBB(S) 
B,BlSB(T) 
B , e i 3 3 ( 6 ) 

B . B i i e ( t ) 
8 . 8 2 9 8 ( 5 ) 
B .BIS9IT) 
2 . 8 1 5 9 ( 7 ) 
8 . 8 2 2 7 ( 9 ) 
B . B J H ( 8 ) 
B.B2BB(7! 
8 ,BlTB(S) 
B , B l S l ( 4 ) 
8 .82T7 (7 ) 
B,BJBS(T) 

I / A 

B.3313 
8.2BtB 
8,885* 
8,3BTS 
2.i»e* 
B.J7J5 
B1IJTt 
8,8*32 
8.2844 
8,8995 
B. 81125 
B1ITT* 
2.8895 

•8.eT84 
B.BSB8 
2,1*98 

BI2 

4,888*12) 
9,BBBT(J) 
8.eei«(3) 
i.BBB5(3) 
S.2883(2) 
8.2885(2) 
J,2881(2) 
!,2883(2) 
8.2881(2) 
8.2882(2) 
!.BB(SU) 
8, BBBS(J) 
i,8BBt(J) 
8,8888(2) 
8.8684(2) 
8,BB8«<2) 
8.8885(2) 
8.2818(3) 
8,8888(3) 
B.8BBI(2) 
8.2283(2) 
8,BBB2(J) 
8,BBBS[J) 
B1BBBl(2) 
2,2818(2) 
B1BBBI (1) 
B,BB12(2) 
8.2225(3) 

»/b 

B,1538 
B,1*4» 
8,1239 
8,8832 
8,8423 
B,8448 
8,1*98 
8,1825 
B.I8T* 
B,3*44 
B.29S3 
B,3BtS 
B.B2J2 
B.ISJ) 

•8.BSTJ 
•8,9383 

BlS 

•B.BBttI 8) 
8.88861 9) 
8,88291 8) 
•8.BBBSI 7) 
•I,BBBTt 7) 
•B,BBISI 8) 
•8.8B<2( 8) 
•8.BBlTI T) 
•B.BBJSt T) 
•B,BBBSt T) 
-B1BBTtI 8) 
-B.BBSJt S) 
-B,BBSJC T) 
-B.BBtBt t) 
e,ee84( T) 
8.BBlJt 8) 
•a.BBSBt 8) 
•8.8Bt2C 9) 
2.BBISt 8) 

-B.BBtHt S) 
-8.88251 8) 
•8.8182(18) 
-2.2895(18) 
-B.BBTBt T) 
-B.BBJSt T) 

B, BBBSt S) 
-B,B134( 8) 
-e,eiu( 9) 

Z/C 

B.JT2T 
8,8498 
B, BBTI I 
8,1889 
B1BStT 
B.J9T5 
2 ,6552 
8.624S 
2 ,7832 
B,SSSt 
2 ,5452 
2,6358 
B,SJBt 
B , t i l l 
B,StB* 
2 ,2345 

• 8 . 8 8 8 2 ( 4 ) 
e , e e i 2 ( 4 ) 
B .BBUU) 
B. BBBSU) 

• 8 , 8 8 8 2 ( 3 ) 
e . 8 8 8 5 ( 4 ) 
e , 8 8 8 3 ( 3 ) 

•a,BBBB(S) 
- 8 , 8 8 8 2 ( 3 ) 
- e . 8 2 8 8 ( 3 ) 
-B ,B8B5(1) 
• e , 8 8 1 2 ( 4 ) 
-B,BBB2tS) 
- 8 . 8 8 8 2 ( 3 ) 
- e , 2 8 8 5 ( 3 ) 
- B , B B ) I l U ) 

8 .BBBJU) 
2 , 8 B B J U ) 

- 2 . 8 8 8 9 ( 3 ) 
B. BBBtIt) 
2 . 8 8 8 5 ( 4 ) 
B,BBB5(t) 

- " , S ) I I B U ) 

BISC 

3,SBBB 
s.seae 
3.5282 
3,SBBe 
3,SBBB 
3,SBBB 
S1SBBB 
S1SBBB 
S.SBBB 
S,SBBB 
s.seae 
3,SBBB 
1,Sl(C 
3,SBBB 
3,SBIB 
3.SBBB 

are given in Table I. The crystal structure of each was solved by ap
plication of the automatic structure solutions program M U L T A N . 1 0 

The structure solution for 4a was routine. However, the structure 
solution of 4b was facilitated by the application of the negative quartets 
figure of merit to the multiple solutions. Details of the application of 
this technique to this structure are given elsewhere.1' 

The atomic coordinates and thermal parameters of the nonhydrogen 
atoms in each structure were refined using a full-matrix least-squares 

procedure first with isotropic temperature factors, then anisotropic 
temperature factors. Fixed theoretical positions for hydrogens in each 
structure were calculated and used in the final least-squares cycles. 
A modified Hughes weighting scheme was used during the least-
squares procedures:12 w = a/\F0\ for IF0I > a; w = |F 0 | / a for |F„| 
< a; the value of a was 12.0 for 4a and 18.0 for 4b. The final R = 
( 2 | | F 0 | - | F C | | ) / 2 | F 0 | factors for all data are 0.077 and 0.079 for 
4a and 4b, respectively. The final coordinates and anisotropic tem-
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Table III. (2OR,21 S)-3/3-Hydroxy-14,21 -epoxy-3/3,14/3,20-cardanolactam 
ITOHlC COORDINtTtB (BTtNDtRD DEVItTIONB IKE E U l N IN RtRENTNEBIS) 

THE 'ORH Of THt tMBOTRCRIC THERHtL PtRtHlTER IB E«P 1« (Bl I tHtH • BJZtKtK . BJJtLtL • BlJ.H.K • BlJtHtL •' BJJtK.L)I, 

tTOH z/c BIl IJJ BJJ BlJ B13 BJJ 

C ( I ) 
C(J) 
C(J) 
C ( O 
C(S) 
C(b) 
C(T) 
C(B) 
C O ) 
C( IB) 
C ( I l ) 
CClJ) 
C ( I J ) 
C ( l » ) 
C ( I ! ) 
C ( I t ) 
C ( I T ) 
C ( l » ) 
C d O 
C(JS) 
C ( J ) ) 
C(JJ) 
C(JJ) 
N ( J l ) 
0 ( 1 6 ) 
011«») 
o ( j j ) 

TOH 

H ( I t ) 
H( IB) 
H ( J t ) 
H(JB) 
H ( J t ) 
H U t ) 
H U B ) 
H(SB) 
H ( M ) 
H(6B) 
H ( T t ) 
H(TB) 
H(BB) 
H ( t t ) 
H ( I I t ) 
H ( I l B ) 
H ( I J t ) 

« . T t B b ( J ) 
6.1874(11) 
B 1 H k J ( O 
B . T I t J ( J ) 
B , T l J I ( J ) 
a , t t j t ( t ) 
e , M J T ( J ) 
B 1 HTJf(J) 
B1STJT(J) 
l . t f i t l ) ) 
a , S 5 B J ( » ) 
e , « j t T ( < ) 
B1JJBB(Il) 
e . j s u ( j ) 
e. J U T I H ) 
e . u i i ( « ) 
e . i e e i ( H ) 
e . J I I H U ) 
B . M b I (H) 
B 1 U I K J ) 
e , m T j ( j ) 
a . BSTP(H) 
B ,es i i j ( « ) 
e . B t e t (J) 
B . t j b l (J) 
2 . J T I t ( J ) 
B.BJBIi(Il) 

l / < 

B, TSSt 
B.t8B5 
B.Tje? 
J1 IBHJ 
e . i e e T 
B.tJJT 
e.tir* 
B1TtHb 
a . t j t j 
B . t j e e 
B . H t i t 
e . »JT i 
e . H t a t 
B.StTJ 
B , t i n t 
e . s t e e 
e . i n e 

B 1 I t B B l T ) 
B .MBT(T ) 
e , s t e n t ) 
e . s j s a t t ) 
B 1 J H J t ( O 
B 1 J M t ( T ) 
a . J J B t ( T ) 
e . j J J S ( t ) 
a . J T 7 t ( t ) 
a . J H J K t ) 
B 1 I t T H ( T ) 
a . i i s t ( t > 
B . ITJT(T ) 
B.JtSJ 
a,HSHH(T) 
B 1 H S l K t ) 
a . JSBt(T) 

-B .BJJJ(T) 
B. BHtJ(T) 
e . l t t j ( t ) 
a . J l I T ( T ) 
B , B i l l (B) 

- e . e s H t t o 
e . e t H j ( t ) 
B.SStJ(S) 
e . i t a s i o 

• e . j a e i ( t ) 

T/B 

e . j J t t 
a , j s i t 
a . s j H j 
a , s i t s 
B.TJ57 
B1StBl 
a , t e « e 
a . J B S T 
e .JTBj 
a . i t s t 
B1HtTJ 
a . j t i i 
a . B t T t 
a . H i H j 
B. J J U 
e . e s e i 
B , J t I t 

a . JJTBH) 
a , t i t i t o 
a , j j j t ( H ) 
e , « B i 7 ( » ) 
B1HJJB(J) 
( , H t k T ( H ) 
a . U t B ( J ) 
B 1 J l J T ( J ) 
B . J J t t ( J ) 
B1JeHt(H) 
a , i i t K J ) 
B1BSJJl") 
B 1 I I S S ( J ) 
B, I t S H ( J ) 
B 1 J U t ( H ) 
B 1 U J J ( H ) 
8.BTTT(J) 
B 1 U S T ( H ) 
a . J J B i ( S ) 
a , U T t (H) 
B 1 J t J t ( H ) 
e . i i t s ( H ) 
a ,JHtS(H) 
a . j j t t d ) 
B1HBTJ(J) 
B1JJBB(J) 
P . I k I t ( O 

Z/C 

e . i s i T 
a , J t s i 
a . i t J t 
B 1 IT tB 
a , J i H j 
a , J S J T 
a .Hast 
a .HTja 
a,STss 
a , s j j t 
a , H U B 
a , H t J l 
a , j j j j 
a . u i a 
a . a t i t 
a . u t t 
a , B j s j 

a , a a « t ( j ) 
a . a a s e ( j ) 
B1BBSS(J) 
B1BBHJ(J) 
B1BBHB(J) 
B,BBSt(J) 
. ! ,BeHt(J) 
1!.BBHH(J) 
B1BOHk(S) 
a ,BBHI (J ) 
e . a a t s u ) 
B1BBtT(J) 
e . a e s t ( j ) 
a.BBHH(J) 
e . a a s a t J ) 
B1BBTB(H) 
a . a e t a u ) 
B 1 BBM(J) 
B1BBTt(H) 
B1BBHi(J) 
B1BBJB(J) 
B,BBSl(J) 
B1BBHS(J) 
e . e e j t ( j ) 
e . e e t t u ; 
e . e e n e d ) 
1 , I K l I l ] 

BISO 

J1SBBB 
J.saee 
i . saee 
J1SBBe 
j . s e e e 
j . s a e e 
J , sees: 
j . s e e e 
J1SBBB 
J.seee 
j . s e e e 
j . s e e e 
j . s e e e 
j . s e e e 
J.seee 
j . s e e e 
J .seee 

B 1BtTJI f ) 
e . e i t n i B ) 
e . e i i t i T) 
B 1 B l J K O 
e . a i i T i 7) 
B . a j i K i e ) 
e . e i t j ( t ) 
e . a n e i 7) 
e . e t i a t T) 
e , e i e t ( 7) 
e . e i t t ( i e ) 
e . B J J J ( I i ) 
e . e i s t t e) 
B,Bieb( 7) 
e , e i J T ( t ) 
B1BJBB(IB) 
e . e i t B ( i e ) 
e . e i t K t ) 
B1BBtJt I ) 
e . e i J K i e ) 
e . e i t B ( i e ) 
B . B J t H ( U ) 
B. B J t I ( U ) 
e . e j j t ( t ) 
B 1 B U J t t ) 
B 1 B U S l t ) 
e . e i a t t t ) 

tTO* 

H ( IJb ) 
H ( I S t ) 
H ( I S t ) 
H ( l t t ) 
H( IkB) 
H ( I T t ) 
H ( I B t ) 
H ( I I B ) 
H ( I I C ) 
H ( l t t ) 
H ( I t B ) 
H ( I t C ) 
H(JB) 
H ( J l ) 
H ( J I t ) 
HIJJB) 

B1BBTB(J) 
B1BBkT(J) 
B1BBTk(J) 
e . e e t t ( j ) 
e , e e s « ( J ) 
B1BBSJ(S) 
B1BBSB(J) 
B1BBtS(J) 
B1BBSS(S) 
B 1 CBkI(J) 
B.BBSt(J) 
a . a e s e t J ) 
B1BBHJ(J) 
B.BBOS(S) 
B1BBTS(H) 
B1BeTJ(H) 
e . e e t e u ) 
B1BBtB(H) 
e . e u t ( S ) 
e . e e s t ( j ) 
e . e e t t ( J ) 
e . e e T t ( H ) 
e .ee tH(H) 
B1BBTJ(J) 
B1BBIB(J) 
e . e a t t ( j ) 
B 1 BlS l (H ) 

« / t 

B1H(HB 
e . j t t J 
a , J T I t 
e . i k t j 
e . t s i s 
e . u t s 
B1UlJT 
e . i s t i 
B 1 J l I t 
B1BBU 
B1MTT 
a . T i n 
B . e J t i 
a , H S T 
B. H I T 

• a , B J B J 

- B 1 B B I U t ) 
• e . e e j e i i e ) 
• e . e e j T t 
• e . e e e i ( 
- B 1 B B U I 

t ) 
t ) 
I ) 

- B 1 B B M ( I B ) 
• e . e a j s d e ) 
- B 1 B B l K 
• a . e a t t t 

e . e a e K 

T) 
6) 
I ) 

• a . B B t T ( i e ; 
• e , B B T t ( I l ) 
-B1BBSl( 
- e . e e t K 

e , e e e t ( 

t ) 
8) 
t ) 

t i . e e i e i i j ) 
• e . e e j t ( i e ) 
- B 1 B B T K U ) 

e . e e e J d i ) 
• e . e e J K i e ) 
- e . e e i K t ) 
• e . e e t J d i ) 
- e . e i e e d i ) 
• a . e e t e i 
-B1BBHK 
• e . e e i K 
-B 1 BJtHl 

Y/B' 

B 1 ISb! 
B1SJTt 
B 1SIJJ 
B 1SUB 
B1SIkT 
e . j j t i 

• e . e t s e 
• e . e t e s 
•B.BTTT 

a . e i T t 
- B 1 B B U 
• a . e i e t 

e . i i i s 
B1JSBb 

• B , B t I B 
a . B j t e 

I ) 
T) 
t ) 
t ) 

B1BBHt(S) 
a . e e j J ( S ) 
e . a a u ( s ) 
B 1 BBU(S) 
e . e e a t c s ) 
e . a a a i ( S ) 
B1BBJH(S) 
e . a a j e ( H ) 
B1BBJl(H) 
e . e e j j ( S ) 
e . e e s e t s ) 
B1BBHi(S) 
B1BBW(S) 
e .eeJT(H) 
B 1 B B l H b ) 

- e . e e e i ( t ) 
e . e e e ) ( S ) 
e . e e i t ( t ) 
B 1 BBJJ( I ) 
B1BBBH(S) 
e . e e i t ( S ) 
B1BBIt ( t ) 
e . e e j e i t ) 
e , e e j e ( H ) 
e . e e n ( H ) 
e , e e i t ( j ) 
e . e e i b ( T ) 

z /c 

-B 1 BJtJ 
e . i e j i 
e . j i r t 
B1BSiH 
e . n t e 

-B 1 BlSJ 
e . i T t j 
e . U T i 
B1BHSB 
B,5817 
B1JTTt 
B1JHTI 
e . H t i 
e . Jinn 
e.BTTJ 
B1BTTT 

-a 
e 
e 

• e 
e 
e 

-e 
-e 
•e 

e 
-e 
• e 
• e 

e 
e 
e 
e 

• a 
-e 

B 
e 

•a 
e 
B 
e 
e 
e 

BBSS( I l ) 
a e J J d a ) 
BBH3( t ) 
e e i t t i B ) 
e e J K I ) 
BBBT( I l ) 
BBJT(U) 
a e e t t o 
e e i T ( I ) 
e e e t ( t ) 
e e T i d i j 
B e H i ( I i ) 
e e i t ( t ) 
BBBHl I ) 
BBlB( IB) 
B B b S ( U ! 
a e i l ( I B ) 

. a e t s d i ) 
, e e u ( i J ) 
. B B i B U l ) 
, e e i t d i ) 
.BBSb(IS) 
. e e i e d t ) 
, e e i T t i e j 
. a a a t t o 
,BBJBI Tj 
. e e i s ( i i ) 

BISO 

s.seee 
J1SBBB 
j . s e e e 
j . s e e e 
j . s e e e 
s.seee 
j . s e e e 
j . s e e e 
J.seee 
j . s e e e 
j . s e e e 
j . s e e e 
S1SBBB 
J.seee 
s .seee 
j . s e e e 

perature factors are given in Tables 11 and 111. A list of observed and 
calculated structure factor amplitudes are given in Tables IV and V 
(see Supplementary Material). 

Results and Discussion 
The crystallographically observed molecular structures of 

the two lactam derivatives 4a and 4b are shown in Figure 3 
ORTEP13 drawings. The bond lengths and valence angles 
shown on Figure 4a and 4b are all within the range of values 
found in other steroid molecules of this type (see Supplemen
tary Material). The average estimated standard deviations are 
0.005 and 0.006 A in the bond lengths and 0.2 and 0.3° in the 
bond angles for derivatives 4a and 4b, respectively. Figure 4c 
shows the intra-ring torsion angles. 

Figure 5 shows the configuration of C(20) and C(21) to be 
(205,21;?) for the major lactam derivative (4a) and (20^21S) 
for the minor lactam derivative (4b). These configurations 
correspond to the cis-equatorial-axial and cis-axial-equatorial 
configuration for 4a and 4b, respectively, described earlier for 
the possible structures of isodigitoxigenin (3).!4 Since spectral 
studies indicate that the major lactam derivative and isodigi
toxigenin are configurationally equivalent, isodigitoxigenin 
must also have the cis-equatorial-axial configuration at C(20) 
andC(21). 

The A, B, and C rings in both derivatives all have chair 
conformations, and the corresponding rings in each structure 
are nearly the same despite dissimilar packing environments. 
The D rings in each structure also have very similar C(13) 
a-envelope conformations. The pseudo-rotational parameters15 

A and </>m are 39.8 and -48.7° for 4a and 49.0 and -47.8° for 
4b. 

The E rings in each structure have highly distorted chair 
conformations. Both structures have very large intra-ring 

a) The (20S,21 R) Structure, 4 a 

b) The (2OR,21S) Structure, 4 b 
Figure 3. The ORTEP13 drawings of the major (4a) and minor (4b) lactam 
derivatives. 

torsion angles involving C(13) and relatively small torsion 
angles involving C(20) and C(21). Distortions of this type are 
partially caused by the steric interactions between C(20) and 
C(21) of the E ring and C(15) and C(16) of the D ring. The 
distance between C(20) and C(16) are 2.561 and 2.424 A for 
4a and 4b. The corresponding distances between C(21) and 
C(15) are 3.026 and 2.758 A. 

Rohrer et al. / Structures of Modified Cardenolides 
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H H 

C<21)-»0(14) 

N(JD 
C(20)"»C(17) 

C(13) 

37.7 

C(22) 

[21R] 

C(21>-*0(1<«) 

/ [2OS] \ 
C(16) H 

C(20)-*C(17) 

(b) 
Figure 5. The stereochemistry of 4a and 4b. 

(b) 

Figure 6. Superposition of 4a, 4b, and digitoxigenin (light lines). 

Table VI. Hydrogen Bonds 

Hydrogen bonded 
atoms Distance, A Symmetry operator 

The conformations of the lactam rings are quite different. 
The different intramolecular steric environments acting on 
these rings result in a C(20) envelope conformation in the 
structure of 4a and a C(21), N(21) half-chair conformation 
in 4b. These conformational differences minimize the steric 
interactions in 4a and 4b that were thought to make these 
configurations unlikely. The contact distances between N(21) 
of the lactam ring and C(15) and C(16) are 3.185 and 3.200 
A in 4a. The contact in 4b between C(22) and C( 18) is 3.145 
A and the C(22) to H(18B) contact distance is 2.58 A. 

Comparison of the two lactam structures to the structure 
of digitoxigenin ( I ) 1 6 by superimposing structural drawings, 
Figure 6, of the three molecules shows that the entire steroid 
backbone structures are nearly identical. In addition, the 0(3) 
and 0(14) positions in each structure are also identical. The 
major structural differences occur in the area of the lactam and 
lactone rings. The lactone ring in the structure of digitoxigen 
nearly bisects the angle formed by the two lactam rings; see 
Figure 6b. The positions of the functional oxygen or nitrogen 
in each structure are also quite different. 

The hydrogen bonding in the crystal structure of the major 
derivative 4a is a three-dimensional network involving 0 (3 ) , 
N(21), 0(23) , and the water. Table VI gives the hydrogen 
bond distances. The hydrogen bonding in the crystal structure 
of 4b is much simpler. Table VI also gives the hydrogen bond 
distances in this structure. 

Summary 

(1) The conformation of the steroid backbone and the 0(3) 
and 0(14) positions are not significantly different from digi
toxigenin despite the strain introduced by the formation of the 
E ring. Furthermore, there are no unusually close intmolecular 
nonbonded contacts involving the lactam rings as molecular 
models had suggested. (2) The configurations of C(20) and 
C(21) are 5 and R or cis-equatorial-axial in the major product 
4a while they are R and S or cis-axial-equatorial in the minor 
product 4b. The combination of spectral evidence with this 
structure determination indicates that isodigitoxigenin (3) has 
a (205,21S) or cis-equatorial-axial configuration. 
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tude to Dr. G. T. DeTitta for his help in the application of the 
negative quartets figure of merit to the solution of crystal 

4a crystal structure 
0(3B)-N(21) 3.068 
0(3B)-O(W) 2.711 

0(3B)-O(W) 2.891 

0(23)-0(W) 2.775 
4b crystal structure 

0(3B)-0(23) 2.782 
0(3B)-N(21) 3.060 

V2 + x, V2 - y, -z 
x, y, — 1 + z 

3 
>/2 + x,--y. — z 

- X , - V 2 - T - V , ' / 2 - Z 

+ x, 1 4- y, z 
-x,'/2 + y,l-z 
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W.L.D.) and HL-09578 (to M.E.W.). 

Supplementary Material Available: A listing of observed and cal
culated structure factor amplitudes for (205',21/?)-3/3-hydroxy-
14,21-epoxy-5/3,14/3,20-cardano!actam (4a) hydrate and 
(20R,215)-30-hydroxy-14,21 -epoxy-50,14,3,20-cardanolactam (4b) 
(Tables IV and V) and Figure 4 showing (a) the bond lengths, (b) the 
bond angles, and (c) the intra-ring torsion angles of 4a (top number) 
and 4b (bottom values) (23 pages). Ordering information is given on 
any current masthead page. 

References and Notes 

(1) (a) Medical Foundation of Buffalo; (b) University of California. 
(2) (a) H. R. Besch, J. C. Allen, G. Glick, and A. Schwartz, J. Pharmacol. Exp. 

Ther., 171, 1 (1970). (b) K. Repke, Klin. Wochenschr., 42, 157 (1964). 
(3) B. G. Katzung, J. A. Mufioz, D. Y. S. Shirachi, A. J. Trevor, H. H. Chang, and 

M. E. Wolff, Experientia, 26, 1189 (1970). 
(4) J. N. Davisson, J. A. Mufioz, B. G. Katzung, M. E. Wolff, and A. J. Trevor, 

Proc. West. Pharmacol. Soc, 15, 31 (1972). 
(5) K. S. Lee and W. Klaus, Pharmacol. Rev., 23, 193 (1971). 
(6) J. M. Ferland, Y. Lefebvre, R. Dinoi, and R. Deghenghi, Can. J. Chem., 49, 

2676(1971). 
(7) O. Schindler and T. Reichstein, HeIv. ChIm. Acta, 39, 1876 (1956). 
(8) G. R. Pettit, T. R. Kasturi, J. C. Knight, and J. Occolowitz, J. Org. Chem., 

35, 1404(1970). 
(9) A. F. Krasso, M. Binder, and Ch. Tamm, HeIv. Chim. Acta, 55, 1352 

(1972). 
(10) G. Germain, P. Main, and M. M. Woolfson, Acta Crystallogr., Sect. A, 27, 

368(1971). 
(11) G. T. DeTitta, J. W. Edmonds, D. A. Langs, and H. Hauptman, Acta Crys

tallogr., Sect. A, 31, 472 (1975). 
(12) E. W. Hughes, J. Am. Chem. Soc, 63, 1737 (1941). 
(13) C. K. Johnson, ORTEP, Report ORNL-3794, Oak Ridge National Laboratory, 

Oak Ridge, Tenn., 1970. 
(14) The change to N(21) in the lactam derivatives from 0(21) in isodigitoxigenin 

reverses the configurational notation for C(21). 
(15) C. Altona, J. J. Geise, and C. Romers, Tetrahedron, 24, 13 (1968). 
(16) I. L. Karle and J. Karle, Acta Crystallogr., Sect. B, 25, 434 (1969). 

Journal of the American Chemical Society / 98:20 / September 29, 1976 


