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Abdmet-Tk caIcuIation of chemical shift values by the metbod used in Part I has been extended to a 
derivation of the shielding et&t of the ketonic CO group. Tbe calculations include consideration of both 
the magnetic anisotropy screening and tbe electric Fold scwning effect in this substituent. Using the 
complete series of mowketoandtostanes, tbe values of tbe anisotropies of tbe C==O doubk bond and of K, 
a parameter descriptive of tbe electric screening effect, have been derived for various, coincidental locations 

of the magnetic and electric dipoles along tbe >c-O bond. 
As with tbe C=C double bond, our results necessitate a substantial modification of the conventional 

pictute of the shielding ‘cone’ around the CO group. 
The general validity of these conapts bxs been illustrated by their application to a variety of substances, 

including a selection of diterpenes and their ketonic derivatives. 

PRE~~TXB~NG papers in this series 1-3 have described the derivation of values for the 
magnetic anisotropies of C-C, C-H and C==C bonds and have demonstrated the 
use of these parameters in the prediction of chemical shift differences and their 
potential value for the solution of conformational problems. The extension of these 
ideas to the CO group has been the subject of a preliminary co~uni~tion* and is 
elaborated in this paper. 

In contrast to the C-C, C-H and C=C bonds, it is assumed @tie i&z) that the 
long range screening effect of a CO group includes not only a magnetic anisotropy 
screening term but also an electric field screening effect, which is a consequence of the 
polarization of the CO bond. 

Earlier studies3* 6 using amides as model compounds must be accepted with reserve 
since amides may not necessarily yield anisotropy values which are applicable to the 
CO bond in ketones. Moreover, these studiess*6 involved the use of McConnell’s 
equation’ even though the distaucc between the proton observed and the CO function 
responsible for the shielding was much less than 3 A : this is approximately the distance 
below which McConnell’s equation is no longer considered valid.‘, ‘* 8 In a more 
recent communication9 anisotropy values for the CO group were derived from a 
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consideration of a series of keto-androstanes assuming that the C-H bonds dis- 
placed upon the introduction of the CO group have a small or negligible anisotropy. 
We believe this assumption to be unjustified since the magnetic anisotropy of the 
C-H bond, and therefore its screening effect, has previously been shown’ to be 
significant. Because of these limitations associated with previous derivations we have 
felt it necessary to revaluate the anisotropy of the CO group and have used the complete 
series of keto-androstanes as models. The magnitude of the electric field effect has 
also been investigated. In addition, our calculations include the effect of varying the 
position, within the bond, of the magnetic and electric dipoles. The effect of solvent 
shifts between cyclohexane and deuteriochloroform has also been taken into account. 

Our mathematical approach to this problem, therefore, consists of an evaluation of 
(a) the magnetic anisotropy and (b) the electric field effects The derivation of Eq. (1) 
used for the former has been described.2 

u = l/3 R3[Axy (l-3 cos2 0) + Axp” (l-3 sin20 sin2y)] (1) 

In Eq. (l), Axi (=O is the anisotropy between the axis perpendicular to the nodal plane 
of the II orbitals and the axis in the C+O cr bond direction while Ax2 (=O is the aniso- 
tropy between the axis perpendicular to the Q bond direction in the nodal plane of the 
x orbitals and the axis in the C=O c bond direction. 

The electric screening effect, us, resulting from the (3=0 dipole is given by the 
expression4 

crs = kE, = km[coso(3cos/.?cos~ - cos&] R-’ (2) 

where k is a constant whose theoretical value is not readily assessed. In this work, 
km, has been written as K which has been evaluated from the data by the least squares 
method. The magnitude of m, the electrical dipole moment of the C=O bond has not 
been used in these calculations except in Table 6, where values of k have been esti- 
mated from the values of K. The symbols are defined and the derivation of Eq. (2) is 
outlined in Appendix I. 

The total screening effect of a CO bond on a distant, essentially freely rotating Me 
group is found from the algebraic sum of the effects calculated by Eqs. (1) and (2). 

Our approach, as in previous studies,i4 to the problem of calculating chemical 
shift differences, consists in the algebraic subtraction of the screening contribution of 
the displaced C-H bonds from the screening contribution of the anisotropic group 
introduced. For the CO function, two screening mechanisms, namely a magnetic 
anisotropy and an electric field effect,” must be considered. Since the CO group lacks 
axial symmetry, estimation of the contribution from the magnetic anisotropy must be 
obtained by application of Eq. (1). 

Thus, the net, calculated chemical shift difference (Ac) resulting from the introduc- 
tion of a CO bond, in place of a methylene group, can be written as follows : 

Termli TermZii Term ZZ 

Au = l?x~fWG) + Wi=?-(Whr~) + ~J-(R,MW#J)J 

Term III i Term 111 ii 

- C@“f(bR,) + &?!f(~,R~)I (3) 
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Terms I (i) and (ii) are the screening contributions due to the magnetic anisotropy of 
the CO group [Eq. (l)] ; Term II is the screening contribution from the electric field 
effect of the CO bond [Eq. (2)] and Terms (III) (i) and (ii),* are the contributions due 
to the magnetic anisotropy of the C-H bonds (axial and equatorial) displaced by the 
C=O group. 

The symbols f(R, 0) etc are geometric factors calculated from measurements on 
Dreiding models; for simplicity they may be replaced by a, b, c, d, as in Eq. (4). 

Aa observed (ppm) = [a Ax? + bA#’ + cK] - [dAXCH + WAXY] (4) 

whence 

aAx(P + bAxy + cK = Ao observed @pm) + AXCH(d + e) (5) 

The anisotropy, Alcu, of the C-H bond has previously been determined and the 
value (see note added in proof ref. 2) used in the present work was AX~ = +754 x 
lo- 3o cm3 molecule- l 

The requisite data for the present study were derived as follows: chemical shift 
positions of the C-18 and C-19 Me groups for those keto-androstanes synthesized by 
us (Experimental) were observed in cyclohexane and carbon tetrachloride solution 
(Table 1). Table 2 shows the chemical shift data for these ketones, together with the 

TABLB 1. OBSRVED bornin uwobmfm uxmoN9 mi urrda-amnosrANEi 
(in Hz from TMS at 60 MHz) 

Compound 
c-19 C-18 

Cyclohcxanc CCL CM, CyclOlXxant CCL cm3 

Androatanc 49-4 47.2 474 43.3 
l-one 67.5 67.3 69.8 43.1 
I-one 440 44.3 454 43.6 
3-one 61.3 61.3 61.4 45.1 
4-one 44-6 44.3 45-6 44.3 
6-one 434 43.7 456 43.8 
?-one 63.8 63.5 634 425 

1 l-one 63.0 59.8 61.7 398 
12-axle 53.4 52.4 52.7 58.2 
15-one (Ma) 49-5 486 48.7 461 
M-one (Ma) 51.2 49.5 4% 52.8 
l’l-one (Ma) 505 484 49.5 48.1 

416 
416 
42-O 
437 
42.5 
43.7 
41.5 

58.8 
47.2 
527 
484 

42Q 
42Q 
414 
44.0 
42.6 
434 
42.3 
404 
61.3 
47.7 
52.7 
52.1 

shift values obtained from the literature for the remainder. Since chloroform and 
carbon tetrachloride produce solvent screening effects on protons in oxygenated 
solutes,ll* I2 the chemical shifts taken from literature sources have been suitably 
adjusted to give a value for solutions in cyclohexane. Table 1 clearly indicates, as 
expected, that the solvent shift is largest (45 Hz) when the CO group is adjacent to the 
Me group (5a-androstan-l-one, -12-one and -17sne), but decreases rapidly as the 
ketonic function moves further away from the proton observed. The data in Table 1 
were thus used as the basis for the adjustment of the requisite literature shift values 
measured in chloroform. 

l These take the form of McConnclh original equation Au Q f Axa (l-3 c& 0)/R3. 



TABLE 2.0-W ME SHWl’S UPON IN I WODUCllON OF c=o CMWP IN ANDROSTANE (in H.2 AT 60 hiti) 

(a + sign illdicotcs all upfaci shift - toward!3 TMS) 

c-19 C-18 
Carbonyl po6itbo 

Exampk No Cyclollcxane CCb =, Lit* Example No. Cyclohexane CC& =, Lit.* 

l-o@h) 1 -18Q -20.1 -219 -225 17 +02 00 00 -1Q 
l-o,m(5lv 2 -8.87 -13Q 18 00 00 CI 
2*W) 3 +54 +2*9 +2.5 +14 19 -03 -04 +Ql -05 ?z 
3-owa) 4 -11.9 - 14.2 -13.5 - 14.5 20 - 1.8 -2.1 -2Q -2.5 > 
3-ond5B) 5 - 5.47 -70 21 -2.5 -2.5 4-o=&) 6 +48 + 2.9 + 2.3 +2Q 22 -1Q -09 -06 -1Q 8 

4-oM5l3) 7 -9-6. -12Q 23 00 00 a 

6-ond5a) 8 + 5.5 +3.5 +23 +3Q 24 -05 -2.1 -1.9 -1Q 2 
7-oncJ5a) 9 -144 - 16-3 -160 - 16-5 25 +08 +01 -03 -05 k 

1 l-onc(5a) 10 -136 -12.6 -138 - 130 26 + 3.5 +1.6 +16 +20 
12-onc(5a) 11 -4Q -5.2 -4.8 -6Q 27 -149 - 17.2 - 193 -22.5 
15_one(w 12 -01 -1.4 -03 -06 28 -2.8 -56 -5.7 -4.5 
15om(l4B) 13 +2.5+ +2*5 29 - 9.5. -11.5 
16-o=wa) 14 -1.8 -2.3 - 1.7 30 -95 -11.1 - 1@7 
17*n@bx) 15 -1.1 - 1.7 - 1.5 -1Q 31 -4.8 -7.3 - lo.1 -100 
17~W4B) 16 -IV -1Q 32 -3w -5Q 

l Literature values taken from R. F. Ziirchcr. Hdu. Chim. Acta, 44,2054 (1963). 
t Lit. value corrected for solvent (CLICI,) shift. 
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In our measurements of distances and angles we have assumed that the magnetic 
and electrical dipoles arise at the same point in the CO bond. Since the exact location 
of this point is uncertain4* 9 calculations were carried out for the three cases where the 
point dipoles are placed 1.2 & 09 A and 06 A from the C atom along the direction 
of the C=O bond. Table 3 lists the necessary measurements and the calculated 
geometric factors for the C-H bonds in the keto-androstanes ; Table 4 gives the rele- 
vant data for the anisotropy calculations on the CO group; Table 5 lists measure- 
ments and the calculated geometric factors for the electric field effect of the CO 
group. These Tables were then used to set up 32 equations of the form given in Eq. (5) 
and the best values of Ax?, Axy and K were obtained by the least squares method. 
These values were then substituted into the original equations in the form of Eq. (4) 
and the chemical shift Aa, (Aa androstane -Ao keto-androstane) calculated : the 
results thus obtained were compared with the observed values. 

Initial calculations, which included all the keto-androstanes indicated that the 
effect of the 11-keto-function on the C-19 Me group (example No. 10; see Tables) was 
anomalous: the discrepancy between the observed and calculated shifts for this 
situation was of the order of 20 I-Ix and is to be ascribed to the lack of conformational 
parity between the parent hydrocarbon and the ketone occasioned by the inter- 
ference between the C-l I3 H atom and the 11-keto substituent. The reality of this 
interaction has been elegantly illustrated,” and is further supported by the observa- 
tion14 that the CD curve of Sa-androstan-1 l-one is temperature dependent. 

Example 10 was therefore excluded from the calculations in our derivation of values 
for K, Ax? and Ax!j=o listed in Table 6. 

Substitution of these anisotropies and K values into the original equations then 
fUrnished a comparison of observed and calculated shift values. Tables 7,8 and 9 give 
the results for each of the dipole locations chosen and show the contribution from each 
term of Eq. (3). A plot of observed against calculated shift values (o androstane-a 
keto-androstane) for the case of the dipole located on the 0 atom (1.2 A from the C 
atom) is shown in Fig. 1. Threz points only lie outside f 4 I-Ix range of the theoretical 
line. Several important facts emerge (cf. Tables 7,8 and 9). Thus, within experimental 
error, equally good agreement between observed and calculated values is obtained 
for each of the three locations of the dipole along the C==O bond. However, as the 
position of the magnetic and electric dipoles moves from the centre of the bond 
towards the 0 atom, the value of K decreases. When the dipole is centred on the 0 
ator , K becomes small enough (- 02 x lOjo) to be considered insignificant (cf. 
Table 6). This implies that if the electrical and magnetic dipoles be placed on the 0 
atom, electric field effects may be ignored in our type of calculation. This is further 
illustrated by omitting Term II from Eq. (3) and solving the three sets of 31 equations 
in terms of only two unknowns, namely Axy and Axp”. The anisotropy values 
calculated in this manner are shown in Table 10. 

If these anisotropies be now used to calculate chemical shift differences [Eq. (3) with 
Term II omitted], agreement between observed and calculated values is satisfactory 
when the dipole is placed on the 0 atom : three cases only lie outside *4 Hz of the 
observed value. Agreement is less satisfactory when the dipole is placed 06 A from 
the C atom : them eight values fall outside f 4 Hz of the experimental figure. Despite 
this and in view of the small number of cases examined, we deem it prudent to include 
the electric field effect in calculations. The present data indicate no preferred position 
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TALUJI~. 

Experimental Parameters and Cakulations for effect of Carbon-Hydrogen Bonds OII C-19 Methyl Group in Kcto-Androstanes 

Exampk* 
C-H 8 Geometric C-H Geometric Term. III ObS. 

No. Bond R(A) 
(degrees) 

Factor d Bond K(A) 
e 

Factor e [EQ (311 x 106 Shift 
Posn. cm-3 x 10” PoSn. (degrees) cm-3 X 102’ dx A+” ex Ax- p.p.m. Y 

? 

1 
2 
3 
4 
5 
6 
I 
8 
9 

10 
11 
12 
13 
14 
15 
16 

la 
la 
2a 
3a 
3a 
4a 
4a 
6a 
la 

lla 
12a 
lk 
15a 
16U 
17a 
17a 

3.52 
2% 
376 
4.36 
5.50 
3.76 
4.42 
3.16 
4.36 
3-56 
5.10 
600 
5% 
7-30 
660 
6.88 

21 
15 
22 
40 
12 
22 
70 
22 
40 
62 
48 
50 
18 
28 
52 
62 

- 1.2341 
+ 1-21 

-03059 
- 03747 
-09902 
+02506 
-09902 
-03059 
+02503 
-00862 
-0G370 
+e1744 
-Q1147 
-00159 
+ 0347 

1s 2.90 
18 290 

2$ 2.14 
38 4.20 
38 4.66 

4I3 2.14 

48 4.70 

66 2.14 
18 4.20 

1lIJ 2.88 
126 5.04 

15lJ 5.27 
15g 6.CUI 

168 682 

17fl 6.50 

178 6.92 

75 
15 
65 
48 
83 
65 
45 
65 
48 
65 
57 
76 
60 
67 
68 
53 

+ 1@21 
+ 10921 
+ 07522 
-01544 
+03147 
+v7522 
-01605 
+@7522 
-01544 
+0.6477 
+W287 
+01878 
+ 00386 
+0+3570 
+ 00703 
-00087 

-Qo93 
+oG82 
-0075 
-0023 
-0G28 
-0075 
+0019 
-0075 
-0023 
+oQ19 
-0oo7 
-Boo3 
+013 
-CUXl9 
-owl 
+oQo3 

+0082 
+0082 
+0057 
-0012 
+ 0024 
+0057 
-0012 
+0057 
-0012 
+oQ49 
+ooo2 
+@014 
+ooo3 
+w 
+o-o05 
-001 

-0300 * 
-0147 2 
+OWO 

s 
-0198 9 
-o@o ;; 
+owl 4 
-0160 
+0092 
-0.240 
-0228 
-0.067 
-0oo2 
+ @042 
-@OM 
-0.018 
-0.017 



17 la 6.00 56 
18 la 5.24 78 
19 2a 7,24 39 
20 Ja 7.70 59 
21 3a 760 44 
22 4a 724 39 
23 4a 6Ul 66 
24 6a 6QO 21 
25 7a 4.92 45 
26 Ila 3.76 20 
27 12a 3.58 20 
28 15a 4.10 7 
29 ISa 4.62 48 
30 16 4.12 I2 
31 17a 3.51 24 
32 17a 3.15 58 

Experimental Parameters and Cakulations for effect of Carbon-Hydrogen Bonds on C-18 Methyl Group in Keto-Androstancs 

+QOO96 
+@2016 
-00713 
+00149 
-00419 
-00713 
+ (H1777 
- 0.2492 
-01399 
-1-0341 
- 1.1980 
- 09457 
-01160 
-@8915 
- 1.1591 
+@I680 

18 5.25 77 
18 5.98 40 
2l3 6.42 80 
3B 7.95 33 
3p 746 55 
48 6.42 80 
4g 7im 37 
68 5.00 84 
78 4.45 80 

IV 2.74 65 
128 2.90 75 
15g 3.09 83 
15g 460 48 
16$ 3.37 82 
178 2.80 85 
178 2.76 89 

+01954 
-@1185 
+01146 
+00736 
+OGO10 
+01146 
-00888 
+ @2579 
+03441 
+@7522 
+ 10921 
+ IQ795 
-01175 
+ 08203 
+ 1.4839 
+ I.5840 

+QOOl 
-0oo3 
-0GO5 
+0006 
-0019 
-0011 
-0078 
-0Q90 
-M71 
-WI09 
-0067 
-0087 
+0013 

+OOlS 
-0oo9 
+ooo9 
-0iU 

0000 
+OGO9 
-0oo7 
-019 
+OQ26 
+OQ57 
+0082 
+0081 
-0oo9 
+OQ62 
+0112 
+0119 

+Qoo3 
Oil00 

-0GO5 
-0.030 
-0.042 
-017 

OQOO 
-0UM 
+OQl3 
+OQ58 
- 0248 2 

-0047 P 
-@158 2 

l In this and all subsequent tabla in this paper the compound corresponding to any given example number can be found by reference to Table 2. 
t Ax- = +7.5 x lo-30 cm3 mokcule-’ is the value used in these calculations (cf. ref. 2). 
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TABLE 4. G EoMmRIC PACTORS FoR ANlsOTR0PY EFFECT OP CARBONYL. BOND IN KmnANDllOJTANm POR 

VARYINCJ POSITIONS OP THE DIPOLE 

Distance of Dipole Position from Carbon Atom 

1.2 A 09A 06A 
Example No. 

Geometric Geometric Geometric Geometric Geometric Geometric 
Factor a Factor b Factor a Factor b Factor a Factor b 

cm-’ x 102* cm-3 x 10” cm-3 x 101’ cm-’ x 1022 cm-3 x 1021 cm-3 x lO= 

1 +03685 
2 + 1.3667 
3 -04852 
4 +02966 
5 +00862 
6 -04852 
7 +Q2195 
8 -04852 
9 +Q2966 

10 +00713 
11 +Q1958 
12 +OQ531 
13 +0%62 
14 +Ou661 
15 +00949 
16 +01)827 
17 +00643 
18 +(Mo23 
19 +QO191 
20 +00456 
21 +0591 
22 +00102 
23 -00494 
24 -00399 
25 +Q1999 
26 - Q6375 
27 +Q6460 
28 -QlOlO 
29 + Q2376 
30 +01504 
31 + 02634 
32 +Q8420 

+Q4160 
- 2.3830 
+Q4601 
+Q2977 
+Q1858 
+Q4601 
+0.0283 
+Q4601 
+Q2977 
- 1.1974 
+Q1017 
-Q1537 
-Q2044 
+0%80 
-0.0169 
+ooo15 
-Q2281 
-00918 
-00380 
+00524 
+w5 
-00288 
-ooo74 
+01019 
-Q1299 
+Q6105 
+ 02520 
+Q4947 
+Q1627 
+Q3710 
+Q2089 
- 14403 

+Q3468 
+ 1.4399 
-0.6421 
+Q3481 
+oo808 
-06421 
+Q2424 
-06421 
+Q3481 
-00997 
+Q2178 
+OM62 
+ 00597 
+00712 
+Q1009 
+oo906 
+00679 
-00160 
+00154 
+ 00494 
+00636 
-0oo36 
-00514 
-00624 
+Q2022 
-07621 
+Q4053 
-02118 
+Q2780 
+Q1192 
+Q1894 
+Q7752 

+Q3815 
-26931 
+Q4663 
+Q3562 
+Q2117 
+Q4663 
-00207 
+Q4663 
+Q3562 
-1M3 
+Q1058 
-01727 
-02047 
+00736 
-00283 
-0oo73 
-02568 
-Q1057 
-00439 
+QO583 
+00651 
-00250 
-00215 
+Q1198 
+Q1546 
+Q5983 
+Q5230 
+Q5487 
+Q1611 
+Q4504 
+Q1871 
- 16295 

+Q2473 
+ 1.5185 
-Q8591 
+Q4061 
+OCC!O 
-Q8591 
+Q2684 
-Q8591 
+Q4061 
- Q2759 
+Q2444 
+M388 
+00450 
+00744 
+Q1071 
+0@94 
+oo808 
-00455 
+00113 
+00537 
+O@i86 
-0e253 
-00533 
-00892 
+Q1634 
-1.0297 
+ 03847 
-Q3572 
+Q3273 
+w359 
+00146 
+Q6755 

+Q3290 
- 29487 
+Q5023 
+Q4312 
+Q2440 
+Q5023 
+00850 
+Q5023 
+Q4312 
-08761 
+Q1105 
-01886 
-02013 
+QO799 
-00475 
-00232 
-02900 
-Q1014 
-0.0532 
+01)651 
+ 00702 
-00191 
-00376 
+Q1398 
-Q1744 
+06560 
+Q5131 
+o6009 
+Q1386 
+Q5436 
+Q1883 
- 1.8242 

for the induced electric and magnetic dipoles and in applications of this work, each 
location, (1.2 A, 09 A, 06 A) would best be examined in turn. 

Susceptibilities corresponding to the anisotropies of Table 6 may be obtained 
(cf Ref. 2) using the mean susceptibility (- 1.7 x 10A3’) for the CO bond.r6 Table 11 
gives the appropriate values. 

The paramagnetic nature of xI is in agreement with the conclusion” that the CO 
bond in aldehydes has a paramagnetic contribution in the XZ plane. The present 
work, moreover, is supported by the molar susceptibility data for ureala where the 
susceptibility perpendicular to the plane of the CO bond is large and diamagnetic. 
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TAEIB 5. CWMRIRXC FACTXX IQR RUtXlUC PWD RFFXT OF a QROUP IN KRI’O-ANDRfBTANR? POR VARYDW 

KSIT0NSOPlHEDlPOLR 

C-19 : Distaace of dipok position hm C-18 : Distance of dipole position from 
carbon atom carbon atom 

Example 1.2A MA oah mpk: l-2A 09A 06A 
No. No. 

Geometric Geometrk Geometric Geometric Geometric Geometric 
Factor c Factor c Factor c Factor c Factor c Factor c 

cm-ax l@’ cm-3x 10” cm-‘x lo” cm-‘x 10” cm- 3x 10” cm-‘x W’ 

1 + 10576 
2 + l-5669 
3 +a8123 
4 +03607 
5 +a3368 
6 +08123 
7 + @4279 
8 +a8123 
9 +a3607 

10 + 07038 
11 +@1722 
12 +00912 
13 +00227 
14 +OWo 
15 +a0557 
16 +09952 

+ 12326 
+ 1.4555 
+08868 
+ D4325 
+0X29 
+08868 
+04748 
+08868 
+ 04325 
+05270 
+01856 
+@0871 
+oW39 
+@0675 
+OQ607 
+OlfO8 

+ l-4367 
+ 1.2561 
+W374 
+05430 
+04341 
+09374 
+05177 
+09374 
MM430 
+@3291 
+02009 
+0@826 
-Ml59 
+00744 
+OQ667 
+@1270 

17 -00534 
18 +01489 
19 +00562 
20 +OiU10 
21 +0@622 
22 +OQ605 
23 +00103 
24 +01467 
25 +@1420 
26 +07821 
27 +1%74 
28 +07007 
29 +04154 
30 +@5414 
31 + 1.1521 
32 + 14695 

-00720 
+01551 
-i-o0606 
+00122 
+00670 
+0@688 
-oooo4 
+a1684 
+01301 
+08751 
+ l-2537 
+08128 
+U4761 
+M623 
+1*3409 
+ 14739 

-00964 
f01594 
+OQ650 
+00102 
+W24 
+@0768 
-00117 
+@1914 
+01166 
+lW96 
+ 14748 
iO9623 
+@5493 
+@8200 
+ 1.5641 
+ 1.4118 

TABLE 6 

Imatioll of dipoles 
Distana from C atom Ax,- x lo= AL- x 103’ Kt x 1030 *k x 1O’l 

A 

1.2 -399 -259 -02 -007 to -0@9 
0.9 -332 -219 -3-8 -1.3 to -1.7 
06 -27.0 - 184 -6.9 -2.4 to -3Q 

* TbevalueofkdaiveddepcndeontheMgaitudeofthc~~kmomentuMxtV~utsreportsdfotthc 
CO bond dipok range from 2.3 to 29 D&yea1 s 

t K-kmwhenmequakdipokmomentof>ChObond. 

Tbe chemical shift diReren=, Au, i.e. (a androstanea keto-androstane) consists of 
two parts, (i) the shielding effects of the two C-H bonds displaced (their contribution 
is subtncted) and (ii) tbe sum of the magnetic and electric &Wing e&cts of the CO 
group. Table 12 shows tbe contributions from these two sources. In two examples, 
namely I-keto-S&androstane (C-19 Me group) and 17-keto-14 (C-18 
Me), out of 31, tbe contribution from tbe two C-H bonds displaced is greater than 
1 tat Idiom the CO group introduced. In five cases the shielding contributions from 
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TABLE 7. CHIMICAL SHIIT axw~~~u~m~s (Hz) PROY BACH m OP ~QUAT~N (3) TO THE AL c~~cu~~m 
sHnToFMKniYL RHIONANCB. Dmxm poiwno N CA. 1.2 A FROM CARBON ATOP 

Examplt 
No. 

Shift contributions Shift contributions 
from C=O bond fromC-H bonds Calc. Ok 

Shift Shift A* 

TERM III Hz Hz 

(i) 
TERM I (do TERM II 

(i) (ii) 

c-19 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

C-18 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

-8.8 -65 
- 32.7 t37a 
+11+i -7.1 

-7.1 -4-6 
-21 -29 

+11.6 -7.1 
-53 -Q4 

+11.6 -7.1 

-7.1 -4.6 

-Ql -5.6 +49 - 14.7 
-02 + 4.9 +49 -5.7 
-01 -4.5 +3*4 +5.5 

00 -1.4 -Q7 -96 
00 - 1.7 +1.4 -4.7 

-01 -4.5 + 3.4 +5*5 
-01 + 1.1 -Q7 -6.2 
-01 -4.5 +3*4 + 5.5 

00 - 1.4 -Q7 -96 
Excluded from Least Squares Analysis 

00 -04 +Ql -6Q 
00 -Q2 +Q8 +Q5 
00 +Q8 +Q2 +Q6 
oil -05 +Q3 -2.5 
00 -Ql +Q3 -2.2 
00 +Q2 Qo - 2.2 

- 18.0 3.3 
-8.8 3.1 
+5.4 Ql 

-11.9 2.3 
-5.4 07 
+48 Q7 
-9.6 3.4 
+ 5.5 00 

- 14.4 4.8 

-4.7 -16 

- 1.3 +24 
-1.6 +3*2 
-1.6 -1.1 

-2.3 +03 
-2.0 00 

-4.0 2Q 
-01 06 

+2.5 1.9 
-1.8 07 
-1.1 1.1 
-lfl 1.2 

-1.5 +35 00 00 +Q9 + 1.1 +Q2 Q9 

-01 +1*4 0 +Q9 -Q5 +Q9 0 09 

-05 +Q6 00 -Q3 +Q5 -Ql -03 02 

-1.1 -08 00 +Ql -Q3 - 1.7 -1.8 01 

-1.4 -0.9 00 -02 00 -2.1 -2.5 04 

-02 +Q4 00 -Q3 +Q5 00 -lQ 1Q 

+1*2 +Ql 00 +Q4 -Q4 + 1.3 00 1.3 

+1a -1.6 Qo -1.1 +1*2 -07 -Q5 Q2 

-5.3 +1.7 00 -06 +1* -4-6 +Q8 3.8 

+15*2 -9.5 -Ql -47 +3*4 +69 +3.5 34 
-91 -8.0 -Ql -54 +49 - 167 - 14.9 1.8 
+ 2.4 -7.7 -Ql -43 +49 -61) -28 32 
-5.7 -25 Qo -Q5 -05 -7.2 -9.5 2.3 

-3.6 -5.8 -01 -4a + 3.7 -9.2 -9.5 Q3 
-6.3 -3.2 -01 -5.2 +6*7 -11.1 -4,8 6.3 

-201 t 22.4 -Q2 +Q8 + 7.2 - 5.9 -3.0 2.9 

l A = /obs-calc/. 
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TABU 8. (~MICAL SHIFI. CXINIWBUTIO~ (Hz) PROM EACH TERM OF EQUATION (3) TO THE TOTAL CALCULATED 
SlUROFMETHYL R@SONANCE%.. DIPOLE POSlTIONcA. 0.9 A FROMCARBONATOH 

Shift contributions Shift contributions 

E=wk 
from C=O Bond fromC-H Bonds Calc Ohs. 

No. 
Shift shift A+ 

TERM I TERM II TERM 111 Hz Hz 

(i) (ii) (i) (ii) 
- 

c-19 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

C-18 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

-6.9 -5-O 
-28.6 + 35.4 
+ 12.8 -6.1 
-6.9 -4.7 
-1.6 -2.8 

+ 12.8 -6.1 
-4.8 +03 

+12*8 -6.1 
-6.9 -47 

-28 -5.6 +4.9 - 140 
-3.3 +4.9 + 4.8 -6.3 
-20 -4.5 +3.4 + 5.8 
-lQ -1.4 -07 - 105 
-Q9 -1.7 +1.4 -50 
-2Q -45 + 3.4 + 5.8 
-1.1 +1*1 -Q7 -60 
-2Q -4.5 + 3.4 +5*8 
-10 -1.4 -Q7 - 105 
Excluded from Least Squares Analysis 

- 18Q 4Q 
-8.8 2.5 
+5.4 04 

-11.9 1.4 
- 5.4 Q4 
+4*8 1.0 
-9.6 3.6 
+5.5 03 

- 14.5 3.9 

-4.3 -1.4 -04 -04 +Ql -5.8 -4Q 1.8 
-Q9 + 2.3 -02 -02 +os +Q6 -01 0.7 
-1.2 + 2.7 00 +os +Q2 +Q5 +2.5 2Q 
-1.4 -lQ -02 -Q5 +Q3 -2.4 - 1.8 06 
-2.0 +Q4 -01 -01 +Q3 -1.9 -1.1 Q8 
-1.8 +Ql -03 +Q2 00 -2.2 -lQ 1.2 

-1.4 +3.4 +Q2 00 +09 +1.3 +Q2 1.1 
+Q3 +1.4 -04 +Q9 -Q5 +Q9 0.0 09 
-03 +06 -01 -03 +Q5 00 -Q3 Q3 
-1.0 -Q8 00 +Ql -03 -16 -1.8 02 
-1.3 -09 -0.2 -02 00 -2.2 -2.5 Q3 
+01 +Q3 -02 -03 +Q5 00 -lQ 1Q 
+lQ +Q3 00 +Q4 -Q4 +1.3 Oa 1.3 
+1*2 -16 -04 -1.1 +1.2 -09 -05 04 
-4.0 +2Q -03 -06 +1.6 -3.3 +0.8 4.1 

+ 15.2 -7.9 -20 -4.7 + 3.4 +66 +3*5 3.1 
-89 -69 -2.8 -5.4 +49 - 17.2 - 14.9 2.3 
+4*2 -7.2 - 1.8 -4.3 +49 -5.4 -2.8 2.6 
-5.5 -2.1 - 1.1 -05 -05 -7.7 -9.5 l-8 
-2.4 -59 - 1.5 -40 + 3,7 -95 -9.5 00 
-3.8 -2.5 -3Q -5.2 + 6.7 - 108 -4.8 6Q 

-154 +21.4 -3.3 +os +7.2 -53 -3Q 2.3 

l A = /obs.--calc./ 

l@ 
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TMILB 9. CHEMICAL SHET CONIRIB~HP (Hz) ~uou BACH m OP BQ. (3) TO THE TOTAL CALCULKTBXI 
SHIPT OP MB RBSONANCBP. Dmxa ~osmo~c~.@6A~~o~C~mi 

Example 
No. 

Shift contributions Shift contributions 
from C=O bond fromC-Hbonds Cak Oh 

shift shift A* 
TERM I TERM II TERM III Hz Hz 

(i) (ii) (i) (ii) 

c-19 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

C-18 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

-4.0 -36 
- 246 + 32.5 
+ 13.9 -5.5 
-6.6 -4.7 
- l-2 -2.7 

+ 13.9 -5.5 
-4.4 +Q9 

+13*9 -5.5 
-6.6 -4.7 

-5-9 -5.6 +49 - 12.8 
-52 + 4.9 +4*9 -7.1 
-3.9 -4.5 +3*4 +56 
- 2.2 - 1.4 -Q7 -11.4 
- l-8 - 1.7 +1.4 -44 
-3.9 -45 +34 +56 
-2.1 +1*1 -Q7 -60 
-3.9 -4.5 + 3.4 +56 
-2.2 -1.4 -07 -11.4 
Excluded from Least Squares Analysis 

- 184) 5.2 
-8.8 1.7 
+54 02 

-11.9 Q5 
- 5.4 Oa 
+4.8 08 
-9-6 3.6 
+>5 01 

- 14.4 3.0 

-4.0 -1.2 -Q8 -04 ;Ql -57 -4.0 1.7 
-0.6 +2.1 -03 -02 +Q8 +06 -01 07 
-Q7 +2.2 +01 +Q8 +Q2 +M +25 1.9 
-1.2 -09 -03 -05 +Q3 -22 - 1.8 Q4 
-1.7 +Q5 -Q3 -Ql +0.3 -1.7 -1.1 06 
- 1.6 +03 -05 +Q2 00 -20 -1.0 1.0 

-1.3 + 3.2 +Q4 00 +09 +1.4 +Q2 1.2 
+07 +l.l -Q7, +Q9 -05 +Q7 00 Q7 
-02 +Q6 -Q3 -03 +Q5 -01 -Q3 02 
-09 -Q7 00 +Ql -03 -1.4 -1.8 Q4 
-1.1 -0.8 -Q3 -Q2 00 -2a -2.5 Q5 
+Q4 +Q2 -03 -03 +Q5 +Ql -1-O 1.1 
+0.9 +0.4 0.0 +0.4 -0.4 +1.3 0.0 1.3 
+1.4 -1.5 -0.8 -1.1 +1.2 -1.0 -0.5 0.5 
-2.7 +1.9 -0.5 -0.6 +1.6 -2.3 +0.8 3.1 

+ 16.7 -7.2 -4.2 -4.7 i3.4 +6.6 +3.5 3.1 
-6.2 -5.7 -6.1 -5.4 +4.9 -17.5 -14.9 2.6 
+5.8 -6.6 -4,o -4.3 +4.9 -5.4 -2.8 2.6 
-5.3 -1.5 -2.3 -0.5 -0.5 -8.1 -9.5 1.4 
-0.6 -6.0 -3.4 -4,o +3.7 -9.7 -9.5 0.2 
-0.2 -2.0 -6.5 -5.2 +6.7 -10.2 -4.8 5,4 

-11.0 +20.1 -5.8 +O-8 +7.2 -4.7 -3.0 1.7 

l A = /obs.--calc./. 

both sources are approximately equal (in one case opposite in sign). For the remainder 
the contribution from the CO group is dominant since the screening effects from the 
axial and equatorial bonds involved are approximately equal in magnitude but 
opposite in sign. 

By employing Eq. (1) and the values2 for the anisotropies of the C=C bond, to- 
gether with those obtained in the present study for the C=O bond, the screening 
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CALCULATED SHIFT (Hz) 

FIG. 1 Plot of cakulatd/obscfvcd shift values for tk adrostanc/kcto-androstanc acrks 

volumes around the (J=c and C=O bonds have been derivd* In Eq. (l), 1/3R3 was 
set equal to 1, and 8 and y were varied in units of 1” from 0” to 90”. Thus 8100 values 
(i.e. !I0 x 90) were calculated for CL A plot of 8 against y reveals the sign of CT (cf Fig. 2) 
for any given combination of 8 and y. The volume inside either curve (Fig. 3) is de- 
shielding whilst the volume outside is shielding. 

TABLE 10 

Location of dipok 
Distance from C atom Ax,- x 1030 Alxl- x 1030 

A 

1.2 - 39.7 -279 
09 -357 -24.7 
06 -28.1 -205 

TABLE 11 

Location of dipok 
DhtanafromCatom L- x 1O”O 

A 
;G”” x 10fO XS - x 1030 

1.2 +2@08 - 189 -54 
09 +w3 - 174 -6.4 
06 +106 - 17.5 -99 

l Using the IBM 360 computer at the Lilly Raearch Laboratories, hdhnapolia 
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TABU 12. ~NlRlBUTlON PROY BACH BOND (Hz) TO TWTAL CALCULA~ -CAL SHIR 

Chemical shift contribution 

-pk carbonyl 
ObS. 

No. position 
For aubonyl bond For C-H bonds SlliR 

Introduad Displ==I Hz 
TcrmI+TcrmII Term III 

c-19 
1 

2 
3 

4 
5 
6 

I 

8 
9 

10 

11 
12 

13 
14 

15 
16 

C-18 
11 

18 

19 
20 

21 
22 
23 

24 

25 
26 
27 
28 

29 
30 

31 
32 

1 Qnc 

1Qnc 

2Qne 
3Qnc 

Zone 
4Qnc 

4-one 
6Qne 
7Qnc 

11Qne 

12Qne 

15Qnc 

15Qne 
16QlK 
17Qnc 

179ne 

- 15.4 

+4.1 

+4*4 
-11.7 

-5-O 
+ 4.4 
-5.8 

+ 4.4 
-11.7 

-63 

+ 1.1 
+1.6 
-2.7 

-2.0 

-2Q 

19ne +2=0 
1Qnc +1.3 

29ne +01 
39ne - 1.9 

39ne - 2.3 

49nc +02 
49ne + l-3 

6-one -0-6 

‘I-one -3.6 

1lQnc + 5.6 
12QllC - 17.2 

1 s-one -5.4 

15Qnc -8.2 
&one -9.5 

17Qnc -9.6 
1 ‘I-one +2*1 

1.2 A @9A Cl4A 

- 14.7 - 13.5 -07 

+>5 + 2.7 +9.8 
+4*7 +4.5 -1.1 

- 12.6 - 13.5 -2.1 

-5.3 -5.7 -03 
+ 4.1 +4*5 -1.1 

-56 -5.6 +@4 
+ 4.1 +4.5 -1.1 

-12-6 - 13.5 -2.1 

Excluded from Least Squarc~ Analysis 

-61 -6.0 -0.3 
+1.2 +1.2 +06 
+1.5 +1.6 +lO 
-2.6 -2.4 -02 

-1.7 -1.5 +02 

-2.0 -1.8 +02 

+ 2.2 +2.3 +@9 
+1.3 + 1.1 +@4 
+02 +@l +02 
-1.8 - 1.6 -0.2 
-2.4 -2.2 -02 

+@2 +@3 +Q2 
+1*3 +1.3 00 

-0.8 -09 +Ql 
-2.3 - 1.3 +lQ 
+ 5.3 +5-3 -1.3 

- 17.7 -18Q -05 

-4.8 -48 +0-6 
-87 -91 -lQ 
-9.8 - 100 -Q3 

-93 -87 + l-5 

+2*7 +33 +8Q 

- 18.0 

-8.8 

+54 
- 11.9 

- 5.4 

+4*8 
-96 

+5.5 
- 14.4 

-40 
-Ql 

+2*5 
-1.8 
-1-l 

-lQ 

+Q2 
QO 

-03 

-1.8 

-2.5 
-1.0 

0 

-05 

+Q8 
+ 3.5 

- 14.9 
-2.8 

-9.5 
-9.5 
-4.8 

-3Q 

The most obvious point to emerge from this study is that the screening “cone” 
or environment around a C=C or C=O bond, derived from Eq. (1) (Fig. 3), is con- 
siderably different from the one presented by Jackman.1g The plot of 0 against y in 
Fig. 2, which indicates the shielding and deshielding regions around C=C and C=O 
bonds, clearly implies that, contrary to Jackman’s model, it can no longer be con- 
sidered a general rule that a proton situated in the plane of a C=C or G=O bond is 
always deshielded. Indeed, it is quite possible that the reverse may be the case and very 
recently evidence has been presentedzo in support of our model. 
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DESHlELDlNG 

Y Y 

FIO. 2 
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I 7 ----- I --- -- v 

2 

Fn;. 3 

The general validity of our conclusions is illustrated by a selection of examples. 
Thus4 the agreement between the calculated and observed2’* ” values of the chemical 
shift differen- for the process camphane (I) + camphor (II) is satisfactory. 

Si&ilar agreement is obtained for the pairz3 of adamantane derivatives (III and 
IV) where Au obs. (H,) = -31.2Hzand&H,calc.(H,)= -27.8Hz 
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10 lb- : H (exe) 

'H (cndo) 

I 

Methyl group 

CH,W) 
cw4 
C&(7) 

d? 
II 

A(c71 -+ II) Hz 

ohs. talc. 
- 5.4 -7,7 
- 1.2 -1.9 
-9.0 - 6.8 

Another interesting example is provided by dimethyl formarm ‘de (V). From nuclear 
Overhauser studies Anetz4 has unambiguously demonstrated that the highest field 
Me signal corresponds to the Me group which is cis to the CO group. Thus, the low 
field Me signal must be assigned to the Me protons rrans to the amide CO. This is in 
contrast to the predictions using Jackman’s treatment.‘Q With our approach (and 
recognising the potential perils of applying anisotropies derived for the CO in ketones, 
to CO functions in amides), satisfactory agreement is obtained. 

0 
\ / 

Me (cis) 

C-N 
/ \ 

H v 
Me (trans) 

Thus: 

Me (cis) ; Aocak. = -3.4I-Iz 
Me (nuns) ; Au talc. = - 12.6 Hz 

. . 

Au talc. (trrms) + (cis) = -9.2 Hz 

whilst 

Afrobs.(Gans) +(cis) = -11.9Hz 

In the ketone (VI)25 the C-4 and C-6 protons resonate at 7 743 but in the hydro- 
carbon (VII) this signal has moved downfield to 7 7.16. It has not been possible to 
calculate the shift differences in this example because of uncertainties introduced 
into the measurements by the strain in the molecules, but the experimental results are 
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in satisfactory general agreement with our predictions, although it is prudent to 
empbasise that the ring-strain may be a contributory factor (of unknown significance) 
to the chemical shift differences. 

&To JziT 
VI VII 

09 : A 
tO,H 

VIII 

iO,H 

X 

H 

d? 0 : A 
b02H 

IX 

d? 
,.‘\ 

! A 
t02H 

XII 
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C02Me 

A much larger group of compounds to which our calculations have been applied is 
provided by a selection of diterpenoids. Table 13 lists the relevant Me resonance 
signals--those of compounds VIII to XII inclusive were measured in carbon tetra- 
chloride, deuteriochloroform and benzene. The data for the remainder, XIII to 
XVIII inclusive were taken from the literature and are recorded in deuteriochloro- 
form. All resonances were referred to carbon tetrachloride as the standard solvent 
and the literature values were adjusted (cf. Table 19) as required (cf. the similar opera- 
tion with the androstanes). 

Using the values of Axy, AxF and K derived in the earlier part of this paper 
from the androstane/keto-androstane series the chemical shift differences produced 
when a CO group is introduced into the systems VIII, X, XIII, XV and XVII were 

Tetrahydropimaric acid (VIII) 
14-Keto-tetrahydropimaric acid (Ix) 
Tetrahydrosandaracopimeuic acid M 
14-Keto-tetrahydroaandaracopimaric acid (XI) 
7-Keto-tctrahydro-ipimaric acid (XII) 

(XII0 
(XIV) 

cxot: 

(XVII) 
(xvw 

475,539 69.7 47.1. 549,71.2 
54.5 59.3,69.9 57.8.602,71-5 4lQ, 63.7, 73Q 
48*4,53*7,7(H) 48*2,54q 716 45.7,4&2_ 759 
59.2,64G, 70 1 599.66q71.5 41.3,52.1,728 
47.8,66-Q 72Q 47.8,6704, 74.4 405. 508, 73.1 
52.1.68-5 522,702 
4oQ69.3 41.1.71.5 43*3,65*5 

57q 66-o 
49*2,660 
468,606,710 
58.8,66+,736 
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calculated. The location of the induced magnetic and electric dipoles along the u axis 
of the CO bond was treated as a parameter (i.e. l-2,09, and 06 A from the C atom). 
Consequently three shift differences were calculated (as with the keto-androstanes) 
for each Me group in every compound examined. The relevant data are collected in 
Tables 14-16 (inclusive). The calculated chemical shift differences were utilised3 to 
assign Me resonances (Table 17) and to compare calculated with observed results 
(Tables 14-16). In accord with established precedent, the lowest field Me signal in 
each case was allocated to the C-20 Me protons (cf. Table 17). 

Example 
Methyl Carbonyl 
Group Position 

Ketodtrivative 

TERM I TERM II 

(i) (ii) 
TERM111 SE ‘2 

(i) c&I (ii) f%I 

VIII + IX C-18 cu4) -49 -1.1 - -04 0.0 -56 -63 
VIII + IX c-17 c(l4) -31.6 +36-6 - +70 +7+ -9.0 -44t 
VIII -, IX c-20 c(l4) -2.3 +@8 - +@3 +03 -2-l -a2 

x -* XI c-17 c(l4) -8.9 -6.8 - -83 + 7.9 - 15.3 - 1337 
x-+x11 C-18 c(7) -6.9 -5.0 - - 1.3 -1.0 -9.6 - 1@2 
x 4 XII c-17 c(7) -4.8 +2.8 - -05 +24 -3.9 +@6 
x -+ XII c-20 c(7) -4.8 -l@ - -05 +04 -5.7 -M 

XIII -+ XIV C-18 cyl2) + 55.1 -26.2 - -9.1 -15.2 +53*2 +11*2 
XIII --t XIV c-20 CW) +2.2 -1.2 - -@8 00 +1*8 -08 
xv -+ XVI C-18 916) +11.1 -8.1 - +!+2 -66 +4.4 +7*8 
XV-+xvI c-20 W6) +2.3 -20 - +1.2 -1.1 +@2 0 

XVII -, XVIII C-18 
2; 

-6-9 -SO - -1.3 -10 -9.6 - 104t 
XVII L* XVIII c-17 -4.4 +5-s - +1-7 +tO - 1.6 -5.4 
XVII 3 XVIII c-20 q7) -4.8 -1G - -0.5 +@4 -5.7 -2.6 

l Anisotropks used were Ax? - 39.8 x lo- “, Axp) - 25.9 x IO- “; K, W (Tabk 6). 
t Corrected for solvent shift (see Table 19). 

The assignment of the C-17 and C-18 Me protons was more involved Thus, the 
two unassigned Me resonances of l~ket~te~~ydrop~~c acid (IX) can be com- 
bined with the previously assigned3 Me resonances of tetrahydropimaric acid (VIII) 
as follows : 

A B 

C-17 C-18 c-17 C-18 

IX 593 54-2 54.2 593 
VIII 475 539 47.5 53Q 

Au VIII -b IX -11.8 - 1.2 -6.7 -63 
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TABLE 15. CHLMCAL smm cmmunvrmw (Hz) tmnt EACH ?m~ Op eQ. (3) ‘ID GAL CALCULA mm 
OP MC RE3ONANcBl (DtPOLB -N CA. 0.9 A PRCU C ATUM) 

Example 
Methyl Cartmnyl 
Group Positio? 

Kc&derivative Hyk-bon Calc. Gbs. 

Shift Shift 

TERM I TERM II TERM III 
Hz Hz 

(9 (fi) (i) aH (ii) BH 

VIII + IX 
VIII -D IX 
VIII + IX 

x + XI 
x+x11 
x -D XII 
x + XII 

XIII + XIV 
XIII + XIV 
Xv+XvI 
XV+XVI 

XVII + XVIII 
XVII + hII 
XVII + XVIII 

C-18 
c-17 
c-20 
c-17 
C-18 
c-17 
C-20 
C-18 
C-20 
C-18 
c-20 
C-18 
c-17 
c-20 

-4.6 -06 

- 27.7 + 37.8 
-2.2 +1.1 
-6.3 -6.6 
-6.8 -5.1 
-3.8 +31 
-4.5 -06 

+54*2 - 23.2 
+2.1 -1.1 

+ 17.1 -8.8 
+ 2.7 -1.7 
-6.8 -5.1 
-4.1 + 5.7 
-4.5 -Q6 

-04 -04 00 
-24 +7Q +7Q 

00 +Q3 +Q3 
-21 -83 + 7.9 
-Q7 - 1.3 -1.0 
-Q2 -05 +2.4 
-04 -05 +Q4 
-1.4 -9.1 - 15.2 
-01 -08 00 
-1-l + 5.2 -6.6 
-03 +1.2 -1.1 
-07 - 1.3 -1.0 
-1.1 +1*7 +1a 
-04 -05 +Q4 

-5.2 
-63 
-1.7 

- 146 
- lQ3 

-2.8 
-5.4 

+ 539 
+1*9 
+8*6 
+Q6 

-103 
-22 
-5.4 

-63 
- 4.4+ 

-Q2 
- 13.3t 
- lQ2t 

+Q6 
-20 

+11.2 
-Q8 
+ 7.8 

0-O 
- 1Q4t 

-5.4 
-2.6 

l Anisotropks used were Ax+ - 33.2 x lo-‘O, Axp” - 219 x lo-“; K = -3.8 x 10-“” 
Table 6). 

t Corrected for solvent shiIt (see Tabk 19). 

TABLE 16. CHEMICAL stiwr ~~TRIBUTKIW (Hz) FRON BACH TBW OP EQ. (3) TO IWT= CAUNU TmmlFr 
OF Me RBSONANCS (DIPOLE POSITIDN CA. Q$ A FROM C ATOM) 

Example 
Methyl Carbonyl 
Group Position 

Ketoderivative 
Hydr-bon Calc. obs. 

shift shift 

TERM 1 TERM II TERM III Hz Hz 

VIII --, IX C-18 
VIII+IX c-17 
vIII+IX C-20 

X+XI c-17 
x + XII C-18 
X-XII c-17 
x + XII c-20 

XIII + XIV C-18 
XIII + XIV c-20 
Xv-rXVI C-18 
XV-DXVI c-20 

XVII + XVIII C-18 
XVII + XVIII c-17 
XVII + XVIII c-20 

(9 (W (i)olH WH 

c(w -4.3 -02 -08 -04 00 -4.9 -6.3 
c(l4) ‘-24.0 +36.3 -4.5 +7il +7Q -6.2 -4.4 

c(l4) -1.9 +1-4 -Ql +Q3 +Q3 -1.2 -Q2 
c(l4) -3.4 -61 -5.1 -8.3 +79 - 14.2 - 13.3 
Cm -6.4 -5.1 - 1.9 - l-3 -10 -11-l - 102 
c(7) -2.5 + 3.2 -04 -Q5 + 2.4 -1.6 +Q6 
C(7) -42 -02 -08 -05 +Q4 -5.1 -2Q 
C02) +51.5 -208 -3.6 -91 -15.2 +51-4 +11.2 
c(l2) +2-l -lQ -Q2 -08 00 +1*7 -08 
c(l6) +2Q6 -95 -3.3 + 5.2 -66 +9*2 +78 
c(l6) +3Q -Q8 -2.2 -1.2 - 1.1 -01 00 

2; -6.4 - 3.6 -5.1 +5*4 -19 -20 - +1.7 l-3 -lQ +lQ -11.1 -2.9 -1Q4 -5.4 
c(7) -4.2 -02 -08 -05 +Q4 -5.1 -26 

l Anisotropks used were Axy - 27Q x lo-“, Ay!j=” - l&4 x lo-“‘; K - 6.9 x lo-“’ 
(Tabk 6). 

7 Corrected for solvent shift (see Table 19). 
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TABLE 17. DITIBPENW- TABU OF ASJIONIP) Me REWNANCI msmora (Hz PRY TMS AT 60 M Hz) 

C-18 c-17 C-20 
Compound 

CCl, CDCl, #H CCl, CDCI, #H CCl. CDCl, #H 

VIII 
IX 
XI 

XII 
XIV 
Xv 

XVI 
XVII 

XVIII 

53a 54a 47.5 47.1 69.7 71.2 
59.3 602 410 54.2 57.8 63.7 69.9 71.5 730 
59-2 59.9 41.3 64il 660 52.1 7&l 71.5 728 
66a 67.4 405 47.8 47.8 508 72G 74.4 73.1 
400 41-l 43.3 69.3 71.5 65-5 

579 66a 
49.2 66Q 
46.8 606 71a 
‘58.8 66-o 736 

The calculated shift differences for the dipole positioned at 1.209 and 06 A along 
the CO bond axis are Ac C-17 = -99 -6.3, -62 Hz and Lb C-18 = -56, -5.2, 
- 5.2, - 4.9 Hz. These shifts agree better with combination B, which was thus chosen 
as the correct assignment. Supporting evidence for this choice is presented later 
(page 14W 

Similarly, the two unassigned C-17 and C-18 Me resonances (592 and 64-0 Hz) of 
14keto-tetrahydrosandaracopimaric acid (XI) and of 7-keto-tetrahydro-isopimaric 
acid (660 and 47.8 Hz) (XII) can be combined with the previously assigned C-17 and 
C-l 8 Me resonances of tetrahydrosandaracopimaric acid” (X) in the following ways : 

C D 

c-17 C-18 c-17 C-18 

XI 59.2 64a 640 59.2 
X 48.4 53.7 48.4 53.7 

AUX-DXI - 108 - 103 -15.6 -5.5 

E F 

c-17 C-18 c-17 C-18 

XII 66.0 47.8 47.8 66a 
X 48.4 53.7 48.4 53.7 

Aux--rx11 -17.6 +>9 +@6 - 123 

The calculated shift differences for the Me protons are Au C-17 = - 15.3, - 14.6, 
-14.2 and Au C-18 = -56, -5.2, -4.9 for X + Xl and Au C-17 = - 39, -28, 
-1.6 and & C-18 = -96, - 103, - 11.1 for X + XII. These calculated values 

clear@ indicate that the correct assignments for 14+etozetrahydrosandaracopirnaric 
acid &I) and 7-keto-tetrahydro-isopimaric acid (XII) are combinations D and F, 
respectively. Further evidence for the validity of combinations B, D and F is provided 
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from a study of tbe benzene-induced solvent shift of the three ketoditerpenoid acids 
(IX, XI and XII). 

Thus, it has been shown2’j that if a reference plane “P” be drawn through the CO 
carbon atom at right angles to the plane of the G=O double bond those protons 
situated close to “P” show very small &i&s on going from carbon tetrachloride to 
benzene as solvent ; protons in front of “P”, i.e. on the same side of the plane as the 
CO oxygen are deshielded, while protons behind “P” are shielded. 

Thus, if the assignments of Me resonances for IX, XI and XII be correct, models 
indicate that on going from carbon tetrachloride to benzene the following solvent 
shifts should be observed : 

(a) The benzene induced solvent shift for the C-18 Me protons of 14-keto-tetra- 
hydropic acid (IX) and i~keto-tetr~ydro~~~p~~~ acid (XI) 
should (within experimental limits) be identical since the C-18 Me group in both 
compounds is identically situated with respect to the CO bond at C(14). 

(b) The equatorial C-17 Me protons in 14keto-tetrahydropimaric acid (IX) should 
experience a deshielding effect : in l~keto-tet~ydro~~~p~~~ acid (XI) 
the axial C-17 Me group should experience a shielding effect. 

(c) The solvent shift observed for the C-18 Me protons of 7-keto-tetrahydro-isopimaric 
acid (XII) should be approximately equivalent to the C-19 Me shift observed for 
4,4dimethyl-5a-androstan-3-one.26 

Tables I7 and 18 illustrate that the observed benzene induced solvent shifts for 
IX, XI and XII satisfy these criteria. Thus, in accordance with (a), the observed shifts 
for the C-18 Me protons in IX and XI are + 18.3 and + 17.9 Hz respectively; as re- 
quired by (b), the C-17 Me protons in IX are deshielded (-95 Hz) while the C-17 
protons in XI are shielded (+ 11.9 Hz); the C-18 Me protons in XII are shielded by 
+ I55 Hz which compares favourably with the shilt of + 22.0 Hz observed for the 
C-19 Me protons in 2,2dimethyl-5x-androstan-3-one, in accordance with (c). A 
complete assignment of the C-17, C-18 and C-20 Me protons in IX, XI and XII may 
thus be made (cf Table 17). 

TAILS 18. TABLE OF SOLVBNT sinm m ~D~ERPENES 

(Hz) 

Compound 
AuCCl,-#H 

C-18 c-17 C-20 

IX + 18.3 -9.5 -3.1 
X1 + 17.9 +11*9 -2.7 

XII +15.5 -30 -2.1 
XIII -3-3 + 3.8 

No problem is encountered in assigning the Me resonances in compounds XV and 
XVI. The lowest field signals are assigned to the C-20 Me protons thus giving a 
resultant observed shih of 00 Hx as compared to a calculated shift difference of 
Aa C-20 = +02, +@6, -@l Hz. The signals at 579 Hz in XV and 49.2 I-Ix in XVI 
are thus assigned to the C-18 Me protons giving an observed shift difference of + 7~8 
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Hz upon introduction of the CO bond into XV as compared to a calculated value of 
AaC-18 = +4*4, +8*6, +92 Hz. 

In compounds XVII and XVIII difliculty is again encountered in distinguishing 
between the C-18 and C-17 Me resonances. The C-20 Me protons give signals at 
71.0 Hz (XVII) and 73.6 Hz (XVIII) which result in an observed shift difference of 
- 26 Hz on going from XVII to XVIII ; the calculated value of Au C-20 = 5.7, - 5.4, 
- 5.1 Hz. The observed C-17 and C-18 Me resonance positions can be combined in 
the following ways : 

G H I J 

c-17 C-18 c-17 C-18 c-17 C-18 c-17 C-18 

XVIII 660 58.8 64% 588 58.8 66.0 58.8 66.0 
XVII 606 46.8 468 606 606 46.8 46.8 60.6 

Au XVII -D XVIII - 5.4 -124 - 192 -1.8 -1.8 -19.2 -12dJ - 5.4 

The corresponding calculated shift differences for the C-17 and C-18 Me protons 
are Au C-17 = -1.6, -2.2, -22 Hz and Au C-18 = -9.6, - 1@3, - 11.1 I-Ix and 
clearly point to combination G as the correct assignments for XVII and XVIII. 
Further evidence for these assignments is provided by the close similarity (predicted 
on geometrical grounds) between the observed shifts of the C-18 Me protons in 
example XVII + XVIII, - 124 Hz and example X -+ XII, - 12.3 Hz 

One anomaly is the example XIII + XIV. In this case, the observed C-18 Me 
shift difference is + 11.2 Hz in contrast to a calculated value of Au C-18 = + 53.2, 
+ 53.9, + 51.4 Hz. The observed C-20 Me shift difference is -08 Hz as compared to 
a calculated value of ha C-20 = + 1.8, + 1.9, + l-7 Hz. The discrepancy between the 
observed and calculated values for the C-18 Me protons is to be attributed, as with 
the similar cases involving double bonds,3 to a combination of several factors, 
including the inapplicability of McConnell’s equation at distances less than 3 A, 
the non-inclusion of Van der Waals deshielding terms at the short distances involved 
and to a probable lack of conformational parity between XIV and XIII. 

TABLE 19. OBSZRVFD SIWT POR C-18 AND C-19 m FROM PAREM TERPENOID To Kl30-TERPENOID 

Example 
C-18 c-17 C-20 

Ca, CDCI, CCh CM3 ccl, CD% 

WI -e 1x -6.3 -62 -67 - 1@7 -0.2 -@3 
x -e XI -55 -5.9 -15.6 - 17.8 -01 +@1 
x -D XII -12.3 - 13.4 +@6 +04 -2a -2.8 

XIII + XIV +11*2 +ll.l -0.8 -1.3 
Xv-+XvI +7.8 oa 

XVII + XVIII -12.0 -5.6 -2.6 
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APPENDIX I 

The derivation of the screen@ effect of an ekctrk dipok on a distant protons bagins from the general 
expression derived by Buckingham’o Em, = &es lo-” where es is the componant in the C-H bond 
direction of the ekctrk field at the proton concerned caused by a substituent with unit dipok moment, 
and &, is a proportionaMy constant ; to avoid cxx&sion with the t axis of Fig. 4, e, if written & subsc- 
quently. 

in the case of the keto-androstanes we have utiiised the Me group resonances and have made the reason- 
able assumption that the energy barrkrs to rotation am such that tbe conformations of the Me groups are 
not ckarly defined. Requirements of mathematical simplicity have kd us to redefme the cl& field effect 
on such a distant group as that component of the ekctric field at the centre of tbe circle of rotation of the 
H atoms, resolved parallel to one of the C-H bonds and averaged over all an&s of rotation. 

FKL 4 

In Fig. 4, AE is an el~caI dipok, at, not ncctssarily in the plane of the papa. The Lint CB, perpendicular 
to the plane of “rotation” of the methyl H atoms and passing through the Me group C atom at C, is taken 
as the y-axis of a system of Carte&n co-ordinates. The point at which a line drawn from the centre of the 
dipoleatAcutsCBat~tanglcsistaLmeetheorigia,O.OAkthenthcx-arisaadthezaxiskper- 
pendicular to both OA and OC. D is any position of a methyl H atom 
Angie HBD = a 
Angle HCB = w the angle behvccn a C-H bond and the line of OC produced (70” 32’) 
Angk OCA = /I 
Angle CAE = qb the angk between the elrrtric dipole and AC(R) 
Angie EAF = b, the angle between the dipok direction and the Y axis 
Neither # nor I@ are necesr&ly in the pkne of the paper. 
As a first approximation, the &Id at C is found and is resolved along CD; the result is then averaged over 
all value9 of g to give a mean value of Ex 
The field E at C due to the dipole is given by the standard equation. 

where m is the dipok moment and R is the unit vector in the diru%ion AC; #is the unit vector perpendkukr 
to R in the direction of increasin g $ and in the same plane as R and m (the dipole); it is therefore not 
n~yinthepkneofthepaper. 

The field given by (6) is resoked along CD to give Eat 
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Thedirectioncosincsare:R; -sin~,cos~,O; 
CD,sinwcosscoso,sinosina;lctthoeeofmbcL.M,NandthoseoC~bcP,Q,S. 
tbcn,cos(angkbetwccnRandCD)= -sin/3sinsinoa+cosj?.coso 

cos(anglebetw~~andCD)=Psina,.coea+Q~o+Ssinoaina. 
When these values ase substituted into Eoc and tbc resulting expression is averaged over all values of a 
from 0 to 2% all the terms containing trigonometric hmctions of a vanish leaving 

.cas/9,coso + ;Qcoso.sh~ = ~[2cos~.cosj3 + Qsin$] (7) 

To evaluate Q in terms of the dipole direction, the following equations arc used : 

Sina$ispcrpcndiculartoR,-Psinj+Qcosj?=O 

Since$iscoplanarwithRandm, 

N S 

Lcos~+Msinjl=Pcos/.?+Qsinj.l 

SincetheanglcbctweenmandRis$ 

cos+=-c.siIl~+Mcos~ 

Also by the properties of direction cosines 

N2=1-L’-M’; S2=1--2-Q2 

Squaring Eq. (9), eliminating N and S by (1 1), P by (8) and L by (10) gives 

Q’ = (M - 
COS~.COSB)’ 

sin2 $ 

(8) 

(9) 

(10) 

(11) 

whence 

Q=* 
M-cos~.cus~ 

Sin* > 

substituting into (7) 

BccauscM=ws.#l 

(12) 

(13) 

The sign ambiguity can be resolved (in favour of the negative option) by considering the caac in which 
I#J = 0; then $ = 8: for this condition it is well known that the field compoxxnt parallel to the dipok is 
m/R3 (3 cos2 /I - 1). 
With the negative option in Eq. (13) 

E, = m(coso(3cosj3.cos$ - cos&]R-” (2) 

APPENDIX II 

Z&&erg haa suggc8ted that a more appropiote model for a 8tcroid may be that in which the Me groups 
arc “jtaggcrcd” in rclativdy fixd conformations, rather than more freely rotating Since our derivation 
had u5cd the concept of more fnxly rotating Me groups it w de&&k to examirE the implications 
of theztlrchcr model upon our conclusions. This examination indicated th8t our approximate formula for 
assessing the contribution of the ekctriad dipok of a CO group to the shielding of Me protons, is not 
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altogether satisfactory in one relative conformation of the CO and Me groups. A more exact equation is 
derived by assessing the elect&d potentials due to the dipole at the carbon atom ($3 of the Me group and 
at a Me hydrogen (&). The electrical field which affects the shielding is then 

where I is the bond length. 
When this expression is averaged over three positions of the Me protons it leads to an intractable integral 

which can be solved by measurements on a molecular model followed by integration by computation. 
However, a more direct and in many ways more rapid method is to use the molecular model to assess the 

electrical field in the direction of the C-H bond for each Me proton, repeating the measurements for at 
least two conformations of the Me group unless there is some reason for a preferred conformation, For each 
proton, the following quantities are required: 

64 

04 

The length and &u co-ordinate anglea for tbe line joining the centre of the dipole to the proton ; from 
these measurements the direction cosines for the unit vectors fi and t? in the electrical dipole field 
equation, 

E=M 92cose+osine 

[ 
___ - arc calculated 

R’ R’ 1 
The polar co-ordinate angles for the C-H bond, from which the direction cosines of this bond are 
calculated. From these values the cosines of the a&a, yr, between the C-H bond and k and y2, 
between the C-H bond and 6 are estimated. 

The fmal result for the electrical field in the direction of the C-H bond is thus : 

Em = ;[2cos0cosy, + sit10cos~~] 

The calculation of the geometrical factor for each protons has been made for Me groups in various 
situations proximate to the CO group using this formula (cf. Table 20). 

TABLE 20 

Geometric factor (Ae3 x 10”) 

Value derived from 
H H I& Average formula (3) 

-CO. CH(C&) ax l& 1Gl 1.308 146 1.38 
-CO. CWCH,) eq 0206 3313 2.516 2.03 150 
-CO. CH,CH(C&) ax @144 1.248 1.108 0.83 OS0 

The angles were assessed from measurements of the polar co-ordinate angles for the directions concerned 
using a molecular goniometer devised by Dr. J. N. T. Gilbert of The School of Pharmacy. The results were 
computed by a three card programme for the Olivetti 101 Calculator. The Me protons were placed in 
staggered conformations relative to adjacent atoms and bonds. A complete determination for a Me group 
together with the computation takes about 1 hr. 

The results averaged over three protons were compared with those calculated by the more approximate 
formula* for pertinent situations and are summarhd in Table 20. 

Exoqt ia the case of an equatorial Me group attached to a C atom adjacent to a CO function, tbe agree- 
ment b within the limits of expected error. Since the series of examples (the keto-androstanes) used in our 
derivation of tk CO anisotropies does not contain Me groups in equatorial situations with respect to the 
CO functions, it is clear that the two methods of approach lead (within the limits of experimental error) to 
the same valuea for the CO anisotropies. 
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EXPERIMENTAL 

The NMR spectra were measured in Ccl., in CDCl,, in benxene (as required) and in cyclohexane, where 
solulpility permitted, in 10% w/v concentration and at room temp (m). Measurements for each compound 
were made at 100 Hx sweep width on a Varian A-60 Spectrometer and the values recorded in the relevant 
Tables represent the mean of four determinations. The spectrometer wss dbratd using ~CUZCDC (436 HZ) 
and TMS. The chemiczd shifts are reported in Hx relative to TMS as internal standard and the accuracy is 
estimated to be within f 1 Hz 

The samplts of androstane and of 1-. 2-, 3-, 4-, 6-, 7-, 11-, 12-, 15-, 16- and IFketo-androstane were pre- 
pared by established methods. The physical constants (mp. and [a]d agreed with the recorded values. In 
each case the low field NMR profile and the IR spectrum were in agreement with the accepted structures. 

The preparation of the diterpenes has been described.” 
The. mathematical calculations used to process the experimental data were carried out on the Atlas 

computer of the University of London using CHLF, autocode language. 
Measurements of the necessary parameters (angles and distances) for the calculations were made using 

Dreiding Stereomodels with the aid of special devices ‘s which facilitated the measurements and increased 
their accuracy. Each value for any given angle or distana used in the calculations is the average of six 
different measurements; two being made on each of three different molecular models. Reprodudbilitia 
for distances were &@l A and for angles were f 2”. 

The following new compounds were prepared during the synthesis of the keto-androstanes. 
17&Acetoxy-5a-androstM-3o-ol amd -3fil. A soln of 17@cetoxy-Sa-androstan-3-one (1.2 g) in 

AcOH (40 ml) containing 64% perchloric acid (1 drop) and PtO, (@2 g) was shaken in an atm of H, for 
025 hr after which time absorption of H, (74 ml, 1 mole) had ceased. After isolation a soln of the crude 
product in benzene was adsorbed upon silica gel (501) g). Elution with benxene/EtOAc (15: 1) afforded 
(a) 17B-aceroxy-5a-rmdrostan-3a~l (O-4 g) which formed needles from acetone, m.p. 186187”. (Found: 
C, 75.2; H, 1@4. C1,Ha,OJ requires: C, 75.5; H. 1@2%); [a]:” = +8”. IR: v_ = 173O(aatate) and 3465 
(alcohol) cm- * and (b) a mixture of 17bacetoxy-Sa-androstan-3a-ol and -3el in which the 38 epimer pre- 
dominated. Thesample hadm.p. 14sl51”. [ab = +4” and wasused without further purification for NMR 
measurements. 

Hydrazone ofundrostan-17-one. A soln of androstan-ll-one (59 g) in EtOH (70 ml) containing Et,N (12 
ml) and 95% hydrazinc hydrate (20 ml) was refluxed for 1.5 hr. Purifuzation of the product from MeOH gave 
andrastun-17-one h+zzone (5.5 g), in plates, m.p. 108-109”, (Found: N = 11.1; C,,H,,N, requires: 
N, 11.1x), [a]$ = +26”. IR: v_ = 1635(C=N), 34OO(NH&cm-‘. 

17-lodormdrost-16-e. This hydraxone (50 g) was dissolved in THF (100 ml) containing Et,N (20 ml) 
and treated in an atm of N1 while vigorously stirring, with I, (20 9) dissolved in THF (50 ml). After the 
addition of I, was completed (approx 5 min) the mixture was stirred until evolution of the N, had ceased 
(5-10 min). Purifmtion of the product from MeOH gave (17~iodoa&ros-16-e (40 g) in plates, m.p. 11 l- 
113”, (Found: C, 59.3; H, 7.5; I, 33.4. C,,H,,I requires: C, 594; H, 7.6; I, 33eA); [aJo = 21.8”. IR: 

vmu = 1580 cm-’ (5-membered ring double bond), NMR: 48 Hq 3H, s. (C-19); 43 Hq 3H, s. (C-18); 
365 Hz, 1H. 1. (olefmic c(l6) proton). 

Androstan-l’l-one ethylene thioketal. To a soln of androstan-17-one (@12 g), dissolved in ethane dithiol 
(@2 ml) was added BF,-etherate (2 drops) while agitating the mixture with a glass rod. The mixture rapidly 
solidified to a white solid which was washed with cold MeOH and collected. Crystallization from n- 
hexanejacetone (3: 1) gave androstan-l’l-one ethylene t&&eta& (@15 g) in colourless plates, mp. 160- 
162”. (Found: C, 71.9; H.9.6. C,,H,,S, requires: C, 71.9; H,9.8”/,); [a]: = -34.5”, IR: no COabsorption. 
NMR: 47 HS 3H, s. (C-19); 52 Hz, 3H, s. (C-18); 188 Hz, 4H, s. (4 protons a to the S atoms in thioketal 
ring). 
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