Tetrahedron, 1967, Vol. 23, pp. 2357 to 2373. Pergamon Press Lid. Printed in Northern Iretand

THE CHEMICAL SHIFT—II
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Abstract—The calculation of chemical shifts by the methods used in Part I' has been extended to
include the shiclding effects of the carbon-carbon double bond. By the application of this treatment
to a series of conformationally rigid steroids the values of the two anisotropies of the carbon-carbon
double bond have been deduced as

Ay$=0 .= —12:75 x 10 ®, and Az$”° = —-14:27 x 10 * cm® molecule-?.

It has been established that the shift for any distant nucleus in proceeding from an alkane to the
corresponding alkenc comprises the algebraic sum of the screening constants for the displaced C—C
and C—H bonds and the introduced C--C and olefinic C—H bonds. On this basis, in only a minority
of cases examined is the contribution of the double bond to the total shift clearly predominant.

The conventional picture of the shielding cone around the carbon-carbon double bond appears
to require substantial modification. It would seem that deshielding is confined to a restricted region
at the ends of the double bond: outside this region a nucleus is shiclded whether it lies in the *plane”
of the double bond or above it.

IN THE preceding paper! the McConnell equation was modified to include short range
cffects. It was also cstablished that in the calculation of chemical shifts, the screening
effect of bonds displaced by a substituent must be taken into consideration as well as
that of all the bonds of the substituent. The present paper describes the extension of
these concepts to the shielding effect of the double bond.

Thus, the shielding of a nucleus by a double bond has been represented?® qualita-
tively by the familiar so-called shielding cones in which a nucleus situated above the
double bond is shielded (i.e. moved to higher field values) whilst a nucleus in the plane
of the bond is deshielded. Although diagrams of this kind have been used qualitatively
to explain the shift of a distant proton, previous attempts (cf. e.g. Refs 3, 4 and 5) to
derive a quantitative treatment have applied the McConnell equation (2) in a manner
which is theoretically unsound. McConnell® clearly derived his equation for a group
of electrons possessing cylindrical or conical symmetry. In such cases only two sus-
ceptibilities are necessary to describe the anisotropy in the group susceptibility. There

! Part 1. J. W. ApSimon, W. G. Craig, P. V. Demarco, D. W. Mathieson, L. Saundcrs and W. B.
Whallcy, Tetrahedron 23, 2339 (1967).

* L. M. Jackman, Applications of Nuclear Magnetic Resonance Spectroscopy in Organic Chemistry
p. 129. Pergamon Press, Oxford (1962).

* R. R. Fraser, Canad. J. Chem. 40, 78 (1962).

¢ S. Yamaguchi, S. Okuda and N. Nakagawa, Chem. Pharm. Bull. 11, 1465 (1963).

* K. Tori, Y. Hata, R. Muncyuki, Y. Takano, T. Tsuji and H. Tanida, Canad.J. Chem. 42, 926 (1964).
¢ H. M. McConnell, J. Chem. Phys. 27, 226 (1957).
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is consequently only one anisotropy for a group with these symmetry eclements and
Eq. (2) thus follows. However, a double bond, e.g. C=C or C=0, does not
possess either cylindrical or conical symmetry and hence three susceptibilities (i.c. fwo
anisotropies) are necessary to describe the anisotropy in the magnetic susceptibility.
Consequently, McConnell's equation cannot be applied directly in these
circumstances.

In developing our argument itis useful to recapitulate certain aspects of McConnell’s
equation. If; in Fig. 1, N be a nucleus and O the position of a point dipole induced in
a distant group by a randomly oriented magnetic field H, then the secondary field
at N may be calculated and integrated over all orientations of H. If complete magnetic
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anisotropy be assumed at O, then the dipole at O may be resolved into three orthogonal
components, each component having a susceptibility yx for the X direction, xy for the
Y direction and yx for the Z direction. If 1, m and n are the direction cosines of ON,
and R = ON, then it follows that the shiclding due to the dipole is given by the
expression

1
0= m[lx(l — 31% 4 xy(1 — 3m®) + xz(1 — 3n%)] (1)

Should the bond in which the dipole at O originates possess conical or cylindrical
symmetry (¢.g. C—C, C—H), then the co-ordinate system can be chosen so that the
X axis and the bond axis coincide. The susceptibility yy(= xz) is the susceptibility
transverse to the internuclear axis and yx is the susceptibility along the bond axis.
Using the relationship between the direction cosines of

I*+m?4nt=1

and making these substitutions in Eq. (1), we obtain Eq. (2), i.c. the McConnell
equation which is applicable only to bonds where a symmetry axis is coincident
with the bond axis.

1
o =3 lax(l — 3% + xy(l — 3m®) + xy(1 — 3 + 31* + 3m?))

_ZX_ZY _ S
=B -3

Ay

o = 3_R’(l — 3cost9) )



The chemical shift—II 2359

In our treatment of the double bond, for which complete magnetic anisotropy
must be assumed, we take the X axis (cf. Fig. 2) as coincident with the internuclear
(bond) axis and the Y axis as the direction orthogonal to the nodal plane of the =
orbitals: the Z axis is then orthogonal to these two axes (i.¢. in the nodal plane of the
m orbitals); xx is the magnetic susceptibility along the internuclear (¢ bond) axis,
Zy is the susceptibility along the pseudo-axis of symmetry of the = orbitals and g, is
the susceptibility orthogonal to X and Y in the nodal plane of the = orbitals. It is
ma;_hgma_t_nga_llv convenient to redefine the amzlm as follows: thus 0 is the angle
between R and the Y axis and y the angle between the projection of R in the XZ plane
and the X axis. Equation (1) then becomes:

0= 3—[{,[1\“ = 3m?) — gx(1 — 3m?) — yx(1 — 3n?) - yz(1 -- 3n%))
3R3 [All(l ~ 3Im?) + Az'(l — 3n?))
Term I(i) Term I(ii)
[AZ1(1 — 3 cost 0) - Az,(l — 3s5in? 0. sin? },)] (3)

3R’

where Ay, = yy — xx is the anisotropy between the axis perpendicular to the nodal
plane of the = orbitals and the o bond direction and Ay, = xz — xx is the anisotropy
between the axis through O in the nodal plane of the = orbitals and the o bond
direction.

We have used this form of the equation in the present paper.

In calculating for any given nucleus the chemical shift produced by the introduction
of a double bond into the molecule, it is important to reiterate (cf. the preceding paper?)
that the contribution from the C—C and the C—H bonds displaced, as well as from the
C=C and C—H bonds inserted, must be taken into account. Thus, the general form of
the equation required in our calculations is (4):

Term I Term 11
() (1))
Ao =Ax""C . fIR, 0] 4 Aps"C . f[Ry, 0,, 7] + Ax*M . nf [Ry, 05
Term 111 Term IV
— {82 . f Ry, 6] + AzM . mf[Ry, 6]} (4)

where Term I(i) and Term I(ii) are the shielding contributions from C—=C [Eq.
(3)), Term II is the contribution from the C—H bonds attached to the double bond
(n may be 0, 1 or 2). Term III represents the shielding due to the C—C single bond
displaced and Term IV that due to the C—H bonds on the original C—C (m may be 0
to 4). Terms II, III and IV are in the form of the McConnell equation (2).

These calculations have been applied to a series of steroids, and the changes in the
chemical shift of the C-18 and C-19 Me groups caused by a double bond in various
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positions computed. Since the protons observed are in every case at a distance
greater than 3 A from the double bond, no correction for the failure of the point
dipole approximation is necessary. For simplicity we have assumed that:

(a) the anisotropy of a Csp;—H bond is the same as that of a Csp,—H bond,

(b) the anisotropy of a Csp;—Csp; bond is the same as that of a Csps;—Cspg bond:
the calculations of Guy and Tillieu’ would suggest that these two assumptions are
reasonable,

(¢) in taking account of the C—H bonds, equatorial C—H bonds in the alkane
may be equated with the olefinic C—H bonds in the alkene provided that this be in
the semi-chair conformation: the obvious exceptions to this treatment are those cases
where an exocyclic methylene group is introduced. The small discrepancies in R and 6
introduced by this approximation make a negligible difference to the shielding,

(d) the cyclohexanc and cyclohexene systems are in the chair or semi-chair con-
formations,

(¢) the distance R may be taken® as that from the geometrical centre of the double
bond to the centre of the circle which would be described by a rotating Me hydrogen
atom.

Y
4 (Xy)

Fio. 2.

In deducing anisotropies for the C- --C double bond, we have used only thosec
steroids which are conformationally rigid: hence steroids with double bonds in posi-
tions 1, 2 and 3 have been omitted. Compounds with the double bond in ring D were
not available to us. Since 3C—H coupling constants have been shown® to be different
for cyclopentene and cyclohexene, and in view of the postulated relationship!® between
such coupling constants and percentage S character of the C—H bonds, the values
derived for the carbon-carbon double bond may not be directly applicable to five-
membered rings. This point is at present under investigation. The proton resonances
of the C-18 and C-19 methyl groups were determined at 60 Mcfs, in cyclohexanc,
carbon tetrachloride and deuterochloroform with TMS as internal standard. The
complete list of compounds examined is shown in Table 1: changes in Me group
resonances on adding double bonds appear in Table 2. Mean values of such changes
are given in Table 3: the twelve examples listed all fulfil the condition of conforma-
tional rigidity. The examples included in the anisotropy calculations are listed in
7 J. Guy and J. Tillieu, J. Chem. Phys. 24, 1117 (1956).

* A. D. Cross and 1. T. Harrison, J. Am. Chem. Soc. 88, 3223 (1963).

* K. Tori, R. Muncyuki and H. Tanida, Canad. J. Chem. 41, 3142 (1963).
1* N. Muller and D. E. Pritchard, J. Chem. Phys. 31, 768, 1471 (1959).
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Tables 4, 5 and 6 together with the relevant measurements® and calculations. Data
relevant to the 11-methylene derivatives were excluded from these calculations since
models clearly indicate a distortion from the unstrained steroid skeleton produced
by the interaction of the C-1 « proton and the C-11 substituent (see later). Equation
(4) may be restated more conveniently as in (§): twenty-one equations were then
written as in (5) where the factors a to f refer to geometric factors which are defined
footnotes to Tables 4, 5 and 6.

alyT=¢ + bAxS™C = observed shift in ppm x 104
— A 4 (e + NALE + dAYC-C (5)
The two different sets of values (6) and (7)
AytC = 42133 x 107%® A CH = 1+12:57 x 10°% 6)
Ayt=C = +1398 x 10%®  Ay°H = 41100 x 10~ @)

obtained in the preceding paper! for Ay®~C and Ay®™ were used separately in solving
the twenty-one equations of type (5) by the method of least squares and the correspond-
ing values (8) and (9) were obtained for Ay{-C and Ay$-°

Ay = —11:82 x 10°%®,  Ayi~C= —1584 x 107® cm?® molecule!  (8)
AyT—C = —1275 x 107%,  Ayi—C = —1427 x 10% cm® molecule*  (9)

As is shown later in this paper the second set (7) and (9) is preferred. Susceptibilities
corresponding to these anisotropies were then derived using a mean value of the
susceptibility for the C---C bond.!

Thus: Wax + 1y 20 = —32x 10°% (10)
and solving with
An =y — xx = —12775 x 107%® (11)
Axe = Xz — 2x = —1427 x 10°%® (12)

we obtain
Ix - +3-68 x 107%® cm® molecule!

== 4222 X 1074 cm?® mole!

2y = —9:07 x 107 cm® molecule!
- —547 x 10~® cm® mole *

2z = —10-59 x 107> cm?® molecule~?!
- —-6-39 x 10~* cm® mole !

These susceptibilities may be compared (Fig. 3) with those derived! for the C—C and
C—H bonds. In each case the susceptibility along the X axis (xx) (¢ bond axis) is

¢ In this and subsequent papers, the measurements of the requisite angles and distances have been
made on Dreiding models using an instrument, designed by onc of us (J. W. ApS. and his Associates).
Details will be published clsewhere.

11 P, Pascal, A. Pacauit and J. Hoarau, C. R. Acad. Sci., Paris 233, 1078 (1951).



2362 J. W, APSIMON ¢! al.

positive and the most paramagnetic whilst the susceptibilities in the other Cartesian
co-ordinates, Y and Z, are negative.

The anisotropies (6) and (8) and the alternative pair of values (7) and (9) were
used to calculate the chemical shifts of the C-18 and C-19 Me groups in the examples
in Table 3. Tables 7 and 8 show the results of these calculations and illustrate the
individual contribution to the shift made by each term. Figures 4 and 5 show a plot of
the calculated against the observed values. It will be seen that the second set of aniso-
tropies, (7) and (9), is to be preferred and that the line of best fit in this case (Fig. 5) is

FiG. 3.

approximately that of the theoretical line. With two exceptions all calculated values
of the methyl resonances fall within 43 c/s of the observed values. Agreement is less
satisfactory (Fig. 4) with the first set, (6) and (8), and the line of best fit does not
strictly coincide with the theoretical line: in this case the calculated values for nine
examples fall outside the range £ 3 cfs. Previous calculations®® have been based on a
misapplication of McConnell’s original work® and it was implied that agreement be-
tween the calculated and observed shifts was satisfactory. When such methods are
applied to our examples, the lack of agreement clearly illustrates the errors of the
assumptions involved: for example, when the appropriate calculations are made
using Fraser’s approach?® the line of best fit (Fig. 6) bears no relationship to the theo-
retical line. This conclusion is independent of the value used for the anisotropy.
The chemical shift difference, Ag =: (04)4.0e — Caixens)> COBSISts of two distinct
parts, namely the shielding of the C—C and C—H bonds which are displaced and
whose contributions is subtracted, together with the shiclding of the C=C bond whose
contribution together with that of any olefinic C—H bonds is added. Table 9 shows
the total contribution from these two sources. In only six cases out of twenty-one,
namely C-19, A8, 3CH,, 7CH, and C-18, A%, A8, and A%, js the contribution from
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the double bond clearly predominant. For seven cases namely, C-19, A8, A%, A%1L,
and A% and C-18, A7, AM, A%M, it is the removal of the C—C single bond with its
axial hydrogens which provides the major contribution to the shift. In the remaining
cight examples, C-19, A%, A7, A", 6CH, and C-18, A%, A%, 6CH, and 7CH,, the
contributions of both components are approximately equal. These observations
underline the importance of considering all the bonds involved when calculating
chemical shift differences.

It follows therefore that the pictures of shielding cones currently presented in texts?
must be rejected. For the olefinic bond it is widely implied that in terms of angular
dependence, protons above the plane of the bond are shielded whilst protons in the
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Fia. 6. O Plot of points made using method adopted by Frazer’. A Plot of points
using mecthod of Nakagawa®®. The shaded area indicates the region +3c/s of the
observed shift.

plane of the bond are¢ deshielded. Such a picture is apparently based on the simple
(1-3 cos? 6) relationship. As we have shown earlier in this paper two interdependent
functions must be considered and using these functions [Eq. (3)] a picture of the shield-
ing about the double bond has been obtained as in Fig. 7: the dimensions of the
“cone” are 114° in the Y axis and 104° in the Z axis. Thus, deshielding of a proton
occurs only within a restricted region at the ends of the double bond. Outside this region
a proton is shielded whether it lies in the “'plane” of the double bond or above it.

In the case of 11-methylene-androstane, calculations based upon the undistorted
Dreiding model predict a chemical shift (androstane/11-methylene-androstane) for the
C-19 methyl group of -+4:1 c/s whereas the observed figure is —13-4 ¢/s. Taking the
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TABLE 1. TABLE OF METHYL RESONANCE POSITIONS (IN Cfs FROM TMS AT 60 Mc/s)
Solvent '
Compound Cyclohexanc CCy, Ccpa,
C-19 C-18 C-19 C-18 C-19 C-18
Cholestanc?? 49-8 42:0 464 387 465 390
Cholestan-38-ol!*¢ 492 412 482 391 486 394
38-Acetoxycholestane®? 507 418 49-4 390 493 392
Cholestan-3-onei*.!* 612 434 61-4 414 60-6 410
Cholest-1-en-38-ol" 590 41-8 60-3 41-5 54-6 400
Cholest-1-en-3-onc™* 597 437 60-3 417 606 424
38-Acetoxycholest-1-cnel’:1? 554 421 55-0 400 556 40-S
Cholest-4-cne™ 62:2 436 620 435 60-5 410
Cholest-4-cn-38-ol*! 62:6 431 62:1 405 632 412
Cholest-4-en-3-one** 703 447 713 420 712 430
3f-Acetoxycholest-4-cne®* 63-6 427 640 41-4 638 410
Cholest-5-en-38-ol'*® 612 431 596 406 607 400
Cholest-5-en-3-one®* 70-8 446 710 432 71-0 430
36-Acetoxycholest-5-ene!®-1¢ 621 429 61:4 413 61-6 4l1-1
3-Methylenecholestane® 526 419 51-4 392 515 39§
Cholest-6-en-3-ol* 487 437 462 415 472 418
Cholest-6-¢n-3-onc™ 55-3 450 567 432 58-5 437
38-Acetoxycholest-6-ene® 492 436 48-6 42:4 482 417
Cholest-7-ene-38-0l" 495 341 473 316 481 324
Cholest-7-en-3-onc* 6i-4 366 606 337 61-0 339
38-Acetoxycholest-7-ene® 49-8 346 492 320 491 324
Cholest-T-ene® 484 345 46-7 323 464 324
6-Mcthylenecholestan-38-ol* 424 412 405 389 412 390
6-Methylenecholestan-3-one™ 53-6 421 53-5 405 540 408
7-Methylenecholestan-38-o 55-8 430 55-8 409 563 413
7-Mcthylenecholestan-3-once® 679 424 683 434 674 427
38-Acetoxy-7-methylenecholestane® 555 436 573 407 573 412
Cholest-8-en-3-01" 572 366 545 353 570 368
Cholest-8-en-3-one* 681 137-8 68-4 38-0 687 386
3B-Acetoxycholest-8-¢ne** 58-7 391 58-1 364 58-2 368
Cholest-8(14)-en-3-ol** 429 528 407 497 41-7 519
Cholest-8(14)-en-3-one 54-0 526 535 518 546 529
3f-Acetoxycholest-8(14)ene®® 436 505 425 499 427 51-8
Cholest-8(14)-ene™ 417 506 395 496 398 51-7
Sx,22a-Spirostan-3-one* 618 461 620 482
5%,22x-Spirost-%(11)-en-3-one® 691 42:3 702 454
5x,22x-Spirost-11-en-3-one** 578 483 587 511
11-Methylene-5x,22x-spirostan-3-one® 751 425 75-5 42:4

** Huang-Minlon, J. Am. Chem. Soc. 71, 3301 (1949).

1B D. H. R. Barton, J. Chem. Soc. 1116 (1946).

¢ W. F. Bruce and J. O. Ralls, Organic Syntheses Coll. Vol. II; p. 191 (1943).

* W. F. Bruce, Organic Syntheses Coll. Vol. 11, p. 139 (1943).

1¢ L. F. Fieser and X. A. Dominguez, J. Am. Chem. Soc. 75, 1704 (1953).

17 R. Albrecht and C. Tamm, Helv. Chim. Acta. 40, 2216 (1957),

* G. F. H. Green and A. G. Long, J. Chem. Soc. 2532 (1961).

* W. Bergmann, M. Kita and D. J. Giancols, J. Am. Chem. Soc. 76, 4974 (1954).
* J. Broome, B. R. Brown, A. Roberts and A. M. S. White, J. Chem. Soc. 1406 (1960).
t P. A. Plattner, H. Heusser and A. B, Kulkarni, Helv. Chim. Acta 32, 265 (1949).
® L. F. Fieser, Organic Syntheses Coll. Vol. IV, p. 195 (1963).

# C. W. Shoppee, B. D. Agashe and G. H. R. Summers, J. Chem. Soc. 3107 (1957).
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TABLE 2. CHANGES IN CHEMICAL SHIFTS ON ADDING DOUBLE BONDS
(in c/s at 60 Mc/s: a +ve sign indicates an upfield shift on introducing the double bond)

Solvent
Examples Cyclohexane CqCl, CDC,

C-19 C-18 C-19 C-18 C-19 C-18
1-ene, 38-0l -98 ~—06 --121 -24 —-60 -06
l-ene, 3-one -15 --03 -+ 11 03 00 - 14
1-ene, 38-acetate —47 -03 56 - -10 —-63 --13
4-ene 124 - 16 156 —48 -140 -20
4-enc, 3B-0l - 13-4 19 -139 - 14 - 146 —1-8
4-ene, 3-one -91 -13 -99 --06 -1006 —20
4-cne, 38-acctate --129 09 —146 —-24 -145  --18
5-ene, 38-0! 12-0 -19 —11-4 1-5 —-12-1 -06
S-ene, 3-one -96 —12 96 —18 —-10:4 -2
S-ene, 38-acetate 114 -1 -120 --23 —-123 - 19
3CH, -28  +01 —-50 --0'$ -50 .05
6-ene, 33-0l 05 - 25 -20 -24 ~14 —-24
6-ene, 3-one ~$9 —16 +47 —18 -2 =27
6-ene, 3f-acetate +1-5  --18 +08 -34 -+ 101 25
T-ene, 38-0l 03 71 +09 475§ 05 170
7-ene, 3-one --02 +68 108 +77 04 - 71
T-ene, 3f-acetate -09 72 +02 .70 -02 168
T-ene 14 278 03 64 01 266
6CH,, 38-0l 68 00 477  +03 74 104
6CH,, 3-one +76 +13 +79 09 +66 +0-2
7CH,, 38-0l —66 18 --76  --18 -77 -19
7CH,, 3-one -~67 +10 -69 - 20 —-68 —17
7CH,, 38-acetate —-48 18 -79 --17 —80 -—-20
8-ene, 38-0l 80 +46 63 38 -84 226
8-enc, 3-one —-69 +56 -70 - 34 -81 24
8-ene, 3f-acetate -~-80 427 —-87 -~26 -89 .24
8(14)-¢ne, 38-0l ~63 --116 475 --106 +69 -12:§
8(14)-ene, 3-one ~72 =92 +79 --104 +60 —119
8(14)-ene, 38-acetate ~71 -87 +69 109 +66 --12:6
8(14)-cne -81 —86 +69 109 +67 --12:7
%11)-ene, 3-one - 73 438 —82 +28
11-enc, 3-one +40 -—-22 +33 --29
11CH,, 3-one -133 -36 -136 -58

% F. Sondheimer and R. Mechoulam, J. Am. Chem. Soc. 79, 5029 (1957).

% M. Nussim, Y. Mazur and F. Sondheimer, J. Org. Chem. 29, 1131 (1964).

% F. Sondheimer, Y. Klibansky, Y. M. Y. Haddad, G. H. R. Summers and W. Klyne, J. Chem. Soc.
767 (1961).

® L. F. Fieser and J. E. Herz, J. Am. Chem. Soc. 75, 121 (1953).

# Y. Mazur and F. Sondheimer, J. Am. Chem. Soc. 80, 6296 (1958).

% D. N. Jones and M. A. Saced, J. Chem. Soc. 4657 (1963).

* R. A. Micheli and T. H. Applewhite, J. Org. Chem. 27, 345 (1962).

81 S. Julia, C. Neuville and R. Kevorkian, C.R. Acad. Sci., Paris 258, 5900 (1964).

1 D. H. R. Barton, F. McCapra, P. J. May and F. Thudium, J. Chem. Soc. 1297 (1960).

® D. H. R. Barton and J. D. Cox, J. Chem. Soc. 214 (1949).

% H. Wieland, F. Rath and W. Benend, Liebigs Ann. 548, 19 (1941).

 O. Wintersteiner and M. Moore, J. Am. Chem. Soc. 68, 1507 (1943).

% J. C. Eck and E. W. Hollingsworth, J. Am. Chem. Soc. 63, 2986 (1941).

3" M. E. Wall and S. Serota, J. Am. Chem, Soc. 18, 1747 (1956).

% D. N. Kirk and V. Petrow, J. Chem. Soc. 2091 (1961).
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TaBLe 3. MEAN CHANGES IN THE CHEMICAL SHIFT ON INTRODUCING DOUBLE BONDS
(in c/s at 60 Mc/s: a +ve sign indicates an upfield shift)
Solvent
Cyclohexane cal, DA, Mean
Double bond _— .
position C-19 C-18 C-19 C-18 C-19 C-18 C-19 C-18
4.5 —120 - 14 —-135 -23 -134  --19 --130 -19
5.6 —11-0 1-4 110  —19 —11-6 —15 -11-2 -16
6,7 +26 —20 <25 =25 <15 =25 +22 =23
7.8 405 472 ~04 +72 +01 469 +03 +71
8,9 76 -43 -73 33 -85 =25 -78 34
9,11 -- -- -73 38 —82 28 -78 <33
8,14 - 72 96 +73 -107 ~66 --124 470 —109
11,12¢ -40 -.22 ~33 --29 -37 =26
exo 3 -28 501 -50 - 05 —-50 -05 -43 -0-3
exo 7 -60 - 09 -75 --18 -75 --19 -70 -15§
exo 6 72 407 -78 <06 +70 403 +73 405§
exo 11¢ - —_ - 133 +36 -13§ 154 - 134 447
1.2 -73 —-05 -89 --17 -62 -10 -75 -1

¢ Compounds only sparingly soluble in cyclohexane.
* These values are the average from the 38-ol and 3f-acetate.
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TABLE 5. CARBON-CARBON SINGLE BOND

Geometric Ay®-0 x Geometric
e, factor (d) factor (d) for term (TII)
Example* R«(A) (degrees) (cm=2. 10%) (in ppm.) (Eq. (4)]
b I
1 29 77 +1-1593 +0-247 +0-162
2 29 77 +1-1593 +0-247 +0-162
3 35 63 +0-2967 +0-063 +0041
4 35 63 4-0-2967 +0-063 +0-041
s 29 77 +1-1593 +0-247 +0-162
6 29 7 +1-1593 +0-247 +0-162
7 39 25 —0-8228 -0-175 —-0-115
8 39 25 —0-8228 —0175 —0115
9 — — — — —
10 — — — — —_
11 — — — — —
12 61 41 —0-1041 —0-022 —0015
13 53 76 +0-1846 +0-039 +0-026
14 47 61 +0-0947 +0-020 +0-013
15 37 22 —1-0391 —0222 —0-145
16 32 67 +0-5513 +0-118 +0-077
17 32 67 +0-5513 +0-118 +0-077
18 29 84 +1-3219 +0-282 +0-185
19 29 84 +1-3219 +0-282 +0-185
20 — — — — —
21 — — — — —

® Sec table 4 for key to examples.

® Anisotropy used was Ax°0 = +21-33 x 10-* (Method No. 1 preceding paper*).

* Anisotropy used was Ax®-C = 41398 x 10-% (Mecthod No. 2, preceding paper?).

d = §(1 — 3cos*6,)R,~® where R, is the distance from the centre of the circle described by the
rotating methyl hydrogen atoms to the centre of the C—C bond in the alkane and 0, is the angle
described by R, and the C—C internuclear axis.

C-9-C-11 bond as an axis, the dihedral angle described by the C-9-C-10 C—C single
H

/
bond and the double bond at C-11 is approximately 10°, with the C=C lying

H
towards the « face of the androstane skeleton. By making the C-9-C-10 bond and the
olefinic bond co-planar (dihedral angle, zero) the calculated shift moves to negative
values (to approximately — 19 ¢/s) a figure more in agreement with the observed shift.
Such a distortion moreover moves the methylene proton from a point ~1 A distant
from the C-1 equatorial hydrogen (~2 A distant from the circumference of the circle

24
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TABLE 7. CHEMICAL SHIFT OCONTRIBUTIONS IN C/s AT 60 Mc/s FROM EACH TERM OF EQUATION (4)

Term U
Hydrogen
atoms on Calcul- Observed
C=C double Term III Term IV ated shift shift in
bond (exo- c—C hydrogen inc/c c/c
C=C Double bond methylene single atoms in at at
Examples* Term I(i) Term I(ii)  groups) bonds the alkane 60 Mc/s 60 Mc/s
1 -16 -39 +148 -49 -83 -—169 --130
2 —10 —26 ~148 —-83 <49 -150 -112
3 +16 -+66 +38  +49 -24 ~19 +~22
4 +0-5 +72 ~38 —-24 49 +1-4 +03
5 —08 <05 +148 149 -—-83 —117 -78
6 -16 —-20 +148 —83 449 --150 -78
7 +39 -39 —-105  +49 -09 6§ +70
8 +61 —46 - 1005 49 02 -73 +37
9 —-27 —40 —~04 —04 —-24 --19 -32 --4-3
10 —-27 —40 —-04 -04 -24 —19 -32 - 70
11 +39 —41 +39 —14 —64 +49 ~38 +7-3
12 -10 —12 -13  +09 -03 —15 -19
13 —16 +44 +24 +18 —03 -1 —1-6
14 -18 00 ~-12 18 -14 -34 -23
15 +79 -72 —-133 14 433 +121 -71
16 +138 —66 +71 433 -39 +07 +34
17 +51 +28 +71 -39 <33 -14 ~33
18 +03 +02 +169 +33 -83 -—114 -26
19 -08 —02 +169 +33 -74 -—138 —109
20 +02 -—-10 —08 -—-05 +18 —19 -04 405
21 —-17 428 +2:1 =24 -14 +26 —04 -15

* Sce Table 4 for key to examples,

(A) Aanisotropies (6) and (8) used in these calculations.
(B) Terms I to IV are those marked in equation (4).
(C) A + sign indicates a shift to higher field values; a — sign to lower ficld valucs.

described by the C-19 Me hydrogen atoms) to a position equidistant between the

two groups.

Calculations show that a distortion of the dihedral angle in the opposite sense to
the above i.c. produced by bending the 11-methylene group further towards the « face
of the molecule, also moves the calculated shift to negative values. This, however, has
the effect of decreasing the methylene proton—C-1 equatorial hydrogen distance to
about 0-5 A and is thus unlikely.

Calculations for Al-enes have been carried out assuming that ring A has the semi-
chair conformation. Under these circumstances the calculated chemical shift (—7-2
c/s) for C-19 in cholest-1-en-38-ol and the corresponding acetate agree satisfactorily
with the observed values for these substances.
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TABLE 8. CHEMICAL SHIFT CONTRIBUTIONS IN C/s AT 60 Mc/s FROM BACH TERM OF
EQUATION (4)

Term I
Hydrogen
atoms on Calcul-
C--<C double Term III Term IV ated  Observed
bond (exo- C=C hydrogen shift in  shiftin

C-=C double bond  methylene single atoms in c/sat  c/sat
Examples® Term I(i) Term I(ii) groups) bonds the alkane 60 Mcjs 60 Mc/s
1 -18 =35 +97  +42 -73 119 130
2 -kl 23 +97 =73 +42 --100 112
3 +17 +60 +25 42 21 +3:1 +2:2
4 +06 65 =25 =21 +42 425§ +03
b -09 +05 +97  -~42 -73 -70 -78
6 -18 -—-18 +97  -73 +42 -102 -78
7 ~42 —35 -69 42 —08 +4:2 +70
8 +66 —42 -69  +42 -02 +53 +37
9 -29 -36 —04 —04 -21 17 -35 —-43
10 -29 -36 —-04 -04 -21 -17 -35 -70
1 +42 -37 +34 12 -56 -+42 +4-1 +73
12 -1l -1l -09 <08 -02 -19 -19
13 -18 -40 ~15  +16 —02 -07 -16
14 -20 00 +08 +16 -—12 -32 -23
15 +85 —65 -87 12 +29 +90 +71
16 +149 - 60 +46 +29 --34 +4-8 +34
17 +55 ~25 +46  —34 429 +39 +33
18 +03 +02 +11-1 29 73 -62 -26
19 -09 —02 +1111 +29 —65 -86 —109
20 +03  -09 +07 —04 +16 —17 -0-2 +0-5
21 —-18 26 +18 -21 -12 +22 - 05 -15
¢ Sce Table 4 for key to examples.

(A) Anisotropies (7) and (9) used in these cakulations.
(B) Terms I to IV are those marked in equation (4).
(C) a +vesign indicates a shift to higher field values; a —ve sign indicates a shift to lower field
values,
EXPERIMENTAL

The NMR spectra were measured in cyclohexane, carbon tetrachloride and CDCl, solns in 109
w/v concentration and at room temp (ca., 20°). Measurements for each compound were made at
100 c/s sweep width on a Varian A-60 and the valuesin Table 1 represent the mean of 4 determinations.
The spectrometer was calibrated using benzene (436 ¢/s) and TMS.

The physical constants (m.p. and [x}p) for previously recorded steroids agreed with the literature
valucs. In cvery case the low field NMR profile and the infrared spectrum were in agreement with
the accepted structures.

Chemical shifts were assigned on the basis of the additivity of substituent effects.

Cholest-8(14)-en-3-one. A soln of cholest-8(14)-en-353-o0l (460 mg) in acetone (25 ml) was treated
at 0° with excess Jones’ reagent. The resultant cholest-8(14)-en-3-one (330 mg) formed prisms, m.p.
95-96° from MeOH [z]y +41° (¢, 1-02 in Chf). (Found: C,84:2; H,11-7. C,H, O requires:
C,843; H,11:5%)

Cakeulations were carried out on the Atlas computer of the University of London using CHLF,
autocode language.
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TasLE 9
Chemical shift contributions (c/s)
Examples Double bond For bonds For bonds
position added® removed®

C19 1 4.5 —-53 —6:6
2 5.6 —34 —-66

3 6,7 +-77 —4-6

4 7.8 +7-1 -4-6

5 8,9 —04 —6-6

6 9,11 —-36 —66

7 8,14 +0-7 +35

8 11,12 +24 -29

9 ICH, —65 3-8

10 7CH, —6'5 +38

11 6CH, +27 +1-4
C-18 12 4,5 —-22 +03
13 5,6 +22 —-29

14 6,7 -20 —1-2

15 7.8 +20 +70

16 8,9 -+~ 89 —-4-1

17 9,11 +80 —4-1

18 11,12 +0-5 —-67

19 8,14 —11 —7-5

20 6CH, -03 +0-1

21 7CH, <05 -1-0

* Incases 9, 10, 11, 20 and 21 bonds removed refer to axial and equatorial
CH bonds: bonds added refer to the C=C and CH bonds contained in the
exo-methylene group. In all other examples bonds removed refer to C—C
single bonds with the attached axial C—H bonds: bonds added are the G—C
linkages.

Anisotropics (7) and (9) used in these calculations.
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Note added in proof—Professor A. D. Buckingham kindly informs us that the most recent and reliable
value for the constant in Eq. (13) of Part I (preceding paper), is —2'3 x 10°%  Using this new
constant we have rederived the anisotropies and susceptibilities (in cm.? molecule~! x 10-%) for the
C—H, C—C, and C=C bonds as follows:

Az C = +11-26 Ayt B 5754
2L €= 137 578 e 137
x3 = —987 = -89

Ay < = —12:00 Axs—C = —12:06

15 = +2:69
257 = —9:31
25—C = =937

Recakulation of chemical shifts using these revised constants yields values which fall within the
same limits of error and differ only marginally from those reported in this series of papers.



