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PLANOID DISTORTIONS IN BRIDGED SPIROCOMPOUNDS

FORMATION OF (ALL-C'IS)-[S.'S.S.S]FENESTRANE IN THE ATTEMPTED
SYNTHESIS OF THE (CIS,CIS,CIS,TRANS)}ISOMER

M. Luyren and R. Kessg*
Institut fiir organische Chemie, Universitit Bern, Freiestrasse 3, CH-3012 Bern, Switzerland

(Received in USA 28 June 1985)

Abstract—Molecular distortions in bridged [4.4]spirononanes and fenestranes are discussed in terms of
symmetry deformation coordinates. This analysis reveals that the central, quaternary carbon atom in most of
these compounds shows mamly a decrease of the two opposite ring bond angles, whereas the distortions in
fenestranes are dominated by an increase of the two opposite bond angles. Dicyclopentadienone 8 serves as the
starting material for the preparation of [5.5.5.5]fencstrancs. In the key step of the synthesis, the Pd-catalyzed
reductive transannular reaction of the enaminonitrile 13 and the ketolactone 17, (all-¢is){ 5.5.5.5 )fenestrane 6

is formed instead of the (cis,cis,cis,trams)-isomer 7.’

The theory of van’t Hofl and Le Bel! is certainly the
most important concept for structural organic
chemistry. It was soon realized by Baeyer? that
considerable deviations from ideal T; symmetry must
have significant energetic consequences. Indeed,
strained carbon compounds have played an important
role for the assessment of relative stability and
reactivity ever since. It is remarkable that most of the
hlghly strained hydrocarbons prepared so far contain
tertiary or quaternary carbon atoms in a local
environment of threefold symmetry.® Well-known
examples are cubane,* tetrakis-t-butyltetrahedrane,’
dodecahedrane® and compounds with inverted carbon
like the propellanes.’

Strained hydrocarbons containing quaternary
carbon atoms in an environment with fourfold
rotation—inversion (D,,) or orthorhombic (D,)
symmetry, corresponding to planoid deformations at
carbon, are much fewer and bave long been neglected.®
Only recently has planar tetracoordinate carbon
received computational® and expenmental 10 congider-
ation.
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In order to gain insight into the nature of planoid

distortions at carbon, polycyclic compounds contain-

[4A]sp1rononane subunits were analysed sys-
ematleally in terms of symmetry deformation
coordinates.!' Two modes. of distortion from T,
towards D,, or D, symmetryhave to be considered : (a)
increasing or decreasing two opposite bond angles
leading to locgl, D,, symmetry (S;, modc); (b) twisting
two ligands with respect to the other two, leading to
local D, symumetry (So, mode).

The degree of these distortions is specified by a bond
angle deformation vector with components S,, (E) and
S (E).'? Since: there are three fourfold inversion—
rotation axes in a tetrahedron, there are six isometric
deformations., By appropriate labeling of the bond
angles, thc coeresponding deformation vectors can be

confirmed to the space between the positive half of the
S,,- and the negative half of the S5,-axis and therefore
any planoid distortion observed in X-ray structures can
be represented as shown'in the diagram (Fig. 1).

It is apparent that most of the structures included in
the diagram show orthorhombic distortions at the
spirocentre, ie. distortions which are intermediate
between tetragonal flattening (along +S,,) and
tetragonal compression (along —S5,). Most of the
compounds with local distortions at the spirocentre,
which are intermediate between S), and S,,, i.e. which
are close to pire tetragonal flattering belong to the
fenestranes of type 1, a special class of bridged
spirocompounds.
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spirocompounds see Ref. 1.
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Typical examples for structures contmmng splro
carbonatomsina glanoxd environment are given
fenestranes 2-4.11° The diterpene lsuréhe 5a alsogas a
fenestrane skeleton and is to the best of our knowledge
the only natural product in this special ciass of spiro
compounds. As revealed by the X-ray structure of the
bromo derivative 8b the local structure of the spiro
carbon atom in this bridged spiro compound shows
also significant planoid distortions.!* When MNDO-
results of the six stereoisomers? of [5.5.5.5)fenestrane,
amongst them 6 and 7 were analysed in the same way, it

g

8a R=H
56 R = @Br

became apparent that the local geometry at the spiro
centre corresponds to increasing angle opening
(x > 109.47°), leading to planoid distortions along the
+8,,-axis.!’ Because of these specific  structural
featums, fenwtran&s with small rings and stereoisomers
thereof are of particular interest. Here we describe
our attempts to prepare (cis,cis,cis,trans)-[5.5.5.5)-
fenestrane 7, which however led to the all-cis-
isomer 6.

Synthesis of 6

In the course of our first synthesis of a bridged all-
cis-[5.5.5.5]fenestrane,!%* jt became clear that
stereoisomers of fenestranes' would be of special
interest.

Makmg use of the symmetry of [5.5.5.5)fenestrane
and in consideration of the strain to be expected for
compounds like 6 and 7 and the option to prepare

t For syntheses of fenestranes sec: Refs 10a,b and 14a—¢
([5.5.5.5)fenestrane); Refs 13b and 14£g ([5.5.5.4fenestrane
and [5.5.4.4]fenestrane); and Ref. 14k ([5.4.4.4]fenestranc).

$ The six stereoisomers of [5.5.5.5]fenestrane are defined by
cis or trans ring fusion of the bicyclo[3.3.0Joctane subunits.
According to TUPAC nomenclature, the {ali-cis)-isomer 6 is
cis - tramsoid - cis - transold - cis - transoid - cis - transoid -
tetracyclo[5.5.1.0%12,01%13tridecane ; the “c,c,c.1™-isoniter 7
i8 cls - transoid - cis - rransold - cis - transoid - trams - cisotd -
tetracyclo[4.4.1.0%! 3.0' %' iridecane. The (ormulae of the
fenestranes '2-7 represems Fischer projections for the
configuration of the central carbon atom.

v

M. LuyTen and R. KegsE

stereoisomers from a common precursor, a trans-
annular carbene insertion in an appropriately
functionalized cyclooctane was anticipated as the key
step in our syntheses,

Following our earlier ptowdurc," the tricyclic
compound 10 was prepared via 9 from the readily
available enone 8. Subsequént hydrogenation of 10,
formation of the ketal with methanol, oxidation with
ruthenivm tetroxide and esterification with methanol
gave the diesterketal 11. Because the Dieckmann
reaction in the closely related compound 18 gave not

CONH, §Ha
L
4 R = CONH-p-C¢H, B¢

H
H

H
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more than 5% of the intramolecular condensation
product,}* the diester 11 was transformed into the
dinitrile 13 via the corresponding diamide, followed by
dehydration. Ziegler-Thorpe cyclization gave 4
mixture of enaminonitriles in over 607, yield. Because
of its subsequent transformation into the ketolactone
14, it has not been determined whether 13. or its
regioisomer was formed in excess.

With the successful synthesis of the enaminonitrile 13
the carbon skeleton required for the formation of
(cis,cis,cis,trans)-[5.5.5.5]fenestrane 7 had been ob-
tained, the overall yield for the reaction sequence
8 —» 13 was 119,

The remaining steps for the formation of
the fenestrane, shaped according to our earlier
results obtained with the synthesis of (all-cis)-
[5.5.5.5)fenestrane,!%*® required the hydrolysis of the
enaminonitrile 13, and transformation of the cor-
responding ketone 14 into the carbene appropriate for
transannular insertion. When the enaminonitrile 13
was hydrolyzed under acidic conditions, an inter-
mediate was isolated, from which the ketolactone 14
could be obtained by oxidation only in moderate yield.
This result is surprising in view of the efficient
hydrolysis reported for the enaminonitrile obtained
from 1,9-nonanedinitrile.!’

The moderate yleld is not due to the oxidation step,
because it did not increase when 13 was transformed
into ketoacetal 17. Similarly, it had been observed that
the enaminonitrile; ‘prepared from 19, could only be
hydrolyzed ‘in modérate  yield under other
conditions.'4 This rétuctance of efficient hydrolysis in
these two clokely telated cases’ might be due to the
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restricted confprmational flexibility impond onto the
cycleoctane ring by the aanulated ring system.

The katolastone 14 obtained was subsequostly
transformed into the corresponding 2,4.6-
triisopropyl)phenyl-sulfamythydrazone 15. Photolysis
of the potassium salt of 15 gave instead of the desired
fenestrane the olafis 16 (or its regicisomer) as the major
component. The dominant formation of olefins in this
and in a related case’™ is in contrast to the
corresponding reactivity found in 23,'® where
transannular insertion leads preferentially to the
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coaditions,'® (all-cis)-{5.5.5.5}fenestrane 6 might have
been formed instoad of 7.

From GC comparison of the ptoduct isolated with
an authentic sample of 6 under a variety of conditions it
was concluded that, the [5.5.5.5)encstrane obtained
from ketolactone 14is indeed the more stable’ * all-cis-
isomer 6. When the enaminoditrile 13 ityell was
submitted to the same reaction conditions (aB-cis)-
[5.5.5.5}fenestrane was again isolated. In this case two
additional products could be idontified as methyl-
substituted fenestranes. It is very likely that both of

R’ R
Y E
H,CO

8
9 R* = (CH,),OCH,C.H. 1" R = R = (CN.):COOCH,
R? = CHO
10 R' = (CH,);OCH,C H, 12 R' = R?*= (CH,),CN
AR! = CHECHCOOC,H,

13 14
16§ x =

X = O

.!
HC

18 R'= R'= (CH,),COOCH,
19 R' =R*= (CH,),CN

desired derivative of (all-cis)-[5.5.5.5)fencetrane 6.
Eventually vcmhmt\edthekaohctonc 1410 thesamo
reaction conditions by which the isomeric ketalactose
20 had been transformed into (all-cis)
(5.5.5.5]fcaostrane §.'*‘ Thus, treatment of 14 with Pd
and some H, at high temperature gave a [5.5.5.5)cne-
stranc as the saajor praduct. Since we had to take into
accoust extensive hydrogen exchasge under these

HyCO
16 17

N-NHTrisy!

8 & 4

21 R'= CH,. R'= H
22 R' = H, Rt = CH,

these isomers, formulated as 21 and 22, gre decivatives
of (all-cis)-[5.5.5.5}fenestrane 6, although it cannot yet
be excluded that one of the isomery might be a
derivative of 7.

At any rate, the reductive transgnnular insertion
catalyznd by Pd in the presence of H, provided a high
temperature meothod for the formation of (all-cis)
[5.5.5.5fenostrane 6. Whether the (ciscis,cistrans)
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stercdoisomer T-can be prepared from 14 or 17 by other
methods remains to be demonstrated.

CONCLUSIONS

In a systematic search for organic compounds with
strong planoid distortions, it has been found that
fenestranes with small rings show unique structural
features. A key step in syntheses of [5.5.5.5]fenestrane
is the transannular reaction in a cyeclooctane
substructure. This reaction can be induced in
appropriate starting materials by Pd, which in the
presence of H, and high temperature acts as a catalyst.

From the study of fenestranes and other model
compounds with carbon atoms in a highly distorted,
planoid environment ?rescntly underway in -our and
other laboratories!®!314 3 more precise view of the
relationship between structure; strain and reactivity
will arise. It is hoped that systematic structure analysis
by diffraction, force field or quantum-mechanical
methods'? of strained compounds with distortions of
two-, four- and threefold symmetry will eventually lead
to a more general picture of strain and its origin in four
coordinate carbon compounds.

EXPERIMENTAL

General remarks.1%2° IR spectra were measured in CHCl,
on Perkin-Elmer 457 or 782 instruments ; only the strongest
and structurally characteristic signals are reported. NMR
spectra were obtained in CDCl, using Varian EM 360, EM-
360L, Bruker WP80 and AM400 and Varian XL 100 (*3C)
instruments; heayily overlapping signals arc reported as
“stack”™. GC coupled mass spectra were recorded on a Varian
Mat 44S instrumient. For capillary GC a Carlo-Erba
Fractovap 2450 instrument was used. If not stated otherwise,
columns of 20 m length with SE 54, chemically bonded, were
used as stationary phase. We would like to thank Dr Bigler, Dr
Kamber and Mr Striht for many NMR measurements, and
Mr Gfeller for GC-MS analyses.

Dimethyl - 6 - exo - methoxy - 5 - 0xa[5.2.1.0*'%]decan - 2 -
ex0,9 - endo - diproprionate (11)

A soln of 10 g (0.025 mol) 10! in 125 ml monoglyme-water
(3:2) was hydrogenated with 109, Pd—C to give an oil, which
was refluxed in MeOH with a trace of p-toluenesulfonic acid.
Subsequent oxidation with 0.7 g (3.11 mmol) RuCl, - xH,0
and 12.9 g(60.3 mmol) sodium periogate in water gave an acid,
which after acid-catalyzed esterification with MeOH and
purification by medium pressure chromatography (t-
butylmethylether-hexane, 3: 2) yielded 6.02 g 11 (71%, purity
90%) as a yellowish oil. An analytically pure sample—
containing 2.3% of the 2-exo09-exo-isomer 18!%—_was
obtained by HPLC (t-butylmethylether-hexane, 1:1). R,
(cther)0.52 ;cap. GC(220°) 6.9 min ; IR : 2960, 1732, 1440, 1095,
1062; '"H-NMR : 0.75-2.77 (stack, 16H), 2.87-3.38 (stack with
sat3.25,4H),3.65(s,6H),4.41 (dd,J = 6, 5Hz, 1H),4.66(s, 1H);
13C-.NMR:25.31,30.3t,32.41,33.1¢,33.81,37.51,39.11,43.7d,
49.6d,50.8q(2C),52.5d,53.2d,53.3q,82.2d,109.1d,172.8s,
172.95; MS 340(M *, 2), 309, 277, 248, 220, 216, 206, 153, 133,
121, 119, 105, 93, 92, 91. (Found: C, 63.50; H, 8.37. Calc for
CeH3504: C, 63.51; H, 8.29%,)

6-ex0 - Methoxy - 5 - 0xa[5.2.1.0%1%)decan - 2 - ex0,9 - endo -
dipropionitrile (12)

A mixture of 3.0 g (8.82 mmol) 11 and 1.5 g (88.2 mmol)
ammonia in 1.3 g McOH was heated in a pressure bomb to
160° for 18 h. Thie highly insoluble diamide was dehydrated in
a mixture of 120 ml CHCl,, 0.2 g benzyhtriethylammonium
chloride and 20 g of 50% NaOH aq.?' Flash chromatography
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with subsequent medium pressure chromatography gave 1.04
g (3.78 mmal, 43%, purity 95%).12 ab a colourless.oil; which
slowly crystallized upon refrigeration. An agalytically pure
sample was obtained by crystallization from. Q{,Clz-
pentane, m.p. 89-90°. R (em«)oza cap. H””m'
1R : 2960, 2938, 2250 w, 1095 1093, 995. 'H-NMR ; 0.66-2.86
(stack, 16H),2.86-3. 46(stackwnhsat3.23 4¥1),4.42{d4,T = 7,
4Hz, 1H),4.66(s, 1H); MSZ74(M‘ 1),243,174,160,133,132,
120, 91, 79. (Found: C, 69.86; H, 8.11; N, 10.08. Cal for
CyeH1,0,N;: C, 70.04; H, 8.08; N, 10:21.)

rel - (18,35,5R,6R 8S,14R,1585) - 4 - Oxa - 3 - methdxy « 11 -
amino - tetracyclo[6.5.1.0%6.0'4-1*]pentadec - 11 - ene - 12 -
carbonitrile (13) or its regioisomer

A soln of 8.8 g (54.7 mmol) hexamethyl-disilazane in 500 mi
of THF was treated with 54.7 mmol BuLiat 0°. After heatingto
reflux a soln of 3.0 g (10.94 mmol) of 12 in 200 ml THF was
added during 22 h. After heating for 1.5 h, the turbid, brown
soln was worked up. Extraction with CH,Cl, gave a crude oil,
which was flash chromatographed with ether—CH,Cl, (1:1).
A colourless product 13(1.91 g, 6.98 mmol, 63%;) was obtained
by crystallization from THF-pentane, mp. 179-181°. R,
(ether)0.30 . TR : 3510, 3410, 2180, 1635, l600 MS274(M*),
no higher peaks. According to the 'H- and 13C.NMR data,
this compound contains two other isomers.

rel - (15,38,5R,6R,8S,14R,15S) - 4 - Oxa - 5 - methoxy -
tetracyclo(6.5.1.13:6.0'*-*3pentadecan - 11 - one (17)

A soln of 0.40 g (1.46 mmol) 13 in 6 ml Ac,O and 0.5 ml
AcOH was refluxed under Ar for 2 h. After addition of 6 ml
AcOH, 2 m! water and 4 ml of (85%) phosphoric acid, the
mixture was refluxed for 22 h, The mixture was extracted with
CH,Cl; and washed with 2N NaOH. The crude product was
refluxed in 10 ml MeOH in the presence of 002 g p-
toluenesulfonic acid for 4 h and eventually extracted with
CH,Cl,. Purification by flash chromatagraphy with t-
butylmethylether and low pressure y3? (with t-
butylmethylether-hexane, 2: 1) gave 0.081 g (0.34 mmol, 23%)
17 as white crystals of 90% purity. According to GC-MS and
3C-NMR analysis the by-product is 5-desmethoxy-17. M.p.
131-132°. R, (t-butylmethylether-hexane, 1:1)0.27,; cap. GC
(180°) 10.1 min (by-product at 6.6 min); IR : 3007, 2953, 2920,
1695, 1100, 1082, 1075, 1060, 982 ; *'H-NMR :0.72-1.70 (stack,
~ 3H), 1.70-2.95 (stack, ~ 13H), 2.95-3.80(stack withsat 3.37,
4H),4.38(dd,J = 6,5 Hz, 1H), 4.67 (s, 1H); 13C-NMR:25.7t,
34.2t,36.81,38.51d,38.51t,41.7¢t,44.8d,45.41,49.3d, 5094,
53.7,55.5,82.3d, 109.4 d, 216.3 s; MS 250 (M *, 10), 219, 190,
172, 162, 136, 132, 131, 119, 118, 117, 108, 93, 92, 91, 80, 79.
(Found: C, 72.22; H, 8.94. Calc for C,sH;,0,:C, 7197; H,
8.86%.)

rel - (1S,3S,6R8S,14R,155) - 4 - Oxa - tetracyclo -
[6.5.1.1%6.0"* 5\pentadecan - 5,11 - dione (14)

At reflux temp 0.795 g (2.9 mmol) of crude 13 was dissolved
in 18 mi glacial AcCOH. After 30 min 7 ml (85%) phosphoricacid

ed and reflux continued for 15 h. The hydrolysis

products wereextracted into CH,Cl, and freed from acid with
a soln of K;CO,. The crude product was stirred in 30 ml
acetone containing 1 ml 1 M perchloricacid and oxidized with
Jones reagent at 0°. After work-up, chromatography (ether—
CH,Cl;, 1:1) and further purification by HPLC (t-
butylmethylether) gave 0.069 g (0.29 mmol, 10%;) 14 as white
crystals, m.p. 150-152°. R, (t-butylmethylether) 0.22; IR:
1760, 1748, 1700, 1200, 1180; 'H-NMR: 1.15-2.63 (stack,
14H), 2.63-3.68 (atack, 3H), 4.78 (dd, J = 6.6, 5.4 Hz, 1H); MS
234(M"),216,m205 177,176,134,133,131,117,105,94,93,
92,91, 79. (Found : C,71.92; H, 7.85. Calc for C 1sH140,:C
71.77; H,7.74%.)

Photolysis of the potassium salt &f rel - (1R,3S,6R8S,14R,15S) -

4 - oxa- tetracyclof6.5.1.13-5.0'% $pentadecan - 5,11 - dione -

1-(2,4,6 - triisopropyiphenyisulfonyl)hydrazone (15)
Hydrazone 15, prepared from 0065 g (0.27 mmol) pure 14
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and 0.084 g (0.28 mmol) 24,6-triisopropylphenylsulfonyl-
hydrazide in CH,Cl, according to Ref. 23 was deprotonated in
a quartz cuvette with 0.012 g (0.295 mmol) KH in THF under
Ar. After 10 min the clear, yellowish soln was irradiated witha
125 W high pressure lamp. After work up, the crude material
was analysed by GC. Besides triisopropylbenzene and 14 four
products were detected, which were separated off by
chromatography with ether as eluent (0.025 g of material) and
analysed by GC-MS (SE 54, 20 m, 200°) [product ratio
(retention times in min): 3 (6.9):4(7.3): 77 (7.6): 13 (8.1)] and
by NMR spectra. Major component 16 (or its regioisomer):
MS 218 (M *), 190, 173, 144, 131, 117, 105, 91, 79, 77, 66 ; *H-
NMR: 0.59-2.73 (stack, ~15.5H), 2.73-3.56 (stack, 2H), 4.78
(dd, J = 6.6, 5.4 Hz, 1H), 5.38-5.90 (stack, 1.5H); **C-NMR
(without '3C=—=0): 25.9, 28.8, 35.0 (36.5), 36.7 (44.0), 44.1, 44.2,
44.4,45.4,51.9, 54.9, 83.8, 130.6. The MS spectra of the minor
component and the other two by-products (3% respectively
4%) also have m/z 218 (M ™*).

(allcis)-[5.5.5.5] Fenestrane 6

(a) A sample of 3 mg (0.013 mmol) isomerically pure 14, 20
mg Pd/C and 4 ml H, was sealed in an ampoule and heated to
320° for 4.5 h. Extraction with CH,Cl, gave 1-2 mg oily
product, which according to capillary GC consisted of three
products in a ratio of 85: 3: 4, As revealed by coinjection with
an authentic sample onto three columns the major component
i8 6 [conditions : (a) SE-54 (20 m), 90°, isothermic, 16.2 min ; (b)
CW 20M (20 m), 65-220°/3° min~*, 17.6 min ; (c) OV 1701 (20
m), 40-200°/3° min~!, 27.14 min]. The minor component is
starting material 14, whereas the third product has not been
identified.

(b) A sample of 50 mg (0.18 mmol) 13 and 0.3 g Pd/C on
charcoal (10%/) was sealed under H , in an ampoule and heated
to 310-315° for 6 h. The products were extracted with
triffuorochloromethane to give 10 mg of an oil. Capillary GC
(100°) and GC-MS revealed four major components in a ratio
ofa:b:c:d =9:19:27:16.

Compound b (=6): (rel. time 6.6 min); MS 176 (M *), 149,
148, 147, 134, 133, 120, 119, 107, 106, 105, 95, 94, 93, 91.

Compound c:(rel. time 7.5 min) ; MS 190(M *), 175, 148, 147,
133, 120, 119, 107, 106, 105, 94, 93, 91, 80, 79, 77, 67, 55, 41.

Compoundd :(rel. time 8.1 min); MS 190(M *), 148,120,119,
107, 106, 95,91, 81, 79, 67, 55, 41.

From crude reaction products, obtained from 0.234 g (0.85
mmol) in three analogous runs compounds b, c and d could be
isolated by preparative GC separation.

Compounds b: 3 mg (0.017 mmol, 2%, 57% purity); *C-
NMR (400 MHz without quaternary C): 6 31.09 t, 53.66 d,
apart from CDCl; no other signals are to be seen. Shift and
multiplicity of these signals are identical with those of
authentic 6.1%

Compound c (21 or 22): 8 mg (0.042 mmol, 5%, purity 85%);
!H-NMR (400 MHz): 0.80-2.0 (stack with d at 0.91, J = 6.0
Hz). 13C-NMR: 18.6 q,27.5t,29.0(t, 2C), 29.51,33.1 1,33.3 ¢,
40.1d,42.11,524d,5384d,5394d,61.6d,739s.

Compound d (22 or 21): 4.0 mg (0.02 mmol, 2.5%, purity
63%); "H-NMR (400 MHz): 0.83-2.23 (stack, withd at 0.83,J
= 6.6Hz); !>C-NMR:15.89,27.9,28.97,28.98,32.7,33.3, 34.1,
34.2,37.3,53.1(2C), 53.7,54.0,58.1,77.2 s.
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