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130. Conformations of the Ten-membered Ring in 5,10-Secosteroids I.})
X-Ray and NMR. Analysis of (E)-33-Hydroxy-5,10-seco-1(10)-
cholesten-5-one Esters

by Hans-Christian Mez?), Giinther Rist?), Otto Ermer?), Ljubinka Lorenc?),
Jaroslav Kalvoda?) and Mihailo Lj. Mihailovic¢4)

Dedicated to Professor Viadimir Prelog on the occasion of his seventieth birthday

(22. 111. 76)

Summary. X-ray structure determination of the p-bromobenzoate 2b of one of the (E[Z)-
isomeric 38-hydroxy-5,10-seco-1(10)-cholesten-5-ones confirmed the (E)-configuration proposed
previously and showed the cyclodecenone ring to adopt an extended crown conformation of type A
(Fig. 9). Analysis of the 1H- and 13C-NMR. spectra of acetate 2a revealed that in solution the
ten-membered ring of this steroid exists in at least two distinct forms, the predominant (about
859%,) corresponding to the solid-state conformation of 2b (= Aj), and the minor most likely to Bz
(Fig. 9). From NMR. data the energy difference between the two species and the relevant activa-
tion energy were e¢stimated. A number of conformational force field calculations using a simplified
partial structural modecl was performed; but the computed energy differences between the various
possible conformations do not reproduce the effective situation, neither in solution nor in the
crystal lattice, indicating that additional effects such as the transannular interaction of the double
bond with the carbonyl group may strongly influence the thermodynamic stability of the system.
The conformations deduced were used to rationalize the stereochemical course of different
chemical reactions of 2a.

Introduction. - (E)- and (Z)-cyclodecenones annelated to the residual C-D
ring system of steroids are formed by fragmentation of 5«- and 58-hydroxy compounds
under the conditions of the lead tetraacetate [2] [3] and hypoiodite reaction [4}{5].
In a previous paper of this series [6] the configuration around the double bond of the
two isomers 2a and 3, obtained from 5«- and 5f-cholestan-35,5-diol 3-acetate (1a
and 1b), was deduced from the NMR. spectra as well as from the chemical reactivity
of the two compounds. Akhtar & Marsh [7] reached the same conclusion concerning
the configuration of 2a by interpreting UV. and IR. data. Additional chemical
evidence for the proposed structures accumulated in recent years [1] [8-10].

Extending the conformational concepts developed by Prelog & Dunitz [11]1{12] for
the cyclodecane system to 2a, two possible conformations (A; and As, ¢f. Fig. 9) were
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originally discussed [6]5). In addition two further conformations (B; and By, ¢f. Fig. 9
had to be considered in connection with the ground-state form of (E)-cyclodecene ir
its complexe with silver nitrate, and in view of the easy thermal cyclization of 2a tc
the B-homo-4-norsteroid 4 [8].

Scheme 1
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The present work appears to settle these configurational and conformational
problems. The results are used to interpret the stereochemistry of a few known chemi-
cal transformations of compound 2a.

1. Determination of the Solid State Conformation of (E)-3 8-(p~-Bromobenzoyloxy)-
5,10-seco-1(10)-cholesten-5-one (2b) by X-ray Analysis. — 1.1. Experimental®). Crystal
data. C3qHg9O3Br, M = 585.7. Monoclinic, & = 14.828 (14), b = 6.966 (7), ¢ = 15.503 (26) A,
£ =102.20 (5)°, U =1565.3 A3, Z = 2, Do = 1.243, Dy, = 1.242 g/cm3, F(000) = 624. MoK«
radiation, 4 = 0.71069 A; u(MoKa) = 15.1 cm~L. Space group P2; from systematic absences.

Crystal Structure Detevmination. Colourless crystals of (E)-35-(p-bromobenzoyloxy)-5,10-
seco-1(10)-cholesten-5-one (2b) were grown from acetone solution (m.p. 169°, [¢]} = +21 4 2°
{c = 0.75, CHClg)). Preliminary unit cell and space group data were determined from Weissenberg
and precession photographs taken with CuKa radiation; cell constants were refined by least-
squares methods from 2 6 values for 11 reflections measured on a diffractometer with MoK«
radiation [14].

Crystallogvaphic measurements. A Picker-FACS-I automatic diffractometer was used for data
collection with MoK« radiation and a graphite monochromator. The intensities of 3012 inde-

!

For reasons of stability, conformation A was preferred. 4 khtar & Mavsh [7], on the ground
of the transannular electronic transition involving the double bond and the carbonyl group,
considered only conformation A;. The same type of interaction is also responsible for the
solvent effect described by Kosower et al. [13] in the case of cyclodecenone. This effect is also
observed with the pair 2 and 3.

6)  All crystallographic calculations were performed on an IBM-370/155 computer using pro-
grams written by one of us (H.C.M.).
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pendent reflections with. § < 25° were measured by a (20— 0) step scan with stationary background
counts at the extrema [14]; the 2411 reflections with I 2> 2 ¢ (I) were considered observed. Data
reduction included adjustment of intensities to fluctuations in the standard reflections, and cor-
rections for Lorewntz and polarisation factors, but not for absorption.

Structuve analysis. x- and z-coordinates of the bromine atom were found from a Harker
synthesis at v = 1/2. Four cycles of (structure factor)-(Fourier calculations) with automatic peak
search located 31 of the 38 non-hydrogen atoms in the molecule. The seven atoms C(21) to C(27)
in the side chain were not resolved. In order to find these, positional and isotropic thermal para-
meters for the 31 atoms found were subjected to two cycles of block-diagonal leastsquares refine-
ment (BDLS.). The R( = Z|{Fos| — |Feaiel|/Z|Fovs) index for the 1667 most reliable reflections
(Fobs = 40 (Fons)) was lowered from 0.248 to 0.216, but a subsequent Fourier synthesis located
only three of the seven missing atoms. Automatic peak scarch on a weighted [15] beta synthesis
[16] with cut-off [17], on the other hand, revealed correct positions of all seven atoms unequiv-
ocally. Refinement was started by two cycles of BDLS. with isotropic thermal parameters, and
R dropped from 0.22 to 0.16. Four further cycles of BDLS. with anisotropic temperature parame-

ters brought R to 0.085. At this stage the weighting scheme was changed from V—x_\; =1/0 (Fons) to a
Hughes [18] type scheme after careful analysis of the wA2 values (4 == |Fops| — |Fealel). Another
two cycles of BDLS. lowered R to 0.076. Finally, three cycles of full matrix LS. were calculated
with nineteen atoms refined per cycle and including the anomalous scattering contribution [19]
for the bromine atome [20] (4f = — 0.3, 4f” = 2.6). The final value of R was 0.073 for all 2411
observed reflections and 0,060 for the 1832 most reliable ones with Fons = 3 ¢ {Fops). Hydrogen atoms
were excluded from both refinement and structure factor calculations. The r.m.s, ratio between
shifts and e.s.d.’s was 0.32 for the last two LS. cyclesincluding all 343 parameters, and only one
parameter, y(C(26)), had a shift larger than its e.s.d. The actual weighting scheme for the final

LS. cycles was }/w =1 for 4.68 < Fous < 21.04, |/'w = Fops/4.68 for Fops < 4.68, and J/w =
21.04/Fgns for Fops > 21.04. The quantity minimized was ZwA2.

1.2, Results and discusston. The structure was refined excluding hydrogen atoms.
Final atomic coordinates and thermal parameters with their standard deviations
are given in Table 1. The molecular structure of 2b is illustrated in Fig. 1 with
the atomic numbering scheme and the bond lengths. More precise values of the
bond lengths with their standard deviations and selected transannular distances
in the ten-membered ring are shown in Table 2. Bond angles are illustrated in Fig. 2
and shown in Table 3, and torsion angles in Fig. 3 and Table 4. Fig. 4 is a stereo
plot [21] of the molecule.

The ten-membered ring is in the extended crown conformation of approximate
symmetry 2/m {Cj;). Similar shapes have been reported for the ten-membered ring
in both the 1:1 silver nitrate adduct of germacatriene [22] and elephantol p-bromo-
benzoate [23] but these cannot be used for comparison because the torsion angle
7(C(3)-C(4)-C(5)-C(6)) is fixed near the antiperiplanar partial conformation in both
compounds. The same is true for a derivative of (E,FE)-cyclodeca-1,6-diene the
crystal structure of which has been studied recently [24]. The geometry of the double
bond C{1)=C(10)in 2b deviates only slightly from planarity, in contrast to other (E)-
cyclodecene structures. While corresponding torsion angles have values of e.g. 163°
in elephantol-p-bromobenzoate [23], 151° in (E)-cyclodec-5-en-1-yl-(p-nitrobenzoate)
125], [26], and 138° in the 1:2 silver nitrate adduct of (E)-cyclodecene [27], the torsion
angle 7(C(2)-C(1)-C(10)-C(9)) is 175° in 2b. The geometrical prerequisite for this is the
short transannular distance C(1) ... C(5) of only 2.84 A, considerably less than the
sum of the van der Waals radii. Apart from the absence of steric hindrance between
the two sp2-carbon atoms C(1) and C(5), the short transannular distance probably
indicates a transannular attraction of the C=C and C=0 double bonds by a z-inter-
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Fig. 1. Molecular structure of 2b, atom numbering scheme (above) and bond lengths (below)
(more precise values and e.s.d.’s in Table 2)

Fig. 2. Bond angles (more precise values and e.s.d.’s in Table 3)

82
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Table 2. Intramolecular distances (A)
(a) Bond distances
C (1)—C(10) 1.350 (15) C(15)—C(16) 1.541 (19)
C (1)—C (2) 1.482 (14) C(16)—C(17) 1.517 (24)
C (2)—C (3) 1.532 (16) C(17)—C(20) 1.593 (17)
C (3)—C (4) 1.515 (16) C(20)—C(21) 1.524 (29)
C (3)--0 (3) 1.477 (12) C(20)—C(22) 1.561 (17)
C (4)—C (5) 1.506 (15) C(22)—C(23) 1.472 (25)
C (3—C (6) 1.532 (17) C(23)—C(24) 1.628 (22)
C (5)—0 (5) 1.230 (14) C(24)—C(25) 1.370 (29)
C (6)—C (7) 1.546 (15) C(25)—C(26) 1.392 (26)
C (1)-—C (8) 1.511 (18) C(25)—C(27) 1.580 (21)
C (8)—C (9) 1.555 (20) 0 (3)—C (3) 1.356 (13)
C (8)—C(14) 1.555 (14) C(3)—0(3) 1.193 (13)
C (9)—C(10) 1.521 (13) C (3)—C(B4) 1.485 (13)
C (9)—C(11) 1.521 (17) C(B4)—C(B5) 1.402 (13)
C(10)—C(19) 1.558 (15) C(B5)—C(B6) 1.372 (14)
C(11)—C(12) 1.528 (16) C(B6)—C(B1) 1.384 (15)
C(12)—C(13) 1.546 (18) C(B1)—C(B2) 1.386 (15)
C(13)—C(14) 1.533 (16) C(B2)—C(B3) 1.399 (13)
C(13)—C(17) 1.536 (14) C(B3)—C(B4) 1.395 (13)
C(13)—C(18) 1.582 (17) Br—C(B1)  1.895 (9)
C(14)—C(15) 1.583 (18)

(b) Selected transannular distances
C(1). C(4 ) 2.98 (2)
C(1)..C(5) 2.84 (2)
C(1)..C(6) 3.36 (2)
C(5)..C(2) 3.17 (2)

C(5)..C(10) 3.21 (2)
C(6)..C (9) 3.29 (2)
C(6)..C{10) 3.08 (2)
C(7)..C(10) 3.11 (2)

Fig. 3. Selected torsion angles charactevizing the secosteroid skeleton of 2b (further values in Table 4)
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Table 3. Intramolecular angles (deg.)

C(L0)—C (1)—C (2) 127.2 C(13)—C(14)—C(15) 1035
C (1)=C (2—C (3) 109.7 C{14)—C(15)—C(16) 1016
C (2—C (3)—C (4) 114.8 C(15)—C(16)—C(17) 107.6
C (2—C (3)—O (3) 103.5 C(16)—C(17)—C( 13) 105.3
0 (3)—C (3)—C (4) 108.9 C(16)—C(17)—C(20) 113.2
C (3)—C (4)—C (5) 111.0 C(13)—-C(17) 0(20) 117.4
C (4)—C (5)—C (6) 117.8 C(17)—C(20)—C(21) 115.8
C (4)—C (5)—O (5) 121.6 C(17)—C(20)—C(22)  109.7
0 (5)—C (5)—C (6) 120.6 C(21)—C(20)—C(22) 110.5
C (5)—C (6)—C (7) 115.5 C(20)—C(22)—C(23) 115.6
C (6)—C (7)—C (8) 118.4 C(22)—C(23)—C(24)  105.8
C (7)—C (8)—C (9) 113.6 C(23)—C(24)—C(25) 114.0
C (7)—C (8)—C(14) 109.1 C(24)—C(25)—C(26) 126.2
C(14)—C (8)—C (9) 105.2 C(24)—C(25)—C(27)  109.5
C (8)—C (9)—C(10) 113.2 C(26)—C(25)—C(27) 112.3
C (8)—C (9)—C(11) 114.1 C (3)—0 3)—C(3) 1177
C(11)—C (9)—C(10) 110.2 0 (3)—C (3)—0(3) 123.9
C (9)—C(10)—C (1) 121.2 0 (3)—C (3)—C(B4) 110.4
C (9)—C(10)—C(19) 115.7 0(3)—C (3)—C(B4) 125.7
C(19)—C(10)—C (1) 123.0 C (3)—C(B4)—C(B3) 122.4
C (9)—C(11)—C(12) 112.7 C(3)—C(B4)—C(B5) 118.0
C(11)—C(12)—C(13) 111.0 C(B3)—C(B4)—C(B5) 119.4
C(12)—C(13)—C(14) 106.1 C(B4)—C(B5)—C(B6) 120.0
C{12)—C(13)—~C(17) 117.9 C(B5)—C(B6)—C(B1) 120.2
C(12)—C(13)—C(18) 110.5 C(B6)—C(B1)—C(B2) 120.9
C(14)—C(13)—C(17) 98.8 C(B1)—C(B2)—C(B3) 118.8
C(14)—C(13)—C(18) 113.6 C(BZ)-—C(B3)—C(B4) 120.1
C(17)—C(13)—C(18) 109.6 C(B6)—C(B1)—Br  120.6
C (8)—C(14)—C(13) 115.1 C(B2—C(B1)—Br 1184
C (8)—C(14)—C(15) 115.6

Table 4. Torsion angles (deg.) not shown in Fig. 3

C (7)—C (8)—C (9)—C(11) 171 C(22)—-C(23)—C 24)—C(25) 165
C(14)—C (8)—C (9)—C(10) 179 C(23)—~C(24)—C(25)—C(26)  —48
C (7)—C (8)—C(14)—C(13) 179 C(23)—C(24)—C(25)—C(27) 173
C (9)—C (8)—C(14)—C(15) 180 C (3)—0 (3)—C (3)—0(3") -8
C (8)—C (9)—C(10)—C(19) —~ 67 c (3)—0 (3)—C(3)—C(B4) 172
C(11)—C (9)—C(10)—C (1) —118 0 (3)—C (3)—C(B4)—C(B3) 1
C(11)—C(12)—C(13)—C(17) —167 0 (3)—C (3")—C(B4)—C(B5) —174
C(12)—C(13)—C(14)—C (15) —170 0 (3)—C (3)—C(B4)—C(B3) ~179
C(17)—C(13)—C(14)—C (8) ~175 0(3")—C (3")—C(B4)—C(B3) 6
C(18)—C(13)—C(14)—C (8) — 59 C (3)—C(B4)~C(B5)—C(B6) 176
C(18)—C(13)—C(14)—C(15) 68 C(B3)—C(B4)—C(B5)—C(B6) 1
C(12)—C(13)—C(17)—C(16) 156 C(B4)—C(B5)—C(B6)—C(B1) 5

C(12)~C(13)—C(17)—C(20) — 77 C( 5)—C(B6)—C(B1)—C(B2) —6
C(14)—C(13)—C(17)—C(20) 169 B5)—C(B6)—C(B1)—Br 178
C(18)~C(13)-C(17)—C(16) — 77 Br —C(B1)-—C(B2)—C(B3) 176
C(13)—C(17)—C(20)—C(22) —178 C(B6)—C(B1)—C(B2)—C(B3) 0
C(16)—C(17)—C(20)—C(21) 179 C(B1)~C(B2)—C(B3)— (134) 7
C(17)—C(20)—C(22)—C(23) — 62 C(B2)—C(B3)—C(B4)—C(B5) -8
C(21)—C(20)—C(22)—C(23) 67 C(B2)—C(B3)—C(B4)— ( 178
C(20)—C(22)—C(23)—C(24) —158
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action of the type reported for (E)-cyclodec-5-enone [13] and a number of sesquiter-
penes [28]. The interdependence of transannular C ... C distances, torsion angles and
the steric requirements of type III7) atoms in ten-membered rings is illustrated in
Fig. 5. In cyclodecane [26] (not illustrated) the transannular distance is 3.29 A
between two methylene groups with a torsion angle of 152°. In cyclodecane-1,6-dione
(A) [29] the CHy ... CO distance is 3.13 A with 7 = 157°. In 2-oxacyclodecane-1,6-
dione (B) [30] the CHy ... CO distance is reduced to 3.04 A and the O ... CO distance
is only 2.83 A. The resultant torsion angles are 174° and — 155°, and the geometry of
the central moiety of B is closely similar to that of compound 2b (= G).

The six-membered ring in 2b assumes the normal chair conformation with an
average bond angle of 110.7° and an average torsion angle of 56.7°. The conformation
of the five-membered ring is intermediate between a C(13) envelope and a C(16)
halichair, with Romers ring parameters [31] ¢m = 48° and A4 = 15.4°,

The conformation of the side chain C(20) to C(27) is not unusual. Bond lengths
and angles in this part of the molecule are unreliable reflecting the effect of either

3

0

Fig. 4. Steveo plot of 2b

OCOCHBr-p

Fig. 5. Transannular distances and tovsion angles in cyclodecane-1,6-dione (A) [29], 2-oxacyclo-
decane-1,6-dione (B) [30] and the ten-memberved ving of 2b (= C)

7)  For the nomenclature of the stable cyclodecane conformation: ¢f. [26].
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floppiness in the chain or disorder or both. Similar difficulties have been reported in
e.g. the crystal structure analysis of 4,4-dichloro-2a-aza-4-homocholestan-3-one [32].
Since our main objective was to establish the conformation of the ten-membered
ring no attempt was made to account for these effects.

2. Conformations of the Ten-membered Ring of (E)-3 3-Acetoxy-5, 10-seco-
1(10)-cholesten-5-one (2a) in Solution. NMR. Analysis. - 2.1. General remarks. In
this NMR. study the acetate 2a was investigated instead of the p-bromobenzoate
2b. This replacement was necessary because of the coincidence of the chemical
shifts of the two protons at C(1) and C(3) in the spectrum of 2b. The coupling
constants of these protons were of great importance for the following conformational
analysis. We assume that this change of substituents does not significantly alter the
conformation of the ten-membered ring. Both compounds exhibit negative Cotfon
effects of similar magnitude for the keto group in position 5. This may be considered
a good indication for similar conformations of the cyclodecenone ring in the two com-
pounds.

No detailed comparisons have been made so far between the conformations of
medium sized ring ketones in solid state and in solution8). A discussion of confor-
mations of medium sized monocyclic carbonyl compounds in solution has been
published recently by Awnet ef al. For cyclodecanone these authors propose a boat-
chair-boat conformation with pseudorotation of the CO group {35}{36].

2.2. Experimenial. Noise decoupled 13C- NMR. spectra were recorded at 25.2MHz and 'H- NMR.
spectra at 100 MHz on a Varian XL-100 spectrometer equipped with a Fourier transform acces-
sory. Deuterions of the deuteriated solvents (chloroform and toluene) were used for a 15.4 MHz
2H-lock during 13C-work. In toluene solutions the temperature dependence of 1H- and B3C-NMR.
spectra. of 2a was studied between —60° and +90°. At temperatures above 50° the thermal
cyclization of 2a to the B-homo-A4-nor-compound 4 [8] is fast enough to reduce the resolution of
13C-NMR. spectra between 0 and 60 ppm from TMS. due to a large number of additional resonances.
At the same time the signal to noise ratio of the whole spectrum is reduced; the temperature
dependence was therefore mainly studied at chemical shift values larger than 60 ppm.

2.3. Results. Due to the long accumulation times required, resonances of the
cyclization product 4 were found in the 13C-NMR. spectrum of 2a (labelled R in
Fig. 6). Apart from these signals, in both, the 13C- and 1H-NMR. spectra two sets of
lines (I and II} were observed, with the following properties: a) formation of 4 does
not alter the intensity ratio of the two sets of lines; b) the two sets exhibit a tempera-
ture dependence characteristic for two conformations (I and II) in thermal equi-
librium.

In the 1TH-NMR. spectrum of 2a in toluene (Fig. 7) the relative intensities of reso-
nances in sets [ and IT are Pr= 0.86 4 0.02 and Py = 0.14 4 0.02. The large un-
certainty is due to broad and partially overlapping lines of the only resolved resc-
nances H-C(1) and H-C(3) of set I and II. The three m at low field are attributed
to H-C(1) and H-C(3) of both conformations and have relative intensities of appro-
ximately 3:1:3. Therefore the weakest m corresponds to the resonances of both H-C(1)

8 1In the work of Mabry et al. [33], e.g., only the general structure has been analysed by NMR.,
the conformation of the ten-membered Germacranolide-type ring was determined by X-ray.
For the general problem ¢f. [34].
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R
! JlA - RU/U! iy /’
. T T+ S T T, R T —

PPM
Fig. 6. 13C-NMR. spectrum of 2a in toluene. Resonances of the two conformations are labeled 1
and II. Resonances of the cyclization product are labelled R.

ppm

Fig. 7. \H-NMR. spectrum of 2a in deulerialed foluene. Bottom trace: single resonance spectrum ;
upper trace: resonances of the low field protons H—C(1) and H—C(3) while the protons of H3C—C(10)
are decoupled
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and H-C(3) of conformation II. Based on its coupling pattern, the ¢ at 4.8 ppm
with relative intensity 3 is assigned to H-C(1) of conformation I.

The IH-NMR. spectrum of 2a in CDClg (Fig. 8) has been discussed partly in a pre-
ceding paper of this series [6]. The intensity ratio of the two low field m is approxi-
mately 4:3 as is expected, if both low field protons of conformation II and H-C(3)
of conformation I had similar chemical shifts in CDCls. The 'H-NMR. data are
collected in Table 5.

Some 13C chemical shifts of set I and IT are listed in Table 6. They will be discussed
in detail in a subsequent publication.

2.4. Discussion. According to the NMR. spectra of 2a the ten-membered ring
of the compound must adopt at least two different conformations in solution.

The 'H-NMR. pattern of H-C(3) of the main component of 2a (¢f. Table 5 and
Fig. 7) in the temperature region of very slow exchange may be characterized as a
triplet of triplets with coupling constants of approximately 5 and 10 Hz. This is
typical for an axial proton with two wvicinal methylene groups, equivalent with
respect to their coupling behaviour. Consequently the acetoxy group of the main
component is equatortal.

Unfortunately the resonance pattern of H-C(3) in the less stable conformation is
not resolved. However, the width of the m estimated from (180°-90°) pulse experi-
ments to be 25-30 Hz, is again compatible with an equatorial acetoxy group. There-
fore an equatorial substituent at C(3) is assumed for all the conformations to be
discussed.

lAJMM — | .

1 0
ppm

Fig. 8. 1H-NMR. spectrum of 2a in deuteriated chloroform. Bottom trace: single resonance spectrum;
center trace: single resonance showing relative intensities of low field multiplets; top trace:
low field protons, during decoupling of the protons of HgC—C(10)

@
~
ok
(6}
H
w
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Table 5. 1H-NMR. Chemical Shifts of H—C(1) and H—C(3) in 2a

Solvent (ppm) of set I S {ppm) of set 11
H—-C{1) H-C(3) H--C{1) H-C(3)

Chloroform 4.82 5.35 5.10 — 5.40

Toluene 4.80 5.60 5.20 — 5.30

Table 6. Some BC-NMR. Chemical Shifts of 2a in Toluened) at + 30°

Carbon atom C(1) C(3) C(5) C(10) C(19) C(Ac)©)
6 (Set I) 123.9 74.5 203.8 139.8 12.9 168.5
d (Set I1) 116.6 71.3 146.5 19.5 ) 169.2

3)  In ppm from TMS.
b} Tentative assignment; chloroform solution.
¢y Carbonyl C-atom of the acetoxy group.

With this limitation in mind and following the arguments used above, it seems
reasonable to consider for 2a the four conformations Aj, Ag, B; and Bo (Fig. 9).
They reflect the four possibilities of orienting the olefinic methyl group and the
carbonyl group in 5 above (position &) or below (position @) the mean plane of the ten-
membered ring?)10).

CH3 H CHy

Chy

CH3

oCHy

H B]
Fig. 9. Conformations A, As, By and By

9)  In position b the olefinic methyl group is on the same side of the defined plane as H3C(18) of
the steroid.

10) Other conformations distinctly different from the four proposed lead to stronger steric
interactions.
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Table 7. Theoretical and Experimental Coupling Constants ] of H—C(7)

Theoretical J?) Experimental J

Conformations Conformations Resonances Resonances
Aj and B1b) Az and By¢) (Set I)4d) (Set 11)¢)

J1 =116 Hz J1 =66Hz Ji>11Hz t-like structure
Jz = 3.6 Hz J2 = 4.8 Hz J2 < 5Hz t-like structure

:h

According to Karplus rule [37].

The dihedral angles of H—C{1) with the protons at C(2) are: ¢; = 180°, ¢ = 60°.
The dihedral angles of H—C(1) with the protons at C(2) are: ¢; = 0°, s = 120°.
]1 + ]g = 16 Hz.

Ji+ J2 =14 Hz.

RN

@
—

Two classes of possible conformations may be distinguished according to the
chemical shifts of the olefinic proton (cf. [6]): in class A H-C(1) is in the shielding
region of the keto group, in class B it is not affected.

Another parameter for the characterization of the possible conformations of 2a
1s the dihedral angle (or the coupling constant) between H-C(1) and the protons on
C(2). This angle does not fix the position of C(6), which is however restricted by the
geometric relations giving rise to the H-C(3) coupling pattern discussed before. The
four conformations are characterized as follows:

A; (crown conformation = solid-state conformation). H-C(1) is in the shielding
region of the keto group. The dihedral angle H-C(1)/H,~C(2) is 180°. C(6) and the
olefinic methyl group are in position b.

Ay (ground-state cyclodecane conformation [6]). H-C(1) is in the shielding region of
the keto group. However, the olefinic methyl group and C(6) are now in position a.
The dihedral angle H-C(1)/H»—C(2) is 0°.

B, (ground-state conformation of (E)-cyclodecene-AgNOs-complex [27]). The olefinic
methyl group at C(10) (HsC(19)) is in the shielding region of the keto group and
H-C(1) is not influenced by the latter. The dihedral angle H-C(1)/Hp-C(2) is 180°.
C(6) is below, the olefinic methyl group above the plane of the ring.

By (conformation proposed in [8]). As in By the olefinic methyl group is in the
shielding region of the ketone. The dihedral angle H-C(1)/H—C(2) is 0°. C(6) isin po-
sition b and H3C(19) in 4.

Major Conformation of 2a (Resonances of Set I). The chemical shift of H-C(1) in
CHClg is ¢ = 4.82 ppm (Table 5). Accordingly, H-C(1) must be shielded by the car-
bonyl group. Both conformations A; and Aj are compatible with this, as well as
with the fact, that the Eu(fod)s induced shift of the signal of H-C(1) (4 = +-0.78 ppm)
is much larger than the one for the protons of the olefinic methyl group (4 = +0.37
ppm) (measured in CDClsg with an arbitrary amount of Eu(fod)s). Neglecting the
coupling with the methyl group, H-C(1) couples with the two protons at C(2) (c¢f.
Fig. 7). The resonances of the latter are not resolved. Therefore the two wicinal
coupling constants 3], and 3], have to be taken from the signal of H-C(1), 7.e.
3J1+3Js=16 Hz with 3]y > 11 Hz and 3], < 5 Hz.

Theoretical and experimental coupling constants of the four proposed conforma-
tions and for the two sets of resonances are collected in Table 7. According to the
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Karplus equation for vicinal coupling in analogous allylic systems [37], J = 11 Hz is
compatible only with a dihedral angle of about 180°. Therefore conformation As can
be excluded and A; (crown) kas to be the predominant conformation of 2a in solution.

There are additional arguments in favour of this assignment: Upon addition of
Eu(fod)s the NMR. pattern (CDCls) of the two H~C(4) of 2a are well resolved : Hax—C(4)
{ax/ax coupling) resonates at much higher field than Heq—C(4) (ax/eq coupling). If
we assume that the europium reagent interacts mainly with the keto group, only
conformation A; would be in agreement with such a behaviour. The fact, that
addition of benzene to a CDCl3 solution of 2a shifts the proton geminal to the acetoxy
group (H-C(3)) from 5.38 to 5.60 ppm is again in favour of conformation Aj1) (in Ag
an upfield shift would be expected [387).

Mnor conformation of 2a (Resonances of Set II). H-C(1) and H-C(3) appear both
between 5.20 and 5.40 ppm as a poorly resolved m (Fig. 7). Such a value for the ole-
finic proton excludes conformations Aj and Aj. Knowledge of the coupling between
H-C(1) and the two H-C{Z) would make distinction between conformations B; and By
possible. But even addition of the europium reagent and experiments at 270 MHz did

c{ =K1
7 =0.4 sec
\ 1-0.8sec
C(3)~H(1)
/

7.09sec

el

L

T.00se
1:0.7sec / ©
C(1)-H(
W ‘

1:0.5sec

7 6 5 7 6 5
ppm ppm

Fig. 10. (780°-71-90°) 1H-NM R. Fourier transform spectra of 2a in toluene. Trace at T = 0.7 s
shows well resolved triplet at 5.4 ppm assigned to H--C(1) of conformation I1
1) Steroids with an acetoxy group in 3 position and no additional carbonyl group showed no
similar shift.
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not yield better resolution. One may all the same speculate on the conformation
corresponding to this second set of resonances. The m of H-C(3) which couples with
the four protons of the adjacent methylene groups must have a similar pattern in all
the proposed conformations. The signals of the minor conformation above room tem-
perature are broadened by slow exchange. The pattern of H-C(3) (‘triplet of triplets’)
vanishes faster at elevated temperatures than the much simpler signal of H~C(1).
The broadened ¢ apparent in the insert of Fig. 7 should therefore be due to the reso-
nance of H-C(1).

This assignment has been confirmed by (180°~7-90°) FT. experiments [39], where
the inverted (negative) signal relaxes towards a positive value as a function of the
delay time 7. For the delay time 7, defined by the equation Ty = 7o/In 2, where Ty is the
longitudinal relaxation time of the nucleus, the signal amplitude becomes zero. For
nuclei in different chemical surroundings 7, usually is not the same. Two overlapping
proton resonances may thus be resolved by setting v = 1, for one of the protons if the
two relaxation times are sufficiently different. Fig. 10 shows (180°-7-90°) 1H-
NMR. spectra for a number of r-values. The H-C(3) relaxes slower than the H-C(1)
of set I. For a value of T = 0.7 s the H-C(3) multiplet is nearly zero and the H-C(1) of
set I hasrelaxed to a positive signal. At this value of 7 the multiplet (set II) at 5.4 ppm
shows maximum resolution, indicating that the H~C(3) in both conformations have
similar longitudinal relaxation times; the well resolved ¢ is assigned to H-C(1) of
set IT. A ¢ structure is not compatible with conformation B; which should exhibit a
similar m pattern for H~C(1) as in conformation Ay (¢f. Table 7), but would be in
agreement with conformation Bs.

The theoretical (Karplus) sum of the vicinal coupling constants of conformation
By (= 11.4 Hz) has to be compared with the experimental sum of 14 Hz. Steric
interaction between the keto group in position 5 and H3C(19) might lead to a slight
distortion of conformation Bg, increasing both dihedral angles ¢; and és (cf. Table 7).
Such distortion would increase the smaller coupling constant Jp much faster than
it would decrease ;. According to these arguments, a Ba-like conformation should make
the main contribution to the set 11 of resonances.

2.5. Estimation of Activation Energy and Energy Difference of Conformations Ay
and Bz. In order to determine the activation energy between the two plausible con-
formations of 2a the temperature dependence of the 13C-NMR. spectra was studied.
As 2a is not stable at higher temperatures, the study of the exchange is restricted to
the slow and medium exchange region. Due to the ratio of the populations of the two
conformations, P/ P = 6:1, conformation By can be observed only in a narrow tem-
perature range. The experimental data therefore do not allow more than a rough
estimate of the activation energy. The equilibrium constant K = P;/Pp did not
change between +30° and —30°. The estimated Arrhenius activation energy for
II - T amounts to: Ex =12.7 4 3.0 kcal/mol12).

According to the equilibrium constant K = Py/Pp; = 6, conformation Bghas a
slightly higher energy than conformation A;. Assuming exchange between two
isolated states, the energy difference would be about 1 kcal/mol.

12) For the theory of exchange phenomena cf. [40]. In the slow exchange region the equation for

the average lifetime rm of a particle in the conformation m was used: tTm™! = mdyy with
Ay = exchange broadening.
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Fig. 11. Pariial structural model D, basis for force field calculations

3. Conformational Force Field Calculations. For an energetical interpre-
tation of the results of the NMR. and crystal structure analyses a number of con-
formational force field calculations was performed. Because of computational limi-
tations, only a partial structural model D (Fig. 11) could be considered, which how-
ever comprises most features characteristic for the conformational problem.

(E)-Cyclodecene is known to possess a considerable number of energetically
similar conformations [25] [41]. This might be expected also for D despite the influence
of the fused and relatively rigid six-membered ring. For a rigorous conformational
analysis of D it would have been desirable to take all conformations similar to those
of (E)-cyclodecene [25][41][42] and to select the ones which allow the incorporation
of the six-membered ring in the required fashion, 7.e. those with a torsion angle 7
(C(7)-C(8)-C(9)-C(10)) of about 60°. However, because of their approximate character
we restricted the calculations to the four conformational types corresponding to Aj,
As, By and Bas.

The force field used for the calculations is that developed by Ermer & Lifson for nonconjugated
olefins and saturated hydrocarbons [41]. Because no optimized force field parameters for the keto

C
group are available it was approximated by the fictituous group C>C=C with a divalent C-atom

substituting for the O-atom. The neglect of partial atomic charges for the polar >C=O group
is justified, because in the course of the derivation of our force field charges were found un-
necessary and omitted [41].

The conformation corresponding to Ag was calculated to possess the lowest
enthalpy (vibrational contributions included). The ones corresponding to A;, By and
B, were less stable by 2.7, 3.0, and 4.0 kcal/mol, respectively. The preference of Ay
and Bg in solution inferred from the NMR. analysis is thus not reproduced by our
model force field calculations for gaseous D. Only the calculated relative enthalpies
of the conformations corresponding to Ay and By agree with the NMR. data.

Fig. 12 gives a comparison of the calculated minimum energy geometry of our
model compound D in the crown conformation corresponding to A, and the geometry
of the p-bromobenzoate 2b as observed by X-ray. Even with a better energetical
description of the carbonyl group and a calculation for a more complete molecular
model we could not expect a very good agreement of the two geometries. Indeed, the
flexibility of the ten-membered ring makes its geometry very sensitive to even small
perturbations, e.g. substituent effects or crystal packing forces. A few tentative
conclusions might nevertheless be drawn from Fig. 12. The average absolute deviation
of the observed and calculated (C-C-C) angles is 1.8°, that of the (C-C—C-~C) torsion
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CHj

1% -98.4
175.1 -112.6

-75.7 3.059 8 58.7
-73.4 2,839 61.7

106.6 ~144.2
130.2 -~151.3

135.6 -80.0
07.6 -71

Fig. 12. Calculated ving geometry of D (upper values), and obsevved geometry (X-ray) of the p-bromo-
benzoate 2b (lower values). Top formula: (C—C—C) angles; bottom formula: (C—C—C—C) torsion
angles

angles 10.4°. The poor agreement of the torsion angles is largely due to the big dis-
crepancies of the two torsion angles around C(4)-C(5) and C(6)-C(7) which essen-
tially correspond to a rotation of the C(4)-C(5)-C(6)-C(7) segment around an axis
through C(4) and C(7) in such a way as to increase the transannular distance C(1) ...
C(5). The difference in the torsion angle around C(5)—C(6) affects this distance in the
same way, while the differences in the torsion angles around C(1)-C{2) and C(9)-C(10)
{(whicharealso fairly large) correspond toarotation of the segment C(2)-C(1)=C(10)-C(9)
around the C(2)~C(9) axis so as to shorten the calculated distance C(1) ... C(5). The
net result is that this distance is calculated to be longer by 0.22 A than the one
observed for 2b (3.06 and 2.84 A, respectively). The reason for these differences
might well be sought in a transannular attraction of the C=O and C=C double bonds
which is not represented in our force field. n-interactions of this type have been
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observed e.g. in (E)-cyclodec-5-enone [13] for analogous cases ¢f. [43]. Therefore one
might expect an out-of-plane deformation of the C—-CO-C group such that C(5) would
move towards C(1). The observed deviation of C(5) from the plane defined by C(6), O,
and C(4) is in the expected direction, although small (0.01 A).

4. General Discussion. — In spite of predominantly negative predictions based
on general stability considerations of simple cyclodecane and cyclodecene derivatives,
as well as on approximative force field calculations (chap. 3), the crown conformation
A; was shown by X-ray analysis (chap. 1) to represent the ten-membered ring of
2b in the crystal lattice. To some extent specific solid state phenomena such as
crystal packing forces might be responsible for this preference.

Considering the small energy differences between the various possible confor-
mations, one would hesitate to apply the X-ray data of the cyclodecenone part of 2b
to describe its behaviour in solution. The results of the NMR. study of 2a (chap. 2)
showing that the predominant conformation in chloroform and toluene is again A;
are therefore of particular interest.

The conformation By, postulated for the minor component of 2a in solution,
represents according to calculations the least stable of the discussed set of four. The
relative rigidity of the system (attachment to ring C and the predominantly equa-
torially oriented substituent at C(3)), and the transannular electronic interaction
between the double bond and the carbonyl group could eventually account for the
higher than expected stability of Bs.

One can now try to correlate the two deduced conformations with the stereo-
chemical course of different chemical transformations described for compounds of
type 213), at the risk of such contemplation being somewhat speculative.

4.1. Reduction of the 5-Oxo Group [10].2a and the corresponding free alcohol 2 ¢ are
reduced by sodium borohydride (in dioxane/methanol or 2-propanol) and lithium
aluminium hydride (in diethyl ether) to only one of the two possible isomeric 5-
hydroxy compounds 5a and 5¢, respectively (Scheme 2). The (55) configuration has
been tentatively assigned to both 5a and 5¢ [44].

Scheme 2

RO RO

2a R=Ac 5 R= Ac
2c R=H 5c R=H

In the two conformations A; and Bg postulated for the acetate 2a in solution, a
preferential attack at the carbonyl C(5)-atom from the less hindered front side can be

13) TFor preliminary discussions ¢f. [8] and [10].
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expected (c¢f. Fig. 13). Consequently the (55)-alcohol of type 5 should be formed in
both cases.

CH3

CH3
H
CH3
ro— ("3 Cy RO
: 3
H a

Bz A]

Fig. 13

4.2. Intramolecular Paterno-Biichi Reaction [9]. UV.-irradiation of 2a in dioxane
yields a mixture of cyclized compounds, from which the crystalline oxetane 6
(Scheme 3) has beenisolated as the major component14). A conformation corresponding
to a slightly distorted variant of A; could explain the formation of a compound
exhibiting the natural steroid skeleton (= 6}, if a ‘stereochemical memory’ for the
intermediate diradical species is postulated.

Scheme 3

AcQ

2a 6

4.3. Acid Catalysed Cyclization [6]. Under the influence of acids, 2a is cyclized to
a 9:1 mixture of the two isomeric compounds 4 and 7 (Scheme 4). As has been stressed
in [8], the frams-compound 4 can be stereochemically correlated with Bz and the
crs-isomer 7 with A;.

Scheme 4

x
e

20 ———»

AcO AcOD

O e
X
O -
x

14) Better results are obtained in acetone (unpublished experiments of Lj. Lorenc).
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4.4. Thermal Cyclization [8]. As mentioned before (chap. 2) 2a is readily cyclize
to 4 (Scheme 1), already by moderate heating of its solutions. An intramolecula:
synchronous (symmetry allowed) process (¢f. Fig. 14) can only be formulated if B
is the involved conformation.

CHg

CH3C00 o g CH2
H

H By
Fig. 14.

4.5. 7,3 Dipolar Additions [45] [6]. Finally there has to be mentioned the therma
cyclization of nitrones of type 8 to isoxazolidines 9 (Scheme 5). In this case again only
a distorted conformation of type Bg can explain the stereochemical course of the
1,3 dipolar addition.

Scheme 5
b:é
AcO AcO
N@
AN
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