Tetrahedron Vol. 35, pp. 1999 to 2007
Pergamon Press Lid., 1979. Printed in Great Britain

THE CONFORMATION OF THE BICYCLO(3,3,1)NONANE
SYSTEM FROM X-RAY STUDIESYt

S. K. BHATTACHAREE and K. K. CHACkO*

Department of Physics (Crystallography and Biophysics)
University of Madras, Guindy Campus, Madras-600 025, India

(Received in UK 20 October 1978)

Abstract—X-ray data of eleven compounds containing the bizclo(S,S,l)nonane system were analysed

in order to study its conformation. From the available data,

e structures have been subdivided into

four major groups depending upon the conformation taken up in the crystal structure and also based
on chemical classification of the bicyclo(3,3,1)nonane system. It was found that in the majority of the
cases reported, the system exists in the ‘chair—chair’ form. However, in certain cases, especially when
there are bulky substituents at positions 3 or 7, the system adopts the ‘chair-boat’ conformation. The
interesting conformational features of the four major groups are discussed in terms of their bond

lengths, bond angles and torsion angles.

The bicyclo(3,3,1)nonane system is of considerable
stereochemical interest as this system may be con-
structed, using a ball and stick model, by the 1,3-
fusion of the two cyclohexane chairs free of angular
strain. However, construction of a scale model of
the ‘chair-chair’ form shows that there is an in-
tolerable transannular interaction between the axial
hydrogens at C; and C, which are calculated to be
about 1A apart. Owing to this short nonbonded
interaction it has been predicted that the molecule
should exist in a ‘chair-boat’ form even though this
still has some fairly bad interactions.' Figure 1
shows the ‘chair—hair’ and ‘chair-boat’ conforma-
tions of the bicyclo(3,3,1)nonane system. This sys-
tem may also be imagined to take up a ‘boat-boat’
(crown) conformation. However, the ‘boat-boat’
form is energetically very unstable compared to the
other two and hence this is merely of theoretical
interest and the possibility of structures existing in
this conformation could be ruled out. IR spectra
available on some of these compounds indicate that
the ‘chair-chair’ form is preferred.? Analysis on this
system using other techniques like C'*’NMR® and
electron diffraction* have also been reported. An
interesting recent report on chair-boat equilibrium
in the bicyclo(3,3,1)nonane system based on NMR
and molecular mechanics study is available.’

Analysis of the data and discussion

Crystal structure data are available for eleven
compounds from which interesting conclusions may
be drawn regarding the conformation of the
bicyclo(3,3,1)nonane system in the solid state. The
structures could be divided into four groups as
given in Table 1 which also gives the accuracy of
the structure analysis (the mean estimated standard
deviation in atomic coordinates (o)), the conforma-
tion which the bicyclo(3,3,1)nonane system takes
up in the crystal structure and the reference.5'¢

+ Contribution No. 484 from the Department of Physics
(Crystallography and Biophysics, University of Madras.

The structural formulae of the compounds are
given in Fig. 2, Group I consists of structures that
exist in the ‘twin—chair’ or ‘chair-chair’ form with
all atoms as carbons in the bicyclo(3,3,1)nonane
system. Group II deals with two azabi-
cyclo(3,3,1)nonane compounds with nitrogen at
position 3 in the ring and all the other ring atoms as
carbons while group III deals with two tetraza-
bicyclo(3,3,1)nonane structures. Group IV contains
compounds in the ‘boat—chair’ conformation, some
of which have bulky substituents at positions 3 or 7
of the ring. Structure 9 of Group IV has a bulky
substitution of a tertiarybutyl group attached to
position 7 while structures 10 and 11 have a Br
atom covalently bonded to position 3 of the ring
which could cause a very serious short contact if the
bicyclo(3,3,1)nonane system were to exist in the
chair—chair conformation. It is interesting to note
that compound 4, which has a 5-membered ring
attached to the bicyclo(3,3,1)nonane system, exists
in both the ‘chair—chair’ and ‘boat—chair’ conforma-
tions with the methylene carbon at position 7 hav-
ing alternate sites in the lattice, the ‘chair-chair’
form baving a probability of occurrence of 70%
and the ‘chair-boat’ form having 30% probability.
Hence, this structure is referred to in Groups I and
IV in Table 1. Figure 1(a) gives the nomenciature
adopted in this paper for equivalent bond lengths
and angles of the bicyclo(3,3,1)nonane system to
facilitate discussion on the structures.

The bond lengths, bond angles and torsion angles
observed for the eleven crystal structures are given
in Tables 2, 3 and 4 respectively together with the
mean bond lengths, bond angles and torsion angles
of individual structures while Table 5 gives the
overall averages of the four groups of structures. In
taking the overall averages of the structures in
Group IV, the structure 4b is excluded (due to its
inherent inaccuracy on account of the disordered
position). There are not many structures in each of
the different groups to draw more meaningful esti-
mates of average parameters. However, one may
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draw the following observations from the analysis
of the averages. The mean C—C bond length of the
3-atom birdgehead, which does not involve the
methine carbons at Cs and C, ((z)) appears to have
a lower value compared to the mean (y) bonds
involving the methine carbons as is seen from val-
ues reported in Table 2 for Groups I and II. The
overall mean values of (z) are 1.52(2) and
1.50(4) A respectively for Group I and II structures
(Table 5(a)). The mean C—C bond length of the
one-atom bridgehead ({1%) has a value of 1.52(2) A
for Group I and 1.54(2) A for Group Il compounds
while the mean bond length (y) is 1.54(2) A for
Group I and 1.52(2) A for Group II. For Group IV
structures, which exist in the ‘boat—chair’ confor-
mation, the mean C—C bond length of the one-
atom bridgehead of 1.51(1) A is found to be smal-
ler than the mean values of {y) and {z) which have
values 1.54(3) A and 1.53(2) A respectively. The

bond angles of the 3-atom bridgehead have been
observed to have values larger than tetrahedral
{109°28") compared to the other bond angles in the
structures belonging to Groups I, IT and III. This is
due to the considerable distortion of the two cyclo-
hexane rings which exist in a ‘distorted—chair’ con-
formation in the crystal lattice. Thus, it is seen in
Table 5(b) that (d) and (e) values of the bond
angles of Groups I to I1I are, in general, observed
to be significantly larger than tetrahedral except for
the C—C—N angle {d) of Group II of 109(3)°. The
mean angle (a}) is observed to be slightly larger than
tetrahedral except for 3-azabicyclo(3,3,1)nonanes
(Group I ) which has a low mean value of 104(3)°,
The mean angle (b) is close to tetrahedral for
compounds belonging to Groups I to IV with a
minimum of 108.5(12)°, for Group IV and a max-
imum of 110.7(18)° for Group II. The mean angle
{c) for Groups I to III is observed in general to be

Table 1. List of bicyclo(3,3,1)nonane structure

Space {es.d.) Confor-
Group Code Compound name group  R-factor A mation® Ref.
1 9-Aminobicyclo(3,3,1)nonane-9-carboxylic P2 /c 7.9% 0.006 o 6
acid hydrobromide monohydrate -
2 1-p-Bromobenzenesulphonyloxymethyl-5- Pl 12.9% 0.017 o 7
I methylbicyclo(3,3,1)nonan-9-0l
3 2-Chlorobicyclo(3,3,1)nonan-9-one P2,/c 8.8% 0.005 o< 8
{4A  DL-1,7-dicarbomethoxy-3a-7-methano-3aH-  P2,/c 5.6% 0.002 o 9
decahydrocyciopentacyclooctane-2-10-dione
5 3-Azabicyclo(3,3,1)nonane hydrobromide P42, /c 8.9% —t ¢ 10
6A  1,5-Dinitro-3-methyl-3-azabicyclo(3,3,1)- P3,/c 8.6% 0.009 o< 1
11 nonane-7-one
[6B  1,5-Dinitro-3-methyl-3-azabicyclo(3,3,1)- Pcen 8.1% 0.005 c—< 11
nonane-7-one
7 3,7-Diacetyl-1,3,5,7-tetrazabicyclo- P2,/c 52% 0.002 o-c 12
m (3,3,1)nonane
8 3,7-Dinitro-1,3,5,7-tetrazabicyclo- P2,/c 3.5% 0.002 o~C 13
- (3,3,1)nonane
9 1-Methyl-7-exo-t-butylbicyclo(3,3,1)- Pl 6.0% 0.004 b 14
nonane-2,9-dione
10  9-Benzoyl-3-a-bromo-2-B-hydroxy-9- P2,/c 11.2% 0.008 b-¢ 15
v azabicyclo(3,3,1)nonane
11 9-Benzoyi-3-a-bromo-9-azabicyclo(3,3,1)- P2,/c 10.1% 0.015 b 16
nonane-2-one -
4B D,L-1,7-dicarbomethoxy-3a-7-methano-3aH-  P2,/c 5.6% 0.003 b= 9

decahydrocyclopentacyciooctane-2,10-dione

* o refers to Chair—chair; b—c refers to Boat—chair conformations.

t e.s.d.’s not available in the reference'®.
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The conformation of the bicyclo(3,3,1)nonane system

Group IV
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Table 5(a). Mean bond lengths (A)

Mean bond length GroupI Group I Group I Group IV
0] 1.522)  1.54(2) - 1.51(1)
® i) — — 1.464(9)  .1.485(6)
o @ 1.542)  1.522) — 1.54(3)
Y7 (i) — — 1.450(2) —
@ @ 1.52(2)  1.50(4) — 1.53(2)
(i) — 1.46(3)  1.474(15) —
Note: (i) C—C bond
(i) C—N bond

Table 5(b). Mecan bond angles (°)

Mean bond angle Groupl Group I Group III Group IV
@ 111(2) 104(3) — 112.5(0)
(@ (i) — - — 112.9(0)
(iv) —_ — 110.6(2) —
@) 108.6(14) 110.7(18) — 109(1)
) (i) - — 109.4(6) —
(iid) - — — 108.5(12)
@) 113.7(16) 112.6(21) — 111(4)
© G — — 114005 -
6]} 114.6(12) 113(2) — 112(2)
@ (i) — 10909 — -
@iv) - - 112.4(7) —
© @ 113.5(18) 116(3) - 111(1)
(ii) —_ 111.2(9) 114.5(24) -
Note: (i) C—C—C bond angle
(ii) C—N—C bond angle
(iii) C—C—N bond angle
(ivy N—C—N bond angle
Table 5(c). Mean torsion angles (°)
Group 11 Group IV
Mean torsion Group I ————— Group HI
angle Ring A Ring B Chair-ring (A) Boat-ring (B)
(x) 62(2) 63(4) 63(2) 60(3) 61(2) 62(4)
y 52(3) 62(2) 53(2) 51(3) 56(2) 4(4)
(2) 44(3)  61(8) 40(3) 44(4) 53(2) 50(6)
{yy) 69(4) 67(5) 67(5) 70(2)

significantly larger than tetrahedral with a
minimum of 112.6(21)° for Group II and a max-
imum of 114.0(5)° for Group I structures. It is
worthwhile to note that the mean C—C—C bond-
angle for a theoretleally expected chair conforma-
tion of cyclohexane ring is larger than tetrahedral
having the value of 111°,'”®

Conformational details of ring structures are best
understood in terms of torsion angles which are
given in Table 4t for all the structures. The Table
also gives the mean torsion angles (¢,,) of the A
and B cyclohexane rings for Groups I to IV along
with the mean torsion angles about equivalent
bonds for individual structures. The theoretical val-
ues of the torsion angles for the cyclohexane chair

t The torsion angles for the compound 7 reported in
ref. 12 are found to be in error. The values reported here
are correct values computed by us.

conformation are +56.""'® The ¢,, of individual
structures with the two cyclohexane rings in the
chair conformation, i.c., Groups I and III, have
values close to each other. The small variations in
¢,., may be due to the substituents attached to the
A and B rings and to general packing features.
However, in Group II, which deals with the
azabicyclo(3,3,1)nonane system, the A ring con-
taining nitrogen is seen to be more puckered and
hence has a larger ¢,, compared to the B ring. In
Group IV structures the A and B rings have the
chair and boat conformation respectively. The ¢,,
of the chair ring is generally larger than the ¢,, in
Groups I and IIT (except for ring A of Group II)
which shows that the cyclohexane chair is less
distorted in Group IV than structures having the
chair—chair conformation. The broad general fea-
tures already discussed on the conformation of the
bicyclo(3,3,1)nonane system can be clearly visual-
ised by considering the overall mean torsion angles
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Table 6. Least squares pime deviations

Group

1 I iur v

Mean deviation of atom 3

from L.S. Plane through

atoms 1, 2, 4, and 5 (Plane X)
Mean deviation of atom 9

from L.S. Plane through

atoms 1, 2, 4, and 5 (Plane X)
Mean deviation of atom 7

from L.S. Plane through

atoms 5, 6, 8 and 1 (Plane Y)
Mean deviation of atom 9

from L.S. Plane through

atoms S, 6, 8 and 1 (Plane Y)
(3...7) distance

-0.53A -067A -054A

+0.71

-0.52

+0.73
3.09

-0.64 A.

+0.79 +0.70 +0.69

-0.46 -0.53 +0.60

+0.78 +0.70 +0.68

2.82 2.86 -

about various bonds as given in Table 5(c).. Thus,
for Group I structures the mean torsion angles
starting from the 3-atom bridgehead show a
gradual increase in value from 44(3)" ((z)) to 62(2)°
({(x)) at the one-atom bridgehead. It is observed
that the mean torsion angle (yy) about bonds in-
volving both A and B rings have the maximum
puckering with a value of 69(4)° for Group I, 67(5)°
for Group II and 70(2)° for Group III structures.
The mean torsion angles about various bonds of the
B ring of Group II resemble structures in Groups I
and III. However, the torsion angles about bonds
of the A ring involving nitrogen are found to have
torsion angles close to each other and this suggests
that the A ring involving N is particularly less
distorted. However, the large values of torsion
angles (greater than 60°) show that the A ring is
more puckered than a pure cyclohexane chair con-
formation in which the expected torsion angle is
close to £56°.!”'® The mean torsion angles of the
tetrazabicyclo(3,3,1)nonane system (Group III) ap-
pears to have the same pattern that is observed in
Group I structures. In Group IV, the A ring, which
has the chair conformation, has mean torsion ang-
les about the x, y and z bonds agreecing more
closely with one another unlike the structures in
Groups 1 and III and this shows that the chair
conformation is less distorted in ‘chair-boat’ struc-
tures. The torsion angles about the bonds of ring B
shows that these values correspond to a slightly
distorted boat conformation.'” .

The overall general discussion on the conforma-
tion of the bicyclo(3,3,1)nonane system could also
be visualised in terms of least squares plane calcu-
lations through different groups of atoms and some
characteristic features have been tabulated (Table
6). The deviations of atoms 3 and 9 from the best
plane through the atoms 1,2,4 and 5 (referred to
as Plane X) and of 7 and 9 from the best plane
through atoms 5, 6, 8 and 1 (referred to as Plane Y)
should, in the ideal case, have the same expected
value of 0.73 A. However, the deviations of atoms
3 and 7 of the 3-atom bridgeheads from Planes X
and Y for Group I are found to have mean values
of —0.53 and —0.52 A respectively while atom 9 of
one-atom bridgehead deviates from these planes by
significantly larger distances, i.e., +0.71 and
+0.73 A respectively and the latter are found to be
close to the ideal value for the chair conformation.

This feature again shows that the ring:is flattened
near the 3-atom bridgehead and more puckered at’
the one-atom bridgehead of ‘the ‘bicyclo-'
(3,3,1)nonane system. The mean deviations of
atoms 3 and 9 in Group II from Plane X (corres-
ponding to ring A involving nitrogen) are —0.67°
and +0.79 A showing that it is- considerably less’
distorted than Group 1. However, the mean devia-
tions of atoms 7 and 9 of —0.46 and +0.78 A
respectively from Plane Y (corresponding to ring B
with all C atoms) indicate that the ring is more
distorted. Mean values of the Least squares plane
deviations of atoms in the tetrazabicyclo-
(3,3,1)nonanes of Group III agreee well with the
values of Group I structures. In Group IV the
mean deviations of —0.64 and +0.69 A with respect
to ring A (which exists in the chair conformation)
clearly show that the ring is less distorted than
Group 1 and IIT structures already described. The
deviations from Plane Y (with respect to ring B
which exists in the boat conformation) show that
the mean deviations reported are on the same side
of the plane and the boat conformation is less
distorted as these have nearly the same values of
+0.60 and +0.68 A respectively. Table 6 also gives
the non-bonded C, . .. C, distances for Groups I to
I which exist in the ‘twin—chair’ conformation and
the mean values are 3.09, 2.82 and 2.86 A respec-
tively. These values are larger than the expected
non-bonded separation of 2.52 A’t when both the

t This value is, however, based on a cyclohexane chair
conformation with tetrahedral bond angles and +60° tor-
sion angles. It might appear that if we assume the cur-
rently accepted smaller values of torsion angles (156°)
and bond angles slightly larger (111%)!718, this C;...C,
separations would increase. However,” model building
shows that this value actually slightly decreases to 2.39 A.
This is because the model building would result in the
bond angles ‘C’ (see Fig. 1) on either side of the
bridgehead to have a much smaller value of 101° which
effectively causes the slight shortening of the C,...C,
distance. A correct theoretical approach for the above
estimation of the distance would involve detailed poten-
tial energy calculations using minimization techniques al-
lowing for variations in bond lengths, bond angles and’
torsion angles and particularly treating these to have
unequal values about various bonds as is observed from
the observations of the structural data reported in this

paper.
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chairs have the ideal chair conformation. It is to be
noted that the abovementioned non-bonded dis-
tances for Group II of 2.82A gives the mean
Nj... G, contact while for Group III structures it is
a N,...N, contact and hence these values are
found to have mean values smaller than the C,...
C, contact of 3.09 A of Group I.

The structural studies on the bicyclo(3,3,1)-
nonane system thus reveal that ‘the system prefers
to adopt in general the ‘chair—chair’ conformation
in the crystal lattice with considerable flattering at
the 3-atom bridgeheads as revealed by the bond
angles and torsion angles of the structures. It
adopts a ‘boat—chair’ conformation mainly in situa-
tions of bulky substitutions at positions 3 or 7 as in
the case of structures 9, 10 and 11. It is further
seen that the ‘boat—chair’ conformation is consider-
ably less distorted than the ‘chair—chair’ form. For
the 3-azabicyclo(3,3,1)nonane system (Group II) it
is seen that the 6-membered ring involving N is less
distorted than the other ring having all C atoms.
The tetrazabicyclo(3,3,1)nonane structures (7 and
8) exist in the ‘chair-chair’ form with distortions in
the 6-membered ring system very nearly the same
as in structures belonging to Group 1.
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