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ABSTRACT 

The synthesis, crystal structure, conformation and dynamics of hexaspiro[2.0.3.0.2.0.3.0.3.0.3.0]docosane 6 

and hexaspiro[2.0.3.0.3.0.3.0.3.0.3.0] tricosane 7 are described Roth compounds adopt a chair conformation 

in the solid state and in solution. Their barriers of inversion were inaccessible by DNMR but could be de- 

termined from equilibration studies with stereoselectively labeled [1-13C]-6 and [l,l-D2]-7. The results 

were as follows: [l- ‘3C] -6: AC;,, = 

reoisomers of [l- 13 
112.1 kJ/mol and [1,1-D2]he-7: AGT23 = 136.0 kJ/mol. The ste- 

Cl-6 %d [ l,l-D2]-7 thus represent two further examples of conformational isomerism 

within the cyclohexane family. 

1. INTRODUCTION 

Based on the finding that hexaspimlne 5 adopts a chair conformation in the crystal but prefers a chair-to- 

twistboat equilibrium in solution we recently suggested that per(cyclolalkylated cyclohexanes with 

strongly alternating substltuent opening angleq as in I, should adopt a pure twistboat conformation 

whereas those with identical opening angles, as in 4 and 6, should retain the usual chair conformation. 

Indeed, pure twistboat conformations have been found for 1 3.41 

351 and 4’*‘1. 

and a31, and pure chair conformations for 

1 

5 

2 3 4 

6 7 6 

The height. of tin! barriers of inversion. is large& governed by the number and &zgrea of alternations, 

respecth~.~ As the number or degree of altem8tloss N barrier of inversion in- 

over 2 f AG.& - 56.9 

and for passing from 1 to 5 

~iareractions has been 
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The already extremely high barrier of inversion of 5 and the distinct increase in the barriers of inversion 

from 1 to 4 rendered the hitherto unknown hexaspiranes 6, 7 and 8 to promising candidates for a possible 

observation of conformational isomerism 7), provided that stereoselectively labeled derivatives would be 

available. We hereln report on the synthesis and structure of 6 and 7, and on our finding that their bar- 

riers of Inversion are indeed so high that they could only be determlned from equilibration studies with 

stereoselectlvely labeled [ 1-‘3C]-6 and [ l,l-D2]-7. Some consequences for the structure and dynamics of 

the still unknown 8 are discussed. 

2. SYNTHESES 

The syntheses of 6 and 7 are based on ketones S8’ and 1S9), re% ctively. According to a general proce- 

dure for the spiroannulatlon of cyclobutanes developed by Trost , trione 9 was treated with l-lithio- 

cyclopropyl phenyl sulphide to yield the E-hydroxysulphide 10, which was then rearranged to thicenol ether 

11 by treatment with p-toluenesulphonlc acid in benzene. Reduction was accomplished wlth Raney nickel 
W-71’) yielding a 1:2 mixture of diones 12 and 13, which could be separated by gas chromatography but 

was treated wlth methylene trlphenylphosphorane as such. Dimethylenation of dione 13 could be achieved 

selectively and subsequent cyclopropanatlon of the resulting diene 14 ylelded the desired 6 For the syn- 

thesis of 7 ketone 15 ‘) was first methylenated to 16 and subsequently cyclopropanated to 7. As will be 

shown later this sequence could also be used for a stereoselective synthesis of [ l,l-D2]-7. 

0 v 0 

9 

Q 0 

12 (34X) 

0 

G 

15 

+ 9 0 0 

13 (60x) 

P-TsOH 

- 

61X 

Ph3P-CH2 

- 

40x 

\ SPh 
9 0 0 

11 

Raney-NI 

U-7 

CH212 
Zn/Rg 
-6 
65X 

According to their “C-NMR spectra (20.2 MHz. CDC13”), 25’C) both 6 (6 - 1.44, 5.97, 16.12, 16.26, 

16.59, 23.78, 24.16, 24.96, 25.66, 26.60, 28.44, 33.36, 47.15, 48.21, 51.64) and 7 (5 - -0.01, 6.89, 16.44, 

16.52, 16.57, 21.36, 25.10, 25.43, 25.66, 27.46, 28.49, 28.03, 46.34, 49.56, 50.60) exist at room temperature 

in a fixed chair conformation. As the ‘H-NMR spectra remained unchanged up ato +IsO°C, inversion bar- 

riers distinctly above 100 kJ/mol could be expected and the necessity of eqtdlibration studies with stereo- 

selectively labeled derivatives became obvious. Syntheses of [1-‘3C]4e-6 and [1,1-D2]a e-7 were there- , 
fore envisaged. 
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[ 1-‘3cl 

was first?yclopropanated to ketone I6 

-6 was obtained as followm13~lective monomethylenation of dione 13 yielde;3enone 17, which 

and subsequently methylenated to [ methyiene- Cl-19. When this 

material was cyclopropanated to [l-13C] -6 and then subjected to a 13C-NMR analysis (50.3 MHz, 

CDCl,‘*’ ), two lines at 8 - 1.44 and 5.97alEyclopropane-CH2) with an intensity ratlo of 58:42 indicated 

that one stereoisomer had formed in significant excess. For the remaining synthesis of [l,l-D2]a e-7, ole- 

fin 16 was metwenated with dilodomethane-dp. This time we inspected the ‘H-NMR spectrum (200 MHz, 

CDC13, CHC13 lnt. l-2’) and found two lines at 81 0.44 and 0.56 (cyclopropane-Cfi2) with an intensity ratio 

of 66:34, which corresponded to two lines at 6 = 6.65 and -0.24 (cyclopropane-CH2) in the 13C-NMR 

spectrum (50.3 MHz, CDC1312)), aipdenced by a 13C-1H-correlation*4) of an equilibrated sample. Albeit 

we belleve that both [methylene- Cl-19 and 16 were cyclopropanated stereoselectively by an equatorial 

attack of the reagent leading to [l-13C]a-6 and [l,l-D2],-7 in excess, this stereochemical assignment 

remains to be proved 15) . Nevertheless, whatever the result will be, the stereochemical outcome of both 

cyclopropanations had been preserved by sufficiently high barriers of inversion. 

[1-‘3C],-6 (58%) [Ll-02],-7 (66%) 

[rtsthylene-13C]- 19 16 

[ 1 -‘%]s-6 (422) [1.1-D&-7 (34%) 

3. DYNAMICS 

Preliminary measurements revealed that th~3equilibration of the stereoisomers of [l-‘3C]-6 and [1,1-D ]- 

7 could most conveniently be followed by C-NMR s 

and lH-NMR spectroscopy (200 MHz, nitrobenzene-d5 Ki 
ctroscopy (56.3 MHz, nitrobenzene-d5 I*)) at +66’C 

) at +150°C, res ctively. The spectra were taken 
at appropriate times and the decrease In concentration of [1-13C]a-6 “‘and [ l.l-D2]e-716) measured by 

careful integration of the corresponding resonance lines of the cyclopropane ring (F&.1). As could be ex- 

pected, the equilibrations followed first order kinetics 

= (3.749 f 0.083). lo-5 set-1 

j7) (Flg.2) and led to k([l-13C]a-6) = k([l-13C]e-6) 

set-l at +15O.dt 0.5.°C18). 

at +86.0 f 0.5 ‘C and k([l,l-D2]e-7) = k([l,l-D2],7) = (1.435 f 0.034)*10-4 

Insertion of these data into the Eyring equation yielded the free energies of 

activation as AC’ 339 - 112.1 e 0.2 kJ/mol ([ l-‘3C]a e-6) and AGi23 = 136.0 * 0.2 k{$nol ([ l,l-D2]~e-7), 
and thereby two of the highest barriers of inversion &er detected for a cyclohexane . 
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“C-NMR spectra (50.3 MHz, nitrobenzene-d5 ‘*I, +66.0°C) of [l-13C] 

(200 MHz, nltrobenxene-d5’*), +150.0°C) of [ l,l-D2]%e 

&e-6 and ‘H-NMR spectra 

-7: (al before and (b) after equlllbration. 

Spectral parameters and detalis concerning the kinetic analysis are given In the experimental part. 
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Tlme course of the decrease. in concentration of 11-13C]a-6 at +66.0°C (left) and [l,l-D2]e-7 at 

+lSO.OoC (right). and least-squares approximation of ln[(Io-Iel/(I-Iel,] - [k([ l-13C] a-61 + 

kf[ ~-l~C],-Sll- t (left1 and In[(I,-I,V(l-I,11 - [k([l,l-D2]e-7) + kf[l,l-D 1 -7I]-t irlghtl. lo, I 
132 a and I, refer to the initial, actual, and equilibrium concentrations of cl- Cl86 and [l,l-D2]a-7, 

respectively. 
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4. CRYSTAL STRUCTURES 

In view of a futz reparametrlzation of emplrical force fields, especially of the terms descrlblng nonbon- 

ding Interactions , we determined the crystal structures of both 6 and 7. In the solid state, 6 exhiblts 

exact mirror symmetry with two opposite substltuent rings In the mirror plane, while 7 lies twofold disor- 

dered on a centre of symmetry (Fig.3). In both compounds the central ring adopts a chair conformatlon 

wlth bond lengths (Tables 1,4), bond angles (Tables 2,5) and torsion angles (Tables 3.6) similar to those ob- 

served for 52). As in 5, striking differences between the bond lengths wfthin the four-membered rings are 

observed: those to the splro atoms (average of the opening angles: 85.3’) are considerably elongated (aver- 

age: 1.58 A), those to the peripheral carbon atoms shortened (average: 1.51 A). Differences in bond 

lengths as large as 0.18 x occur within the same ring, which Illustrates the extremely strong nonbondlng 

interactions apparently present in both molecules. Accordingly, the nonbonded distances of carbon atoms In 

1,2-e,e or 1,2-e,a positions are rather short (average: 3.1 A) and the same IS true for carbon atoms in 

1,3-a,a position (average: 3.4 %). As would have been expected, all cyclobutane rings are planar or only 

sllghtly puckered (torsion angles: O-4’). A discusslon of the consequences of the observed structural 

anomalies for the ground state energies of 6 and 7 as compared to 5 must await a detailed force-field 

study, which 1s in progress. 

of 6 (left) and 7 (right) with the crystallographic atom Fig. 3. Pers ective views of the carbon skeletons 
num ring l!e 

Table 1. Bond lengths (.%I for 6 with estimated standard deviatlons in parentheses 

$;(;I 

SO:0 2 II 
117.9 2 II 115.1 2 
113.3 2 II 119.1 2 
118.3(2) 
104.7(2) 
117.5 1. II 118.9 1 

C 4)-C(7)-C(6) 
C 16)-C(l5)-C(l8) I 

%l:~ItEIt~l 
%l:Elt~l%f 
C( 16)-C(17)-C(18) 

78.6(2) 
98.8(3) 

109.7 2 II 98.2 3 
83.4(3) 

C(15)-C(18K(l71 
p/f,“1 f$$fij ’ 
c 3)-C( 19)-C(22) 
c 15)-C(19)-C(20) I 
:l:~l:%l:%4 
~l:~l:~l~~l:a~:l 
C(l9)-C(22)-C(21) 

108.7 2 II 109.4 2 

Table 2. Bond angles (‘1 for 6 with estlmated standard deviations in parentheses 

C(3a)-C(4)-C(3)-C(l9) 50.6(3) 

Table 3. Selected torsion angles (‘1 for 6 with estimated standard deviations in parentheses 
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Table 4. Bond lengths (1) for 7 with estimated standard deviations in parentheses 

Table 5. Bond angles (O) for 7 with estimated standard deviations in parentheses 

-52.5(6) 

Table 6. Selected torsion angles-t’) for 7 with estimated standard deviations in parentheses 

5. DISCUSSION 

Obviously, the large increase in the barriers of inverslon in passing from 5 (AGgg6 = 92.0 kJ/mol)2) over 

[ I-13Cl a e-6 @Gj3g = 112.1 kJ/mol) to [l,l-D2]%,-7 (&i23 = 136.0 kJ/mol) is caused by a correspon- 

ding decrkase In the number of altematlons from three (5) over two ([ l-‘3C]a .-6) to one ([ 1,1-D21a e- 

7). We therefore expect that the still unknown hexasplrane 6, which shows no alternations at all, will ix- 

hiblt the highest barrier of inversion of all cyclohexanes known so far. We suppose that the large increase 

In the barriers of inverslon within the series 5, [l-13C]a e-6 and [l,l-D21a e-7 is at least partly due to 

a corresponding increase in the number of energetically &favourable 1,2-sy&erlplanar interactions in the 

half-chair transition state of the chair-to-chair interconversion. To what extent the ground-state energies 

are Involved will be clarified by a comparative force-field study, which is in progress. 

20 21 

The barrier of inversion of the still unknown hexaspirane 8 can be estimated from a comparative study of 

the hexasplranes 5, 6 and 7. and the pentaspiranes 26 and 21. Out of these, 20 Is related to both 5 and 
6, and 21 to both 7 and 8. Their synthesis, structure, conformation and dynamics are reported ln a sepa- 

rate paper of this issue. 

6. EXPERIMENTAL 

IR spectra were recorded on a Perkin-Elmer 225 or 298 spectrophotometer. lH- and I3 C-NMR spectra 

were measured on Varian PT 8OA, XL100 or XL200 spectrometers. Mass spectra were obtained with a 

Varlan MAT 731 operated at 70 eV. Analytical and preparative gas chromatography was carried out on a 
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Varian 920, Intersmat IGC 16 or Carlo-Erba FTV 2450 instrument employing 8 thermal conductivity detec- 

tor and hydrogen as carrier gas. Product ratios were not corrected for relative response. Rf values are 

quoted for Machery & Nagel Polygram SIL G/UV254 plates. Coiourless substances were detected by oxida- 

tion with 3.5% alcoholic ll-moiybdophosphoric acid (Merck) and subsequent warming. Melting points are 

not corrected. 

l5-Hydroxy-15-4l’-pbql~ r’-yl)tris@ro[3.1.0~l.sllpn tabcam-5,lo-dloae 10: To a stirrqd solu- 

tion of 9.5 g (63 mmol) cyclopropyl phenyl sulphlde in 200 ml of tetrahydrofuran at O°C were added 

40 ml (64 mmol) of a 1.6 molar solution of n-butyillthium in hexane. After 2h at O°C a solution of 5.20 g 
(21 mmoi) 9’) in 2 ml of tetrahydrofuran was added, and after additional 2h at O°C and 2.5h at r.t. the 

reaction was complete according to tic analysis [CH2C12; Rf = 0.25 (10) and 0.39 (9)]. Water (5 ml) was 

added, the mixture concentrated on a rotary evaporator (bath temperature 70°C/15 torr), the residue dls- 

solved in dichloromethane (200 ml), washed with water (3 x 30 ml) and concentrated again (bath tempera- 

ture 70°C/15 tot-r). Crystalllzatlon from pentane yielded a first crop of 3.45 g (41%) 10 (mp 126-128’C), 

chromatography of the mother liquor on silica gel (0.05-0.20 mm) In hexane (column 30 x 1.5 cm) gave 

first recovered cyclopropyl phenyl sulphide and then, using hexane/ether (1: 1) as eluent, a second crop of 

1.05 g (13%) 10 as slowly crystaillzing oil. Recrystallization from pentane/ether yielded analytically pure 

10 as coiourless crystals (mp 131-132’C). - IR (KBr): 3538, 3496 (OH), 1693, 1662 cm-’ (C=O). - ‘H-NMR 

(86 MHz, CDC13, CHC13 int. . 
(25.2 MHz, CDC1312) 

12))- 61 0.80 (AA’BB’, 4H), 1.50-3.00 (m, 19H), 7.00-7.30 (m, 5H). - “C-NMR 

):6 = 12.28, 16.17, 16.60, 24.38, 25.82, 30.24, 30.38, 38.50, 59.64, 60.21, 74.69, 127.03, 

128.39, 130.89, 133.26, 207.76. - MS (70 eV): m/e = 396 (19%, M+), 231 (100%). - C24H2803S requires C, 

72.70; H, 7.12; S, 8.09. Found: C, 72.98; H, 7.03; S, 8.19. 

~Phenyl~re~~[~~~~~l.a1]0ctadec_gene_l~lgdione~ 11: A mixture of 4.50 g (11.4 mmol) 10 and 

3.00 g (15.8 mmol) p-toluenesuifonic acid monohydrate in 300 ml of dry benzene was refluxed with azeo- 

tropic removal of water. TIC analysis [CH2C12; Rf = 0.25 (10) and 0.45 (ll)] indicated that the reaction 

was complete within 70 min. After cooling to room temperature the violet blue benzene solution was was- 

hed with saturated aqueous sodium bicarbonate solution (2 x 50 ml) and concentrated on a rotary evapora- 

tor (bath temperature 70°C/i5 torr) to yield a brown residue which was dissolved in 30 ml of ether. Addi- 

tion of pentane (50 ml) caused a precipitate which was discarded. Removal of the solvents and chromato- 

graphy of the oily residue (4.1 g) on slllca gel (0.05-0.20 mm) in dichloromethane (column 50 x 5 cm) 

ylelded 2.62 g (61%) 11 as slightly yellowish oil which proved to be analytlcally pure but could be deco- 

iourlzed by treatment with activated charcoal in ether. - IR (film): 1711, 1681 cm-’ (C=O). - ‘H-NMR (60 

MHz, CDC13, TMS Int.)::; 1.86 (d, J = 1.3 Hz, 2H), 1.90-2.25 (m. IaH), 6.06 (t, J - 1.3 Hz, IH). - 13C- 

NMR (25.2 MHz, CDCi3 ): 6= 15.90. 16.05, 26.54, 28.55, 30.33, 30.46, 32.59, 54.48, 57.60, 60.47, 126.32, 

128.59, 129.33, 130.39, 133.53, 141.99, 210.04. - MS (70 eV): m/e = 378 (15%, M+), 350 (M+-C2H4), 241 

(89%), 39 (100%). - C24H2602S requires C, 76.15; H, 6.92; S, 8.47. Found: C, 75.86; H, 7.03; S, 8.56. 

l~Ethyl-l5-methyl~~[~l.~l.31.11 penmdecam~ 
! mckel” 

5,lO-dione 12 and tetrasplro[3.0.3.0.3.1.3.1]ocu&cam+ 

13,1f&dhe 13: W-7 Raney (70 g) was covered with absolute ethanol and, under stirring and 

nitrogen, a solution of 1.50 g (3.69 mmol) 11 in 3 ml of absolute ethanol was added at 80°C. The reac- 

tion was monitored by glpc [1.5m x l/4” all-glass system, 15% OV 101 on chromosorb W AW/DMCS 60/80 

mesh, 18O’C; rel. tetentlon times: 1.00, 1.23, 1.71 (12), 1.80 (13), 2.02 (II), 2.10, 2.501 and stopped, after 

11 was completely consumed (IO min at 8O’C). The mixture was flltered, the residue washed with ethanol 

(3 x 25 ml), and the combined filtrates concentrated on a rotary evaporator (bath temperature 80°C/15 

torr) to yield 1.00 g (100%) of a yellowish oil. According to glpc analysis this oil consisted of 13 (60%), 

12 (34%) and four compounds of unknown structure (6%). Analytically pure samples of 12 and 13 were 

obtained by preparative glpc, but for the synthesis of 14 the mixture was used as such. 

12: coiourless 0iL - IR (film): 1710, 1680 cm-’ (C=O). - ‘H-NMR (200 MHz, CDCi3, TMS int.): 6= 0.56 (t, 

J = 6.5 Hz, 3H), 0.69 (q, J = 6.5 Hz, 2H), 1.31 (s, 3H), 1.70-1.82 (m, 4H). 1.96-2.24 (m, 6H), 2.44-2.72 (m, 
8H). - 13C-NMR (50.3 MHz, CDC13, TMS int.): g = 8.87, 15.14, 16.45, 16.78, 24.53, 25.98, 28.86, 29.03, 
38.14, 40.23, 59.10, 59.79, 211.92. - MS (70 eV): m/e = 274 (4496, M+), 246 (24%, M+-C2H4), 245 (28%, 

M+-C,H,), 217 (100%). - Ci8H2602 requires C, 78.79; H, 9.55. Found: C, 79.11; H, 9.54. 

13 colourless 011. - IR (film): 1718, 1687 cm-’ (C=O). - iH-NMR (80 MHz, CDC13, CHC13 int.12)): s = 
1.25-2.60 (m). - 13C-NMR (50.3 MHz, CDC13, TMS int.): 6- 14.92, 15.82, 16.26. 24.52, 27.07, 29.57, 44.95, 
56.56, 60.17, 211.46. - MS (70 eV): m/e = 272 (6%, M*) 244 (48%. M*-C2H4), 216 (100%). - Calculated for 
C,8H2402z 272.1776. Found: 272.1773. 
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l~l&Dime~fo[~o.~o.~l.3.l]octedec I4 To a stirred suspension of 1.53 g (13.7 mmol) 

potassium t-butoxide In 12 ml of dry benzene under nltrogen was added 4.90 g (13.7 mmol) methyltri- 

phenylphosphonium bromide and the mixture heated to reflux. After lh the reactlon temperature was re- 

duced to 70°C and a solution of 0.88 g of a mixture of 12 and 13 containing 0.53 g (1.94 mmol) 13 in 

1 ml of dry benzene was added. The reaction temperature was malntained at 70°C until a glpc analysis 

[3m x l/4” all-glass system, 15% OV 101 on Chromosorb W AW/DMCS 60/80 mesh, 225’C; rel. retention 

times:Vl.OO (14, 1.37 (12) and 1.47 (13)] indicated that the reaction was complete (7.5h). The mixture was 

cooled, diluted with 30 ml of pentane and hydrolyzed wlth 15 ml of water. The layers were separated, the 

organic layer washed with water (3 x 20 ml), the solvents distilled off and the residue extracted with 

30 ml of cold pentane. The pentane extract was concentrated to give 0.66 g of a yellowlsh oil which was 

chromatographed on silica gel (0.05-0.20 mm; column 40 x 2.5 cm). Petitane eluted 206 mg (40%) of I4 as 

slowly crystallizing oil, dichloromethane 230 mg of onreacted 12 Analytically pure 14 was obtained by 

crystallization from acetone as colourless crystals (mp 73-74’C). - IR (KBr): 1630, 1620 cm-l (C-C). - 
‘H-NMR (80 MHz, CDCl TMS int.): 6 = 1.60-240 (m, 24H), 5.04 (2s, 2H). - “C-NMR (50.3 MHz, 
CDC13 . . , 12)). 6= 14 20 16.3;: 17.17, 23.75, 28.60, 34.39, 50.93, 51.78, 53.37, 105.95, 145.45. - MS (70 eV): 

m/e - 240 (23%. M+-C2H5), 197 (100%). - C20H28 requires C, 89.49; H, 10.51. Found: C, 89.59; H, 10.55. 

He.xaspiro[24Ut.20.3.0.3.a3.01&cosane 

couple21’ 

6: To a stirred suspension of 2.0 g of freshly prepared zinc-sllver 

in 2 ml of anhydrous ether under nitrogen was added 100 mg (0.373 mmol) 14 and then 4.02 g 

(15.0 mmol) of dliodomethane at such a rate as to induce and maintain gentle reflux (30 mitt). After the 

exothermic reaction had subsided the mixture was heated to reflux until glpc analysis [3m x l/4” all-glass 

system, 15% OV 210 on Chromosorb W AW/DMCS 60/80 mesh, 205’C; rel. retentlon times: 1.00 (II), 1.83 

(17) and 3.19 (S)] indicated that the reaction was complete (3h). The mixture was hydrolyzed with 5 ml of 

saturated NH4Claq and then extracted with pentane (2 x 30 ml). The pentane extracts were concentrated 

and the remaining colourless oil (160 mg) chromatographed on silica gel (0.05-0.20 mm) in pentane (column 

20 x 1 cm) to give 74 mg (65%) of 6 as colourless crystals (mp 237’C). - IR (KBr): 3075, 3010, 3000-2860 

cm-’ (CH). - ‘H-NMR (106 MHz. CDC13, CHC13 int.12), 25’C): 6= 0.05-2.60 (m). - 13C-NMR (20.2 MHz. 

CDC13”), 25’C): 6= 1.44, 5.97, 16.12, 16.28, 16.59, 23.78, 24.16, 24.96, 25.66, 26.60, 28.44, 33.36, 47.15, 

48.21, 51.84. - MS (70 eV): m/e = 268 (3%, M+-C2H4), 197 (100%). - C22H32 requires C, 89.12; H, 10.88. 

Found: C, 89.06; H, 10.85. 

al-Methylenepent[~~~~~~~~~Ilhenelcosane IS: To a stirred suspension of 7.69 g (68.5 mmol) 

potassium t-butoxide in 120 ml of dry benzene under nitrogen was added 24.5 g (68.6 mmol) methyltriphe- 

nylphosphonium bromide and the mixture heated to reflux. After 3h 70 ml of benzene were distilled off 

under nitrogen, a solution of 183 mg (0.613 mmol) 15’) In 6 ml of dry benzene was added, and the reac- 

tion mixture was further concentrated until the temperature of the remaining dark yellow slurry reached 

+13S°C. This temperature was maintained until tic analysis [CH2C12; Rf = 0.64 (15) and 0.80 (lS)] indica- 

ted that the reaction was complete (65h). After cooling, the mixture was diluted with 40 ml of benzene 

and hydrolyzed with 200 ml of water. The aqueous phase was extracted with 20 ml of benzene and the 

combined benzene phases concentrated on a rotary evaporator (bath temperature 60°C/12 torr) to yield 16 

g of a brown oil, which was dissolved In 60 ml of dichloromethane and then fixed on 30 g of added silica 

gel (0.2-0.5 mm) by evaporization of the solvent. This material was extracted with 600 ml of pentane in a 

soxleth-extractor (6h). Removal of the solvent gave 9.8 g of a light yellow oil which was chromatographed 

on silica gel (0.10-0.20 mm) in hexane (column 60 x 3.5 cm; control by tic In hexane; Rf = 0.62) to yield 

91 mg of a colourless solid, which was dissolved in 3.0 ml of boiling acetone and crystallized for 12h at 

4’C and 6h at -18’C. 62 mg (34%) of pure 16 were obtained as colourless needles [mp 192-195 (capll- 

lary)]. - IR (KBr): 3096, 3027, 3001, 2994, 2945, 2859 (CH), 1621 cm-l (C=C). - ‘H-NMR (100 MHz, 

C6D6, TMS int.): 6= 1.48-2.60 (m, 30H), 5.29 (s, 2H). - “C-NMR (20 MHz, C6D6, TMS int.): 6 - 16.09, 

16.55, 17.26, 24.97, 25.07, 25.98, 28.46, 29.40, 29.85, 49.51, 51.54, 53.30, 109.08, 149.87. - MS (70 eV): 

m/e = 296 (1%, M+), 211 (100%). - Calculated for C22H32: 296.2504. Found: 296.2504. 

Hexaspiro[20.Ut,1(1Uk3.0.3.0] triasane 7: To a stirred suspension of 2.2 g of freshly prepared zinc-silver 

couple21) in 1 ml of anhydrous ether under nitrogen was added 25.5 mg (0.086 mmol) 16 and 0.83 g (3.1 

mmol) dliodomethane and the mixture heated to 60°C. The reaction was monltored by glpc C0.6m x 114” 

all-glass system, 12% FFAP on chromosorb W AW/DMCS So/SO mesh, 220°C, 130 ml H2/mln; rel. reten- 

tion times: 1.00 (16) and 1.62 (7)], after 30 mln further 0.83 g (3.1 mmol) of dilodomethane were added, 

and after additlonal 20 mln the reactlon was complete. The mixture was diluted with 10 ml of ether, 

cooled to O°C and carefully hydrolyzed with 10 mol of saturated NH4Claq. The liquld phases were &can- 

ted and the remaining zinc-silver slurry washed with 5 ml ether and 5 ml pentane. The Organic phases 
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were combined, washed with 5 ml of saturated NaClaq’ dried over mdecular sieves 4 x and then con- 

centrated to yield 43.3 mg of a yellowish solid which was chromatographed on silica gel (0.10-0.20 mm) in 

hexane (column 24 x 1.4 cm; control by tic in hexane; Rf = 0.60) to give 25.9 mg of a colourless solid 

wtdch was dissolved in 4 ml of boiling acetone and crystallized for 12h at 25’C, 24h at 4’C and 24h at 

-18’C. 20.2 mg (76%) of pure ? were obtained as colourless prisms (mp 235-24S’C). Concentration of the 

mother liquor to 0.3 ml and crystalhzation at -18’C yielded further 1.5 mg (6%) 7. - IR (KBr): 3078, 

2996, 2967, 2950, 2863 cm-’ (CH). - lH-NMR (200 MHz, CDC13, CHC13 lnt. 12)): b- 0.51 (AA’BB’, 4H), 

1.42-2.06 (m, l8H), 2.07-2.38 (m, 6H), 2.42-2.70 (m, 6H). - 13C-NMR (20 MHz, CDC1312)): b= -0.01. 6.89, 

16.44, 16.52, 16.57, 21.36, 25.10, 25.43, 25.80, 27.46, 28.49, 28.93, 48.34, 49.58, 50.80. - MS (70 eV): m/e 

= 282 (3%. M+-C,H,), 44 (100%). - C23H34 requires C, 88.96; H, Il.04. Found: C, 88.81; H, 11.12. 

1, CD,-Heraaptro[2atalB~a~a~O] tticosane [ l,f-D I-7: 34.4 mg (O.ll6 mmol) 16 were cyclopropana- 

ted as described for 7 using 2.2 g zinc-silver couple 202 in 1.0 ml of anhydrous ether and 2 x 0.83 g (2 x 

3.1 mmol) dllodomethane-d2 . 22) Work up and chromatography yielded 33.8 mg of a colourless solld which 

was crystallized from acetone to give 27.3 mg (75%) of pure [l,l-D2]-7 as colourless prisms (mp 232- 

245’C). - ‘H-NMR (200 MHz, CDCI CHC13 int. 12)): b= 0.44 (s, 1.33H), 0.56 is, 0.67H), 1.39-2.67 {m, 

30H). - 13C-~~~ (50.3 MHZ, CDCI~ 3i2) f: &= -0.24, 6.65, 16.41, 16.49, 16.56, 21.13, 25.05, 25.39, 25.76, 

27.43, 28.47, 28.89, 48.24, 49.51, 50.74. - MS (70 eV): m/e = 282 (946, Mt-CH2D2; calculated for C2fH30: 

282.2347; found: 282.2347), 91 (100%). 

l~Methylenetetraspi[~a~a~1.3.lloctedeclme- U-one l?: To a stlrred suspension of 1.04 g (9.3 mmol) 

potassium t-butoxlde in 18.5 ml of dry benzene under nitrogen was added 3.32 g (9.3 mmol) methyltriphe- 

nylphosphonlum bromide and the mixture heated to reflux. After lh 2.40 g of a mixture of 12 and 13 

containing 1.20 g (4.4 mmol) 13 was added and refluxlng continued until glpc analysis [l.2m x 114” all- 

glass system, 15% OV 210 on Chromosorb W AW DMCS SO/SO mesh, 200°C, 120 ml HZ/mm; rel retentlon 

times: 1.00 (14), 1.67 (17), 2.10 (12), 2.20 (13)] Indicated that 13 was completely consumed (lh). The mix- 

ture was cooled, diluted with 30 ml of pentane and hydrolysed wlth 10 ml of water. The layers were se- 

parated, the organic layer washed with water (3 x 10 ml), the aqueous phases extracted with pentane (10 

ml), and the comblned organic phases concentrated on a rotary evaporator (bath temperature 70°C/15 

torr). The residue was dissolved in IO ml of dichlorometbane and fixed on 5 g of added silica gel (0.2-0.5 

mm) by evaporization of the solvent. This material was extracted with 300 ml of pentane in a Soxhletex- 

tractor (10h). The pentane extract was cooled to O°C for Ih, filtered and the filtrate concentrated on a 

rotary evaporator (bath temperature 70°C/15 torr) to yield 2.3 g yellow 011 which was chromatographed on 

slllca gel (0.10-0.20 mm) in dlchloromethane [column 70 x 3.5 cm; control by tic in dlchloromethane; Rf = 

0.36 (12), 0.56 (17) and 0.74 (14)] to give 810 mg (68%) of pure 17 as colourless oil which crystallized on 

cooling (mp 32-33’C). - IR (KBr): 1690 (C=O), 1625 cm-’ (C=C). - ‘H-NMR (100 MHz, CDC13, TMS int.): 

& 1.50-2.75 (m, 24H), 5.23 (s, lH), 5.26 (s, 1H). - 13C-NMR (50.3 MHz, CDC13. TMS int.): 61 IdSI, 

16.24, 16.30, 16.44, 24.27, 27.78, 28.33, 33.07, 48.53, 50.89, 57.00, 57.30, 108.63. 152.61, 213.10. - MS (70 

eV): m/e = 270 (2%, M+), 242 (27, M*-C,H,), 214 (160%). - ClgH260 requlres C, 84.39: H, 9.69. Found: 

C, 84.49; l-l, 9.58. 

~t~i~[2a2a2~~1.20] elanme-igOne 18: To 9.5 ml (30.4 mmol) of a 3.2-molar solution of ethyl- 

zinc Iodide in ether under nitrogen was added 6.61 g (24.7 mmol) dllodomethane and the mixture heated 

to reflux. After lh a solution of 406 mg (1.48 mmol) 17 in 3 ml of anhydrous ether was added and reflu- 

xlng was continued until glpc analysis [I.Pm x l/4” all-glass system, 15% OV 210 on Chromosorb W 

AW/DMCS 60/80 mesh, 200°C, 120 ml HZ/mm; rel. retention times: 1.00 (17) and 1.64 (18)] Indicated that 

the reaction was complete (20.5h). The mixture was cooled to O°C and hydrolyzed with 10 mf of water 

and 20 ml of 10% HCL The layers were separated, the aqueous iayer extracted with ether (2 x 10 ml), 

the combined organic phases washed with saturated sodlum thiosulphate and then with water, dried 

(Na2S04) and concentrated to yield 2.0 g of a yellow oil. Chromatography on silica gel (0.10-0.20 mm) in 

dlchloromethane (column 30 x 3 cm; control by tic in dichloromethane; Rf = 0.57) ylelded 300 mg (71%) 
of pure 18 as colourless oil which crystallized on cooling (mp 66-67’C). - IR (KBr): 1683 cm-l (C=O). - 

lH-NMR (106 MHz, CDCI CHCi fnt.‘2)): b= 0.47 (AA’BB’, 4H), 1.4-2.7 (m, 24H). - i3C-NMR f50.3 

1’)) cf= 4.81 13i.96, l6:68, 17.34, 17.39, 25.27, 26.63, 27.00, 28.78, 30.80, 47.02, 52.41, 55.88, MHz, C6D6 . 
58.76, 211.65. - MS (70’ eV): m/e = 284 (8%. M+), 209 (100%). - C20H280 requires C, 84.45; H, 9.92. 
Found: C, 84.37; H, 9.78. 

i&Methylena’3c~[2a+a5a3.i.201eicosane [methylene-13C]-18 To a stirred suspension of 

268 mg (2.36 mmol) potassium t-but&de In 24 ml of dry benzene under nitrogen was added 970 mg (2.36 



402 L. FITJER et al. 

mmol) of 13C-methyltrlphenylphosphonium iodide 23) and the mixture heated under reflux. After lh 279 mg 

(0.962 mmol) 18 was added and the mixture concentrated under nitrogen until the temperature of the 

remaining dark yellow sluiry reached +130°C This temperature was maintained until glpc analysls [ 1.2m x 

l/4” all-glass system, 15% OV 210 on Chromosorb W A\?r/DMCS 60/80 mesh, 200°C, 120 ml/H2/mln; rel. 

retention times: 1.00 ([methylene-13C]-19) and 1.74 (la)] indicated that the reaction was complete (4.5h). 

The mixture was cooled, diluted with 2.5 ml of pentane and hydrolyzed with 240 pl of water. The organic 

layer was decanted and the heterogeneous residue extracted with pentane (3 x 1 ml). The organic phases 

were combined, washed with water (3 x 1 ml) and concentrated to yield 340 mg of a yellow oil. Chroma- 

tography on silica gel (0.10-0.20 mm) In pentane [column 30 x 1.5 cm; control by tic tn pentane; Rf - 

0.51)] yielded 224 mg (80%) of pure [methylene-13C]-19 as colourless solid (mp 162’C). - IR (KBr): 1808 

cm-l (C=C). - ‘H-NMR (200 MHz, CDC13, CHC13 int. 12’). b- 0.44 (AA’BB’, 4H), 1.5-2.5 (m, 24H), 5.01 . 

ETe ‘CH = 154.2 Hz, J,, - 0.8 Hz, IH), 5.10 (dd, JCH = 154.7 Hz, J,, = 0.8 Hz, 1H). - MS (70 eV): 

= 255 (M+-C2H4), 213 (100%). 

1-13C-H~[2~~~)~a~~~~~O]dooodane [1-13C]-6z To a stirred suspenston of 6.0 g freshly prepa- 

red zinc-silver couple in 8 ml of anhydrous ether under nitrogen was added 15.9 g (59.3 mmol) dilodo- 

methane at such a rate as to induce and maintain gentle reflux (45 mln). A solution of 202 mg (0.71 

mmol) [methylene-13C]-19 in 2.6 ml of anhydrous ether was added and refluxlng continued by external 

heating, The reaction was monitored by glpc [l.Pm x l/4” all-glass system, 15% OV 210 on Chromosorb W 

AW/DMCS SO/SO mesh, 200°C, 120 ml H /min; rel. retention times: 1.00 ([methylene-13C]-19) and 1.61 

([1-‘3C]-6)] and stopped after [methylene- 2 13 Cl-19 was completely consumed (30 min). The mlxture was 

diluted with 25 ml of ether and carefully hydrolyzed with 10 ml of saturated NH4Claq. The liquid phasea 

were decanted and the remaining zinc-silver slurry washed with 10 ml of ether and 10 ml of pentane. The 

organic phases were combined, washed with 10 ml of NaCl aq, dried over molecular sieves 3 x and con- 

centrated to yield 8.2 g of a yellow oil which was chromatographed on silica gel (0.10-0.20 mm) In pen- 

tane (column 32 x 3 cm; control by tic in pentane; Rf = 0.58) to yield 165 mg (78%) of pure [1-13C]-6 

as colourless solid (mp 210-219’C) and 110 mg of impure materlal which was chromatographed as above 

and gave a second crop of 31 mg (14%) of pure [1-13C]-6. Combined yields: 196 mg (92%). 

Crystal structure analysis of 6: 6 (molecular formula C22H32, M = 296.5) was crystallized from acetone as 

colourless prisms, space group PZl/m, a = 8.212(l), h = 13.580(2), c = 7.644(l) 18 0 = 93.98(l)‘, v = 850.4 

R3, z = 2, l& = 1.158 g.cmm3. 1558 reflections with 2emax = 50’ were measured on a Stoe four-circle 

diffractometer using graphite-monochromated MO-~ radiation; of these, 1169 with (F) > 3UF were used 

for the structure determination and refinement. The structure was solved by direct methods and refined 

lsotropically to R = 0.197, which dropped to R = 0.129 with lncluston of anlsotropic temperature factors. 

At thls stage all H atoms were located by a difference electron-den&y synthesls. Anisotroplc re_{lnement 

with fixed individual H atom temperature factors flnal&converged at R = 0.063 (Rw = 0.062, w 

+ 0.0005~F2). C atom parameters are listed in Table 7 

= UF2 

. 

2500 
2500 
2500 
2500 
2500 

1276(3) 
i% 
2560 

1;;;‘;) 

II 305 2 
1240(2) 

* 
Equlvalent isotropic U_ defined as one third of the trace of the orthogonalized g,, tensor 

tsti 1 
52(l) 

Table 7. Atomic coordinates (- 104) and equivalent isotropic displacement parameters (x2* 103) 
for 6 with estimated standard deviations in parentheses 

crystal structure analysis of 7: 7 (molecular formula C23H34, M = 310.5) was crystallized from acetone as 

colourless prisms, space group Pi, a = 7.630(l), b = 7.975(l), 2 = 8.154(l) & & = 70.17(l), 0 = 73.16(2), 

E= 75.17(l)‘, v = 451.4 A3, z = 1, p, = 1.142 g.cmm3. 1745 reflections with 2Bmax = 50’ were measured 

on a Stoe. four-circle diffractometer using graphite-monochromated Mo-Kd radiation; of these, 1238 with 

)FI > 3UF were used for the structure determination and refinement. The structure was solved by direct 

methods and refined isotroplcally to R = 0.178, which dropped to R = 0.139 with Inclusion of anlsotropic 

temperature factors. At this sta e most H atoms were located by a difference electron-density synthesis. 

Weights w = (UF2 + 0.001. F2)- f were Introduced, and further anlsotroplc refinament with geometrically 

positioned H atoms (riding-model: rC_H = 0.96 8, =#Z HCH = 109.54 and fixed Individual temperature 
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factors [U(H) = 1.2-U (C)] 

“r 

finally converged at R = 0.071 (Rw = 0.080). The molecule lles twofold 

disordered on a centre o symmetry. Therefore, site occupation factors of 0.5 were assigned to C(i), C(2), 

C( 13), C( i4), C( 15) and the corresponding H atoms. Moreover, the bond lengths of the cyclopropane ring 

had to be restrained [ 1.52(2) I] to ensure convergence. C atom parameters are listed in Table 8 24). All 

calculations were performed with the program SHELXTL. 

C(i) 2690(20) 3640 19) 8679(15) 131 9) 
;I21 2i;;;;;) g;;;2) Y&U 

:;;I I I 

1! 

1 

C(13) 7013(14) 5988(16) 
C 14 8412 7) 

$1 :%I:; 

$1 %%1 

Ksi fltf ii/ii [g/ $[ !!!i!j) B/iJi~ ij 

*Equivalent lsotroplc !=l defined as one third of the trace of the orthogonallzed vi, tensor 

Table 8. Atomic coordinates ( - i04) and equlvaient isotropic displacement parameters (x2* 103) 
for 7 with estimated standard deviations In parentheses 

KlDetic meaalre ments ‘H- and l3 C-NMR spectra were recorded on a Varlan XL 200 spectrometer equlp- 

ped with a variable temperature probe. Temperatures were measured wlth a temperature sensor consisting 

of a 1.8 mm diameter high precision PT 100 reslstor (i/5 DIN; accuracy *O.O5’C from O°C to +200°C) at 

the end of a glass rod which was introduced in a 5 mm o.d dummy tube containing pure nitrobenzene-d5 

such, that the active zone (15 mm length) was precisely posltloned at the height of the receiver coiL Du- 

ring both equlllbratlons the temperatures were precise wlthln f 0.5’C Precision 5 mm 0.6 NMR tubes (No. 

507 PP, Wilmad Glass Co.) were filled with solutions of 33 mg [l-13C] -6 and 10 mg [I 1-D ] 

and the decrease in concentrat% of [i-13C] ‘6’ 
-7, 

respectively, In 500 pl of nltrolxmzene-d5 -6 azd 77, i- 

D$e-716’ 

was followed by “C-NMR (50.3 MHz, 80 transients, acquisition time 1.501 &, pulse width 

30 at +66.0°C and *H-NMR (200 MHz, 16 transients, acquisition time 3.077 set, pulse width 30’) at 

+150.0°C, respectively. The spectra were taken at approprlate times (Flg.2) and the inltlai (IO) and actual 

concentrations (I) determined by careful integration of the corresponding resonance lines of the cy- 

ciopropane ring (Fig.1). To ensure complete equiilbratlon, the solutions of [ i-i3C] -6 and [i,i-D2]%,-7 

used In the kinetic analyses were finally heated for 24h to +lOO°C and 16h to +iS%‘C, respectively until 

the equilibrlum concentrations (Ie) were determined by four Independent measurements In each case. The 

following values were obtained: I,([ l- 13C]a-6) = 49.80 f 0.36 and Ie([i,l-D2]e-7) = 50.14 * 0.14. Because 

of the unfavourabie error sltuatlon values of Ie = 50.00 were used In both cases instead. 

Calatlatiorur The weighted least-squares adjustments of the rate data were performed on the Sperry Uni- 

vac 1100 computer of the Geseilschaft for Wlssenschaftiiche Datenverarbeitung at Gottingen. employing 

the computer program ACTPAR25). 
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