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ABSTRACT

The crystal structure of 3-¢xc,6-exg-dichloro-5-endo-hydroxy-
3~endo~nitrobicyclo{2.2.1 heptane~-z-exo-carbonitriie, (7), was
solved successfully. A1l the hydroyen atom positions could be
located and it was establisned that an intramolecular hvdrogen bond
exists between the hydroxylic proton and an oxygen of the nitrou
group. The hydrogen bond is not bifurcated. This hydrogen bond was
studied in solution by proton nuclear magnetic resonance and
infrared spectroscopy. Th2 results revealed that the hydrogen bond

1s weak and could even be bifurcated in solution.

Attempts to synthesise t-ende-nitrobicyclel2.2.1 heptan-2-enco-ol,
(8), failed owing to the easy isomerisation of tne nitro group, but
two chiloroaicohols, 3-exo-chlore-6-exo-nitrobicyciof{2.2.1]heptan-
Z-exo-01, (60}, and J-exo-chloro-t-gxo-nitrohicycio{2.2.1]neptan-
Z-endo~ol, (89}, were prepared instead. X-ray crystallography
showed that intermolecular hydrogen bonding between the nitro and
hydrogy groups 1$ present in voth these compounds; in the lafter
case the hydrogen bond is bifurcated, A model structure for (7} was
calculated by empirical force-field calculations, The siructure
shows small diffarences regarding the orientations of the nitro and
hydroxy groups 1f compared with the crystal structure. These
differences were attributed to the effect of hydrogen bonding and
packing forces,
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INTRODUCTION

1.1. Urigins of the project
Norbornyl derivatives have been used by chemists in a wide variety

of synthetic and mechanistic investigations. This widespread use
arises at Teast partly because the norbornyl skeleton possesses a
rigid framework, and in consequence, the stereochemistry of
substituents on this framework is, in theory, unambiguous. In
practice, stereochemical assignments in substituted bicyclic
systems may be attended with difficuities despite the rigid
geometries involved. Uf the physical methods avatlable, proton
magnetic resonance spectroscopy has been used with great success in
elucidating the stereocchemistry of norbornyl systemsl“s, but

the more complex technique of X-ray crystaliographye is the

best metnod yet available for structure elucidation. The structural
parameters of nortornyl systems are well documerted’ ™Y but the
preferred orientations of many substituents on this system are not

very well established.

In general, exo substituents on the norbornyl skeleton are
thermggynamically preferred uver endo substituents. However, in

the presence of overriding tactors like hydrogen bonding, endo
functional groups may be preferred, especially if an intramolecular
hydrogen bond can emerge from such an arrangement of functional

groups as shown in (1}.
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The degree of stabilisation gained from an intramolecular
interaction obviously depends on the functional group X and on the
way these interacting groups can orientate themselves to facilitate
the energetically most favoured arrangement. Intramolecular

hydrogen bonding has been found in compounds (2)~(4).10’12

S OH -~ OH OH

3 4

Blom and Michaell3 found a very interesting compound, namely
3-ex0,b6-exo~dibromo-5~endo~hydroxy-3-endo-nitrobicyclof2.2.1]-
heptane-2-exo-carbonitriie {6), in their study of norbornyi
intermediates four the synthesis of alkaleids. This product was an
unexpected procuct obtained trom the reaction of J-endo-
nitrobicyclol2.2.1hept-5-ene~2-gxo-carbonitrile, (5), with
N-bromosuccinimide in methanol (Scheme 1). The reaction probably
involves the nitre group as an intramolecular nucleophile, a rather

rareg occurrence,

CN Br CN
2 eq, NBSv | B
NO,  MeOH OH  NO,
5 6
Scheme 1

Compound (6) exhibits some interesting stuctural features. Most
impartantly, a crystal structure analysis revealed that both oxyyen
atoms of the nitro group were in close neigbourhood to that of the

hydroxyl group. Both 0...0 distances, approximately 3 K, were

at
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short enough to indicate possible hydrogen bonding between the

LMD M1 M 1 40 e,

§ nitro and hydroxyl groups. Futhzrmore, in view of the near equality
“l of the 0...0 distances this hvdrogen bond might even be bifurcated.
{ If these speculations are correct, the point of concern is whether
hydrogen bonding is the sole factor determining the conformation of
the nitro group. However, it was not possible to comment on the
validity of any of these statements bLecause the hydrogen atoms of
(6) could not be located owing to the presence of two heavy bromine

atoms.

A1l these questions prompted the work reported here. It was felt

that if a compound analogous to (6) with chle-ine atems replacing

bromine atoms could be prepared, then the essential features of the L
structure would remain unchanged. At the same time, the chances of

locating the hydrogen atoms crystallographically should be improved

by the substitution of the lighter halogen atoims. In other words,

if hydrogen bonding really exists in these systems, it should be

more easily detectable tn (7) than in (6}.

9 0 Ci CN
i )
Ci
OH NG,
7

In summary, the amms of the nroject are as vollows:

(a) to synthesise the uichioro compound {7) from (5), in the same

o it g

way 4s compound (b} was prepared, but using
N-chlorosuccinimide instead of N-bromosuccinimide;

(b) to determine the molecular and crystal structures of compound

(7) by means of X-ray diffraction;

(c) to correlate the found structure with the spectroscopic

o e

behaviour of compounds (6) and (7);

(d) to perform an in-depth conformational analysis of compound (7)
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Ci CN
Ci
OH NO,
7

i summary, the aims of the project are as follows:

{a) *o synthesise the dichloro compound (7) from (5), in the same
way as compound {b) was prepared, but using
N~chiarosuccinimide instead of N-bromosu:cinimide;

(b) to determine the molecular and crystal structures of compound
(7} by means of X-ray diffraction;

(c) to correlate the found structure with the spectroscopic
behaviour of compounds (6) and (7);

(d) to perform an in-depth conformational analysis of compound (7)
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and suitable analogous norbornyl systems by means of empirical
force-field calculations to determine preferred orientations
of nitro and hydroxyl groups;

(e) to synthesise a simplified model of (7), for instance

6-enuo-nitrobicyclo[2.2.1]heptan-2-endo-ol, (8), and

. : s .

to investigate the nature of the hydrogen bonding in

2,6~n1tronorbornanols in general.

OH NO,
The main emphasis of this project is thus hydrogen bonding in
nitronorbornanols. Hydreogen bonding was first recognised about 63
years ayo by Huggins (1919)1¢’15 and Latimer and Rodebush
(1920).16 Since then many important experimental and

theoretical st.dies have been performed to provide some L ]

understanding of the nature of this interaction. An extensive : .F
17-24 '

literature exists on this subject and a number of bocks

g

and review articles?®73% have been published on this
interesting topic. The determination of hydrogen bonding by

infrared Sﬁectroscopy,z"38 proton nuclear magnetic resonance

39-41 42,43

spectroscopy, and X-ray crystallography is also

very well documented. In the following section, brief surveys on

L 2 O 1 e 1) Pk T

the use of X-ray crystallography, proton nuclear magnetic resonance
spectroscopy, and infrared spectroscopy in the investigation of ; ‘ j
hydrogen bonding will be given with special emphasis on

nitroaicohols wherever such data can be obtained.

1.2. Hydrogen bonding as studied by X-ray crystallography

A definition commonly used states that a hydrogen bund between two

groups X-H and Y exists when (a) there is evidence of bonding
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X-H...Y; and (b) there is evidence that this bonding specifically
involves the hydrogen in X-H.44 These criteria evidently imply

an energetic as well as a yeometric requirement. Diffraction data
can only provide direct information about the geometrical
arrangement of the atoms. Generally spectroscopic methods areuused
to demonstrate whether the second criterion for the existence of a
hydrogen bond is satisfied. The shift of the X-H stretching
frequency is widely used to show the effect of an acceptor atom or

group on a group X-H.

The hydrogen bond can be characterised geometrically by the

parameters v, d, R and a.

Geometrically an X-h...Y interaction is considered to be a hydrogen
bond it the distance H...Y is Tess than (W, + WY), and 110° <e< 180°,
where Wy and Wy are the van der Waals radii of hydrogen and

the acceptor atoms respectively, and o 1s the angie X—H...Y.45

The distance R between the atoms X and Y has often been used as
indicator of poussible hydrogen bonding, especially when heavy atoms
are present in the molecule and the hydrogen atoms can not be
detected. These criteria can only be applied with the knowledge of
the positional parameters of the atoms involved. Single-crystal
neutron diffraction studies of small molecules have shown that
hydrogen atoms can be located to a precision of better than 0.02
angstroms.46 The position of hydrouen atoms can neither be
determined accurately by X-ray diffraction (because the X-rays are
scattered oy the electrons in an atom), nor can electron

diffraction be employed successfully because of the low nuclear

TS
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charge of the hydrogen atom. The scatteriny factor for hydrogen
falls off very rapidly with increasing scattering angle whereas it
is found to be negative for neutrons. X-ray intensities are
affectea by temperature. The normal scattering-factor curves are
calculated on the basis of the electron distribution in a

stationary atom, but the atoms in a crystal are always vibrating

S Vit N

about their rest puints. The magnitude of the vibration depends on
various factors like the temperature, the mass of the atom, and the
firmness with which it s held in place by covalent bonds or other
forces like hydrogen bonding. The effect of such thermal motion s

tu spread the electron cloud over a larger volume and thus to cause

the scattering power of the real atom to fall off more rapidly than

that of the ideal, stationary model.

Hydrecgen positions are commonly refined by standard Teast-squares
methods, assuming spherical hydrogen scattering factors, but the
electron cloud in & bond such as O-H is clearly deformed and the
assumption of spherical scattering factors for hydroyens will yive S g
rise to a systematic shift in the apparent atomic positions. The |
atomic positions derived for a hydrogen atowm from X-ray analysis
thus approximate the centroid of the electron density rather than

Ny the actual nuclear position.?/

Befure the time of accurately determined hydrogen positions by

means of neutron diffraction it was generally accepced that nearly

all hydrogen bond were 1inear.48 The present view, however, is

that most hydrogens bonds in the solid state are not strictly

1inear.49 In general, strong hydrogen bonding occurs only when ,L §
|

the hydroyen atom is colinear with the bonded atoms. The strength

ot a hydrogen bond depends strongly on the X-H and Y type of
interacting groups and it 1s normally much weaker than ordinary {
chemical bonds. Joesten and Schaad>C proposed the following '

classification for hydrogen bonds: weak ( < 3 kcal/mol), normal
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13-10 kcal/mol) or strong ( > 10 kcal/mol).

A variety of functional groups can participate in hydrogen bonding,

but the system of concern here is the chelation of hydroxyl and
nitro groups. A few examples of this interaction which have been

uncovered by X-ray crystallography are discussed here.

Beintema®! reported that an intramoiecular hydrogen bond joins

an oxygen atom of the vicinal nitro group and a hydroxylic proton
in the crystal structure of 2,3:4,5-dwmethanc-2,4~dinitro-
1-hydroxycyclohexane-1-carboxylic acid, (9). He postulated that the
hydrogen bond might be responsible for the significant difference
between the bonds N-0{1) and N-0{2) of the nitro group vicin. to
the hydroxyl group. The distances are 1.232 (hydrogen bonded} and

1.217 angstroms respectively.

NO,

HOOC
OH NO,

9

oo

e A

e

The X-ray structure elucidation of 1,4-difluoro-1,1,4,4-tetra-~

e e T wn i TR Py T e

%ﬁ | nitro-2,3-butanediol, (10}, was reported by Dickinson and

%5'* Holden.®2 The fluorine atom and hydroxyl group are gauche to

%;, one another and no intramolecular hydrogen bond is formed. The

%E( hydroxyl group is oriented in such a way as to form a weak |
%? intermolecular hydrogen bond with a nitro group of the adjacent

% molecule, rather than an intramolecular or bifurcated system

involving either the g-fluorine atom or a g-nitro group (0...0 =

2.99 and 0-H...0 = 2.27 anygstroms, O-H...0 = 170 degrees).

it e e
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NO
OH ;;
NO,
NO,
F
NO, OH
10

53

Richards and co-workers®> reported the X-ray structure of

2,4 ,5-tribromo-2,5-dinitro-6-hydroxy-3,6-dimethylcyclohex-3-enone,

(11). Un refinement, using full-matrix feast-squares, it became
o

apparent that the crystal was statiﬁa?ly disordered.

Br

Br NO,

Br o

ON

OH
11

Hydrogen bonds in norbornyl systems have frequently been detected
by %-ray crystallography. For example, Chapuis gg.gl.sq reported 4 T

the structure of Z-exo-hycroxy-7-methylbicycio{2.z.1]hep-
tane-7-syn-carboxylic acyd, {12), and concluded that the
norbornane skeleton shows Tittle distoertion by the substituent
groups. Each molecule is attached to three ¢ hers by a total of
four intermolecular hydrogen bonds, forming sheets of molecules
paraltel to (100}.

COOH

OH

12

Pfiuger and co-workers® published the crystal and aolecular
structure of bicyclofZ.2.1]hept~5-ene~2-endo,3-endo-dicar- 7
boxylic acid, {13). The molecules are linked via intermolecular
hydrogen bonding of the acid groups across centers of symwetry to

form an infinite chain in the direction of the a-axis of the unit

M
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cell. They observad large anisotropic thermal motions of the oxygen

atoms of one carbexylic group and concluded that it is, presumably,

the result of differences in the hydrogen bonding geometry.

A COOH
COOH

13

56 have studied the hydrobromide salt of

Apgar and Ludwig
{~)-exo-aminonorbornane~2-carboxylic acid, (14). ihey reported ;'” = |
that each molecuie makes four independent intermoiecular hydrogan o |
bonds involving an oxygen atom as well as three bromine atoms. The SRR /
molecules are laid down in hydrogen-bonded sheets perpendicular to

the b-axis of the unit cell.

NH, .
COOH 3 |
14 |

The structure of {-)-5-gndo,6-exo~dihydroxycamphene, (15),

was studied by Spencer and Trotter.57 The nobornane skeleton

et e
.

was tound to be slightly distorted as a result of intramolecular - E

steric repulsion. Molecules are linked in the crystal by a double

S helical system of hydrogen bonds. |

b OH |

@ [
i

| OH 3

' 15

f

Karle and co-workers®® reported the crystal and milecular

[P
Pacibeunc— o v

M
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structure of 3-(N-benzyl-N-methylaminomethy?)-2-norbornanol, (16),
[

 § and found that the molecules pack in such a manner as to form an
!

intermolecular hydrogen bond between the hydroxyl group and the

nitrogen atom.

OH ° N /

16
The crystal structure of 3-endo-benzylsulphinylbicyclof2.2.1]-

heptane-2-endo-carboxylic acid, (17), has been reported by
Abrahmsson g&_gl.Sg No intramolecular hydrogen bonding was
found but rather strong intermolecular hydrogen bonding was

detected between the acid moieties of pairs of molecules.

Q
b
»
£
o
e

e e i

17

Hydrogen bonding is a complex phenomenon which besides the usual
type X~H...Y may afford a variety of more complicated systems in
which one proton acceptor centrz Y may co-ordirate two hydrogens of
the proton-donating X-H groups. Alternatively, the proton of the
X-H group may be co-ordinated by two or even more Y centres. Bonds
like these are called bifurcated fivdrogen bonds. Bifurcated
hydrogen bonds are a generally accepted phenomenon in the chemical
literature.%9 Donohue?® made a thorough study of some reported

systems that contained bifurcated hydrogen bonds and discovered
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detected between the acid moieties of pairs of molecules.

17

Hydrogen bonding is a complex phenomenon which besides the usual

B T I 7

type X-H...Y may afford a variety of more complicated systems in
which one proton acceptor centre Y may co-ordinate two hydrogens of
the proton-donating £-H groups. Alternatively, the proton of the

X-H group may be co-ordinated by two or even more Y centres. Bonds §

i‘ | like these are called bifurcated hydrogen bonds. Bifurcated
hydrogen bonds are a generally accepted phenomenon in the chemical
titerature.®0 Donohue®® made a thorough study of some reported

systems that contained bifurcated hydrogen bonds and discovered
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that several of these structures did not contain bifurcated

hydrogen bonds at all. Bifurcated hydrogen bonds appear quite often
; in the literature and papers of this nature should be examined

Lfg 5 carefully especially where deductions of bifurcated hydrogen bonds
are based solely on the positional parameters of the non-hydrogen
atoms. As regards nitro groups, bifurcated hydrogen bonds appear to

be unknown.

1.3. Spectroscopic studies of hydrogn bonding in

nitroaicohols

1.3.1. Infrared spectroscopy ; 2 i

Infrared spectroscopy is the most important spectroscopic technigue
and the most freguently used tool for the studying of hydrogen
bonds ,61-63 Spectroscopy can be used only to examine the
characteristics of the bond adjacent to the hydrogen bond as was
discussed in the previocus section. Nevertheless, the indirect
information obtained from such spectroscopic measurement enables

one tu deduce the spatial arrangement of the aoror and acceptor g

groups participating in the hydrogen bond. X-ray diffraction and
spectroscopy complement each other and geductions made on the

grounds of spectroscopic evidence are often supported by a

crystalliographic anaﬁysis.64 The hydroxyl yruup which
ér ‘ participates in hydrogen bonding will have a different stretching

frequency from that of the "free" hydroxyl group. This normally i

results in two absorption bands, with the lower frequency for the

bonded 0-H. The degree of difference between these bands is often

used as a measure for strength of a hydrogen bond.

ADP(OH) = U(QH)f - D(OH)b

A fair number of spectroscopic investigations have been devoted to

the existence of hydrogen bonding in 2-nitroalcchols and it is now
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a generally accepted fact that hydrogen bonding does exists in

these systems.65 The interaction is classified as weak in

RO 2o e w . g

comparison with the strength of hydrogen bonding in the

66

resonance-stabilised o-nitrophenols.”™ Rao et al. suggested

that the bond energies of nitro groups with alcohols is of the
order of 1.5 keal/mo1.57 The infrared spectra of nitroalcohols
show that the structure of these compounds is largely dependent on

intramolecular hydrogen bonding.68’69 Kuhn g£_§1,70 reported

the infrared spectrum of 2-nitroethanol with free and bonded
hydroxyl bands at 3623 and 3608 cm™* respectively and a gauche

conformation was assigned for this compound on the basis of weak

intramolecular hydrogen bonding. The conformation of vicinal
nitroalconols was studied by Urbanski’! and it was found that
the nitro and hydroxyl groups could have either the eclipsed or the

y gauche conformations.

bialle’? published the infrared spectra of Z-nitropropan-1l-ol
and Z-methyl-Z-nitropropane-1,3-diol and concluded that hydrogen
bonding is present in these two systems. Urbanski gg_gl,73 !
studied the infrared, ultraviolet and nuclear magnetic resonance
spectra of Z-methylpropan-l-ol and some of its derivatives that
contained the nitro group and confirmed the presence of
intramolecular hydrogen bonding in these compounds. These workers

assumed the absorption bands for the nitro groups to remain

unchanged under the action of hydrogen bonding. Krueger and ' |

Mettee74 reported that nitro groups uniformly form weak ;

hydrogen bonds as reflected in the very small spectral shifts of

the hydroxyl vibrational band. They concluded that spectra obtained
with high resolution are essential for the complete interpretation
of the role that hydrogen bonds play in conformational equilibria
and the investigation of the temperature dependence of such spectra
is advisable since frequency displacements do not necessarily

i ‘ measure the strength of weak bonds.

m



Ungnade and co-wovkers reported that 2-nitroalcohols are partially
associated in carbon tetrachloride and almost mnnomeric in
ch]oroform,75’76 and that the positions of the symmetrical
stretches of the nitro group depends mainly on the degree of
substitution on the carbon holding the nitro group. They
interpreted the infrared spectra of 2-nitro-1,3-diols in terms of
an interesting effect: the nitro yroup was believed Lo inhibit
intramolecular hydrogen bonding between the two hydroxy groups.
Similarly, an intermolecular hydrogen bond between alcohols was
thought tu be inhibited by nitromethane. The mitro and alcohol
functions were considered to engage n an unspecified type of
interaction that is responsible for this Inhibition./ This
suggestion was met with sharp critism from Schleyer and his co-

workers’®©

who explained that Ungnade and Kissinger made tneir -
measurements with a spectroueter having a low resolution sodium

chioride prism, which is inadequate for such investigations. | 1

Kolinski g§‘g1.79 have studied the intramolecular hydrogen

bonding in 3,7-dialkyl-3,7-dinitro-1,5-diazacyclooctanes, (18},
with infrared spectroscopy and dipole calculations. A possible
bifurcated bond (as shown} was considered, but no tentative

assignments were made about the actual confarmation of the nitro

group.
ST SN
\N/* TR Me
" ///"q \\\\\d’) NO,
e ,/Pi
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Ca]us.gg‘gL.BO reported their investigation of dipole moments
of a number of nitroalcohols, (19)-(21). The calculated moment for
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2-nitroethanol, (21), indicated that the two functional groups are

eclipsed,
HONO,
R
] C
£ O,N” \—OH R’ N\NO,
19 20 21

Kochany and CU-WOrkarsgl contirmed the presence of hydrogen
bonding in nitroalcohols based on dipoie moment studies and
concluded that dipole measurements are very sensitive functions of
the atomic coordinates in molecules and it could therefore be useu

to exclude some conformations not favoured by hydrogen bonding.

In a semi-empirical treatment of the hydrogen bond, Reid
7 reported82 that enhancement of the intensity by as much as 14
L times can accompany the broacening of the hydroxyl frequency 1n
) hydrogen bonded systems. The broadening is undountedly dus iargely
to the fact that hydroxyl frequency is dependent on 0...0 position,
s0 that during an O0...0 vibration many different (-H frequencies

occur.,

Some results on hydrogen bonding in simple norbornanols have been
reporied, The complex hydroxyl spectrum of 6-endo-hydroxy-
camphor, (22), was resolved by computer into a major band at 3606

e and a winor band at 3620 cm™ L by Schleyer and Joris.83

OH
22

v | By contrast they found that compounds (23) and (24) show only
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singlets for hydroxyl absorptions at 3627 and 3619 cm‘l,

respectively. The absorption frequency for 2-exo-hydroxy-

norbornane (25) was found to be 3619 em L,

O
OH OH

23 24 25
The possiblity of intramolecular hydrogen bonding in

3-nitroalcohols remains almost entirely unexpiored. To our
knowledye, the sole example is due to Schleyer and

78 \ho have shown that 3-nitropropancl is unlikely -

co-workers,
to possess even a weak intramplecular hydrogen bond. In this
o compound, and also 1n the general situation, it is probable that

the preferred molecular conformation will be one 1in which the

functional groups are too remote for interaction. The likelihood of o ‘
observable intramolecular hydrogen bonding should be greater if the | 1

i | . functicnal groups are effectively constrained into near

neighbourhood as is the case with the groups attached to the rigid
f% : bicyclic sketeton.®% The failure of the nitro group to engage
to a greater extent 1n hydrogen bonding is surprising, but finds -

analogy in the case of the sulphone g‘;roup.gﬁ’85 V,F’" L5

1.3.2. Nuclear magnetic resonance spectroscopy ' ;

The changes in chemical shift in the nuclear magnetic resonance |
spectrum of a proton involved in hydrogen bonding are large87 :
and can serve as an indication of hydrogen bonding in a similar ; ' 3
manner to the charges in the infrared X-H frequency on formation of 8 f

the hydrogen bond X-H...Y. Berke?ey_ggagl.gg have studied the | ;

downfield shift of the signal of the proton involved in hydrogen

bonding and concluded that the principal contributors are: (a) a

contribution to the screening due to the distortion of the
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electronic nature of the chemical bend; and (b) a contribution to
the proton screening due to any magnetic anisotropy of the molecule
to which the proton is hydrogen bended. Urbanski 32_51,89

reported that there is a prominent influence of the presence of the
nitro group in aicohols on the chemical shift. The nitro group
increases the value of hydroxyl chemical shift in monohydroxylic
nitroalcohols by virtue of the intramolecular hydrogen bond. This
is in agreement with tindings already published on the nuclear
maynetic resonace spectra of nitroanilides.90 The chemical

shifts of protons in nitroalkanes have been explained in terms of
the inductive effect of the nitro group.65 This effect can

operate as far as the fourth carbon atom in a chain,

As with infrared spectroscopy, intramolecular hydrogen bonding can
be distinguished from intermolecular hydrogen bonding by its
constancy when the concentration of the compound is varied in a
specitic solvent.3? Merrill correlated the nydroxyl proton
chemical shift with infrared hydroxyl stretching frequencyg1
and discovered that the larger chemical shifts currespond to the
Tower hydroxyl frequency. Hydrogen bonding changes with temperature
and concentration, and comparison of spectra teken under different

conditions also serves to der«ct and measure it.92

Generally, a
decrease in temperature cau*+s the hydroxyl shift to move to lower
field, the direction associated with stonger hydrogen bonding.

Fales anu Robertson?s employed the exhange of active hydrogen
for deuterium in spectroscopic studies. However, this methods fails

for strong jntramolecular hydrogen bonds.

The observed shape of the proton nuclear magnetic resonance signal
depends on a variety of factors of which chemical exchange is the
most important factor in hydrogen bonding studies.%% If the

solute contains exchangeable protons, its spectrum may be quite

dependent on the nature of the solvent in terms of exchange

L

L e S i A T
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tifetimes. If, in‘addition, the solvent contains exchangeable
protons, there may be a rapid exhange between the solute and
solvent. The rate of exchange between a solvent proton and one in
an intramolecular hyarogen bond has been found to depend on the
strength of the bond.95 The rate of proton exchange also

determines whether spin-spin coupling will be observed.

It should be generally accepted that parameters like the
equilibrium constant, enthalpy and chewical shift for hydrogen
bonded systems are functions of the particular solvent.9
Conversely, the effect of solvents on the coupling constants is
usually very swall. The chemical shifts of hydrogen bonded to
oxygen are extremely sensitive to structural and environmental
cnanges and the change from chlorinated solvents to an aromatic
solvent often causes drastic changes to the position and appearance

of the signals.

Attractive forces like hydrogen bonding can cause a specific
conformational preference for an acceptor or a denor group. The
SJHCOH coupling constant depends on the dihedral angle in a

97

similar way as for HCCH-systems,”’ and the following is a

frequently used empirical correlation for such systems:
3JHC0H(“) = 10.4cos%q - 1.5cosa + 0.2 (Hz)

This effect is easily measureable with proton nuclear magnetic
resonance spectroscopy in the form of coupling constants. Couplings
between the vicinal proton and the hydroxylic proton have been
found in cases where the hydroxyl proton is fixed by an
intramolecular hydroyen bond, as in the structures of compounds
(26)98 (0 = 12.5 Hz), (27)99 (4 = 12.3 Hz) and (28)100 (3 = 12 H2),
where each compound has a nearly anti arranyewent (o = 180°) with

the respective vicinal hydrogen atom. For compound (29) a coupling
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; constant of 9.8 Hz was reported.lo1 Here the hydroxylic proton
_,“f forms a hydrogen bond to 0(2), and the dihedral angle, between H(4)
! and the hydroxyl proton is about 150°.

1

: oo N QAcC OAc;
ﬁ H” OH""~me
i

i’ 28 29

S Very few studies of hydrogen bonding in nitronorbornanols by
i& nuclear magnetic resonance spectroscopy have been reported. |
% Urbanski/® reported the conformational analysis of some nitro \
] y

and nitroso compounds using proton nuclear magnetic resonance

spectroscopy as well as dipole moment measurements and concluded
?g , that nitroalcohols may exist in the gggggg‘fOrm due to hydrouen

| bonding between the nitro and hydroxy groups. No definite

;{ B f‘ conciusion with regard to the conformation of the N-hydrogen, in
1 {30), could be drawn from either dipole moment measurements or

proton nuclear ragnetic resonance spectra.

NO2
o) o !

Nk |

30 E

Kingsbury and co-workers77

studied the conformational preferen-
ces in nitroalcohols, such as 3-nitrobutan-2-01, by means of 1y

and 13C nuclear magnetic resonance coupling constants,

dilution studies and effect of the solvent. The question of

;-3
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interest was the effect of intramolecular hydroyen bonding between
nitro and hydroxy groups. This effect proved to be weak and the
hydroxyl signal was split into & doublet in certain cases. The
tendency of CXq in (31) to be gauche to nitro when X = Br or

C1, raised the question of a possible charge~transfer interaction,

but no evidence could be tound for such an interaction.

OH T02
Q—CH = CH—R’
R= CCly R = CH,
R = CBI‘S R'= CH,
31

They found that whether or not hydrogen bonding existed, a strong
tendency for the pitro and hydroxy functions te be gauche existed,
and they disagreed that hydrogen bonding 1s a strong force that
dominates the choice of conformation. The strongest alternative
appears to be a two electron donur-acceptor interaction between the

nitro and hydroxy groups.

A

S, LA
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CHAPTER 2

HYDROGEN BONDING IN 3-exo,6-exo-DICHLORO-5-endo-HYOR0XY-3-endo-
NITROBICYCLO[2.2.11HEPTANE-2-ex0-CARBONITRILE

2.1, The synthesis of the nitronorbornanol, (7)

The title compound was synthesised according to the following
synthetic route (Scheme 2).

' _~NO, CN NO,
(- J/ S X
NC

g Cy————

5 h“32 32 CHN
NCS
MeOH
Ci CN
cl |
Scheme 2 OH NO,
7
This reaction was initially carried out by N.F. Blomi®2 and hs
method {see experimental) was used without wodification in this
work. The nmitro-olefin was synthesised according to the metiod of

Shechter g£~gl.103 using acrylonitrile and nitryl chloride as
starting materials. The reaction of (g)-3-nitropropenenitrile with ‘ i
freshly cracked cyclopentadiene in dry diethyl ether proceeded |
smoothly at 0°C. Recrystallisation of the product from methanol
resulted in a 62% overall yield of 3-endo-nitrobicyclo[2.2.1]-
hept-5-ene-2-exo-carbonitrile, (5). This foamy-like substance
decomposes slowly on standing at room temwperature and could never
be obtained entirely free of the isomer (32). tven at its purest,

it melted over the range of 121-125°C. The infrared spectrum of (5)
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shows the presence of a nitro group with strong absorption bands at
1545 and 1367 curt as well as a weak, but sharp, absorption

| ] band at 2240 cm™! for a nitrile group. Mass-spectral analysis

- confirmed a molecular ion peak at w/e 154. An abundant peak at m/e

118 arises trom the loss of the nitro group from the molecule.

,é The proton nuclear magnetic resonance spectrum of the Diels-Alder
adduct mixture reveals an isomer ratio 40:10 for the endo-nitro
adduct, (5), to the exo-nitro adduct, (32) (Figure 1). These

values were obtained from careful integration of the protons alpha

to the nitro group. The spectrum (Figure 1) shows the presence of
both isomers and the signals derived from the minor isomer are

ﬂ - indicated with arrows.

e opegu T

s et
e

SN -

3 2 1 ppm © ; !

I+ Fig. 1. %H NMR spectrum of (5), and the minor
; isomer (32), in deuterochloroform.

respectively with coupling constants of b.4 Hz tor cis vicinal

b
i
} - The spectrum has two double-doublets at 6.50 and 6.10 ppm

coupling, and 3.0 Hz for coupling with the respective bridgehead

n
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§ protons , H(1) and H{4). A triplet is found at 5.39 ppm for H(3)

which couples with H(2) and H(4) resulting in a coupling constant
of 3.80 Hz. The doublet from the minor isomer (indicated by the
arrow) at 5.57 ppm originates from the coupling H(3) with H(2), and

no coupling is observed for H(3) with H{4) as in the endo case. The

%g broad signals at 3.62 and 3.32 ppm are assigned to protons H(4) and

H(1). H(%z) appears as a multiplet at 3.09 ppm and tie protons H(7a)
and H(7s) give rise to a singlet at 1.68 ppm.

The chlorination of the bicyclic alkene (5) with N-chloro~
succinimide in methanol afforded 3-exo,b-exo-dichloro-
5-gndo-hydroxy-3-gndo-nitrobicycio{2.2.] Jheptane-2-exo-carbo-
nitrile, (7). This reaction features the nitro group as an
intramolecular nucleophile as depicted in Scheme 3, and has been

investigated in the ueneral case by Blom and Michaell3,

~CN Ci

NCS MeOH
5 NOZ O"“""‘"""‘N+

¥ ';' OME

Cl CN Ci CN ﬁ
ct . NCS ~. B
+
NO, H -

OH 2 - OB SO e

7 O

Scheme 3

The crude product was recrystallised trom mwethanol tu give

= e
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prismatic-shaped crystals in a 60% yield; melting point 194-195°C.
The infrared spectrum (KBr) of (7) shows the presence of a hydroxyl
group (3435 cm‘l), a nitrile functionality (2288 cm’l) and

a nitro group (1578 and 1360 cm"l). The mass- spectrum of (7)

shows no molecular ion peak at m/e 250, but a peak at m/e 204, with
typical isotope pattern for a cnlorine atom, is observed for the
loss of the nitro group from the molecule. A peak at m/e 178 is
derived from the subsequent loss of the nitrile group. A futher
loss of a chlorine atom from the molecule leads to a peak at m/e
143.

, ‘ 1
b - H
}, - solvent Tt

yreog apemmen i 4 g

UUUL

£ NS N N b
¢ 8 L] 3 2 1 ppm O

-

e A iy i T

Fig. 2. My onmm spectrum of compound (7) in deutervacetone.

The proton nuclear magnetic resonance spectrum of (7) in deuterated
acetone (Figure 2) has a doublet at 5.30 ppm for the hydroxylic
proton with a coupling constant of 4.64 Hz to H(5), which appears
together with H{z) as a multiplet at 4.57 ppm. H(6) appears as
multiplet at a chemical shift of 4.02 ppm. The two bridyehead
protons, H(1) and H(4), appear as multiplets at 2.96 and 3.40 ppm

M
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respectively. The triplet at 2.40 ppm, with a coupling constant of
1.3 Hz and adaitional fine coupling, is assigned to the protons
H(7s) and H(7a). Numerous nuclear magnetic resonance experiments

were performed on this compound. It is largely on the basis of

these spectra that intramolecular hydrogen bonding in this compound

has been deduced, and these deductions will be presented in detail

in section 2.3 (page 32).

2.2. X-ray crystallography of the nitreonorbornanol, (7)

As was discussed in the introductory chapter, the structure of

3-ex0,6-ex0~-dibromo~b-endv-hydroxy-3-endo~nitrobicycle[2.2.1]-
heptane-2-exo-carbonitrile, (6), was solved by Blom g§_31,13
resulting in a final R ¢f 0.04t. Hydrogen atoms could not be
located owing to the two bromine atoms present and it was thus not

possible to obtain any information regarding an intramolecular

hydrogen bond. However, 0...0 uistances of 2.99(4) and 3.0&(4)
angstroms for 0(1)...0(2) and 0(1). .3(3) respectively, suguested

hydrogen bondiny, possibly bifurcated. The analogous dichloro

" 'ﬂ"&»}x-; ﬁ-&l{zwa’uféf@z%’@-‘f‘_ -

derivative, (7), was prepared in the hope that the hydrogen atoms

could pe located and the crystal structure analysis was perforueu

TR SR

to gain more intormation about these conformationally restrictec

2,6-nitroalcohols.

Single, prism-shaped crystals of (7) were recrystaliised from !

methanol and these crystals were found to be suitable for
diffraction work. The space group and unit cell parameters were
determined from Weissenberg, precession and oscillation photographs
recorded with Cu-da radiation. Table 1 lists the crystallographic

and physical data for compound (7).
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Table 1. Crystallographic and physical data.

Crystal data

Formula C8H8N203012
Molocular weight 251.069 g mo1-1
Melting point 195°C
Crystaliisation solvent methano]
Crystal system monoclinic
Space group Cc {no. 9)
a 6.63(1) A
b 15.97(1) A
c 9.91(1) A
8 92.9:(1)°
v 1047.4 A3
Z 4
Dc 1.6 g cm“3
Uy, 1.6 g cm™3
u(Mo-Ka) 5.45 cm™)
F{000) 512

bata collection
Crystal dimensions 0.2%0.2%0.5 mun®
Scan mode =28
Scan speed 0.043% g-1
Scan width 1.30%
Range scanned 3-23°
Stability of standard reflections 0.94%
humber of refiections collected 747
Number of observed reflections 714
Significance test FO>sigma(F0)

Refinement

Number of variables 166
Weighting scheme unit weights
Final conventiqna1_g 0.0378
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Accurate cell parameters and intensities were measured with a
Philips PW1100 four-circle diffractoneter, using graphite
monochromated Mo-Ka radiaticn. After each group of 57 reflections
three standard reflections were measured, but no significant change
in these intensities were observed. The intensities were corrected
for Lorentz and polarisation, but not absorption. The structure was
solved by the heavy-atom method. The vectors corresponding to the
two chlorine atoms were located on a Patterson map and a Fourier
synthesis revealed the positions of all the non-hydrogen atoms. The
structure was refined by full-matrix least squares with isotropic
temperature factors for all the atoms during the first few cycles
of refinement. Anisotropic temperature factors were assigned for
all non-hydreogen atoms in subsequent cycles. All the hydrogen atoms
could be located from a ditference Fourier map. The final R was
(.0372 and a aifference Fourier map revealed no peaks higher tnan
0.3b e 3"3. Structure factors (Appendix 1) were also

calculated during the last cycle of refinement. The calculations
for this structure determination were carried out on a CDC Cyber
174 computer of the C.S5.1.R. with the SHELX-7bt package of computer

prodrams . 104

Results and discussion

The crystal structure and numbering scheme are depicted in Figure
3. Tables 2 and 3 yive the fractional atomic coordinates and Tables
4 to b the melecular geometry. Gomponents of vibratichal tensors

and structure factors are listed in Appendix 1.

i3
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Fig. 3. Stereoscopic drawing of (7).

B N

27~

This drawing was prepared by

the program ORTEPlGB. Thermal ellipsoids are scaled to

enclose 50% probability.

Table 2. Fractional atomic coordinates for non-hydrogen
atoris, (xqu).
Atom 73 y/b z/c
C](lg g -119{2 50Qu(0
Cliz 6U4 gs% 27.3{1 6133(4
0(1; 4662(1 37(4 7395(7
0{2 7940(11) 132u(5 7793(8
003 84589{12) 1642(5 90667
N1 1514013, 3445(5 7314(8
N2 181(12) 1544(4 7962(8
Cil 1484(14) 1435({5 5771(9
Ci2 2o09(12) 1890(5 6997(8
C(3 4894(12) 1770(4 6695(8
4 4779(13}) 1111(5 5563(8
055 3850( 14 284(5 6104(9
Ci6 1569(13 507(5 6149{11)
557 3064(14) 1469(6} 4663 9;
C(8 2001(14) 2771(5 7160(8

Table 3. Fractional atomic coordinates for
hydrogen atoms, (x103).
H(1 20(13 162(52 546(7
Héz 252(10 153(5 781(8
H( 4 615( 14 105(5 528(8
HES 372(13 -12(5 553(8
H(6 145(12 35(5 £97(9
H(7s 329(10 205(5 426(7
H(7a 268(12 11225 390(9
H (hydroxyl)  635(25 23(13 781(20)

Hydrogen atoms bonded to carbons have been given the same
numbers as the carbon atoms to which they are attached.
The designations s n.gs) and anti (a) are defined

1%r1

relative to the n

e group.
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Bond lengths (angstrom).

Table 4.
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Table 6. Selected non-bonded distances {angstrom) and torsional
angles (degrees).

0(1)...0(2 3.00{1

0(1)...0(3 3.08(1

O(1)...N(2 2.65(1

0(1)-H.. .0%2; 2.04(1 g

O(1)~H...N(2Z 2.11(20

0(1)-H...C1(1 3.17 {intermoiecular)
0(2)-N{2)-C(3 —L(Zg 170.3(3
6(3)-N{2)-C(3)-C(2 -14.3(5
c{4}-C{5)~0{1)-H ~26.8(6
H(5)-C(5)~0(1)-H 08,1 4;

Tors1ona1 ang]es are presented in the range -180 to +180;
the angle a-b-c-d 1s positive when the sense of rotation’
from a to d is clockwise as viewed along the b-c bond.

Bonds lengths and angles ayree well with previously reported

106-111

structures of related bicyclic systenms as well as with

the isuvmorphous dibromo derivative, (6}.13

An interesting arrangement of oxygen atoms 15 found in the
molecule; both the oxygen atoms of the nitro group were found to be
about 3 anygstroms from the oxygen atom of the hydroxyl group as can
be seen from Table 6. It has frequently been pointec out that
intramolecuiar hydrogen bonds are particularly readily forwed when
other bonds in the molecule constrain the atoms to ftavorable
positions, as is the case for ggggg;nﬁtr@ph@nolsllg. This

geometry of donor and dcceptor groups suggested the possibility of
an intramolecular bifurcated hydrogen bond but subsequent
refinement of the structure showed clearly that the electron
density of the hydroxylic proton was centred mainly between 0{1)
and 0{2), with distances of 2.04 angstroms for Q{(1)-H...0(2) and
2,65 angstroms for O{1)~H...0(3). The sum of the van der Waals
radiilld for U...0 is about 2.8 angstroms. These distances seem

to be typical for U...0 hydrogen bonds although the snformation is
rather limited for nitro-hydroxyl interactions,H14-116 pe

O-H...0 bond closes part of the molecule to a seven-membered ring
and a non-linear arrangement of the bond was to be expected. The
0(1)-H...0(2) angle is found to be 133 degrees. This hydrogen bond

is a weak bond as supported *v spectroscopic studies (Section 2.3,

A
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page 32).

It is apparent that the hydrogen bond 1n (7) cannot be formed by
the interaction with the lone pairs on the oxygen atoms of the
nitro group (not that lone pair involvement is essential for
hydrogen bond1n9115’117). Thz angle formed by the H...0(2)

vector and the plane of the nitro group, about 76 dearees, suggests
that the hydrogen atom is interacting with a » orbital of the nitro
group (probably the w non-bonding orbital), an interaction which

can at best only give rise to weak hydroyen bonding.

The rigid bicyclic skeleton restricts the two groups from moving
too close together to form a stronuer hydrogen bond. The other
degree aof freedom for the nitro group is rotation about the C-N
bond, which has a very small rotational barrier,llg’llg but the
bulkiness and repulsive action of the adjacent chlorine atom seem
to prevent these functional groups from achieving closer proximity.
A peint of added interest arises from the pronounced elongation of
the thermel ellipscids (50% provability) for U{1) and 0{Z) towards
the hydroxylic hydrogen atom {Figure 3), thereby lending futher

credence tu an intramolecular hydrogen bond.

In conformational terms, the orientations of both the nitro group
and hydroxy groups are rather surprising. The torsional angle in
Table 6 shows that the C(3)-C(2) bond lies nearly in the plane of
the nitro yroup; similarly, the dihedral anyle between the G{1)-H
and C{5)~C(4) bonds is unexpectedly small. With both functional
groups adoptiny what would appear to be intrinsically high energy
conformations, an overriding energy-lowering attractive interaction
between them seems an inescapable conclusion. A molecular mechanics
study on 2-endo-nitronorbornanes suggested that the nitro group

can take up two conformations (as described in Chapter 4). However,

no evidence of positional disorder could be found on the difference
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Fourier map for 0(2) and 0(3) of the nitro group. It is probable
that the hydrogen bond locks these functional groups together and

thereby restricts free rotation about the C-N bond to form another

conformer,

Fig. 4. A stereoview ot the molecular packing in the unit cell of.
(7). Hydrogen atoms other thap that of the hydroxyl group
have been omitted for clarity.

Figure 4 shows the packing of the molecules in the crystal lattice.

The pecking exhibits no unusual short non-bonded interactions and

it is clear that the hydroxyl group cannct be involved 1n

intermolecular hydrogen vonding, at Yeas% n the crystalline state.

The closest intermolecuiar distance is between a hydroxyl proton

and a clilorine atom with a distance of 3.17 angstroms which is too

great for hydrogen bonding. Within each molecule, however, the same
hydroyeu atom 1s spatially positioned such that its interaction
with the nitro group, as expected, is highly probable,

Spectroscopic evidence supports the fact that the hydroxyl group is

only intramolecularly bonded. (See wiscussion 1n Section 2.3).

Hence, it can be concluded that normal intramolecular hydrogen
bonding is preferred in compounds (6) and (7), rather than a
bifurcated hydrogen bond, which does not support the initial

assumption based on the structure of the dibromo compound, (6).

2.3. Spectroscopic evidence for hydrogen bonding in the

nitronorborpanol, (7)

il
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The nature of hydrogen bonding in the solid state can change
drastically once a compound has been dissolved in a specific
solvent. Intermolecular hydrogen bondinyg with the solvent may be
preferred abeve closely-packed, intramolecular hydrogen bonded
units. Morecver, the orientations of the functional groups would
also be effected to accommocate the new energetic requirements.
Therefore, hydrogen bonding studies in solution do not necessarily

have to correlate with experimental findings in the solia state.

Spectroscopic studies of compound (7}, however, proved that the
intramoiecular nydrogen bond exists in solution too. The main
drawback 1in the infrared spectroscopic study of (7) was the poor
solubility of the compound in non-polar solvents. In chloroform,
for instance, the maximum solubility of (7) was about 0.1% w/v
(about ©.004 M}, while in tetrachlnromethane the solubility was
about ten times -poorer. The hydroxy! stretching frequency in
chloroform was assigned to a weak but apparently symmetric band at
3605 et and no UH...0H intermolecular hydrogen bonding was
observed. This absorption band was concentration independent in the
ranye of 0.03-0.1% w/v. [his absorption band was compared with that
of borneol, (33), and d~n1tropropana?78 which absorb at 3670

and 3639 cm™l respectively. The difference uf the hydroxyl
absorption shift 15 small and the nydrogen bond is thus weak. ho
absorption bands arising from intermolecular hydrogen bonding were

observed.

OH
33
The results obtained from proton nuclear megnetic resonance

spectroscopy also showed that an intramolecular hydrogen bond is
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The nature of hydrogen bonding in the solid state can change
drastically once a cowpound has been dissolvea in a specific
solvent, Intermolecular hydrogen bondiny with the solvent may be
preferred above closely-packed, intramolecular hydrogen bonded
units. Moreover, the orientations of the functional groups would
also be effected to accommocate the new energetic requirements.
Therefore, hydrogen bonding studies in solution do not necessarily

have to correlate with experimental findings in the solia state.

Spectroscopic studies of compound {7}, however, proved that the
intramolecular nydrogen bond exists in solution too. The main
drawback 1n the infrared spectroscopic study of (7) was the poor
solubility of the compound in non-polar solvents. In chloroform,
for instance, the maximum solubility of (7) was about 0.1% w/v
(about 0.004 M), while in tetrachloromethane the solubility was
about ten times poorer. The hydroxyl stretching frequency in
chloroform was assigned to a weak but apparently symmetric band at
3605 cm‘“1 and no UH...0H iutermolecular hydrogen bonding was
observed. This absorption band was concentration independent in the
ranye of 0.03-0.1% w/v. This absorption band was compared with that
of borneol, (33), and d—nitroprﬁpan@l78 which absorb at 3670

and 3639 cm™ ! respectively. The difference of the hydroxyl
absorption shift is small and the hydrogen bond is thus weak. ho
absorption bands arising from intermolecular hydrogen bonding were

observed.,

33
The results obtained from proton nuclear magnetic resonance

spectroscopy also showed that an intramolecular hydrogen bond is

IR e et et o et

ot rmrsg sty < e e

T T | oy

B et Tt ey e 3 T e




e Al w-—-?_y':fﬁ"w

o
e

e g

i, b A N Mt

~33-

present in solution. The chemical shift of the hydroxyl proton is
concentration independent in the range U.5-20% w/v (in deuterated
acetone), which is a characteristic property of intramolecular
hydrogen bonded systems in solutions. The multiplicity of the
signal js a distinct doublet at 5.30 ppm (J = 4.6 Hz) owing to
coupling with the vicinal proton on C(5). The results Tisted in
Table 7 show that this coupling constant 1s independent of solvent
and temperature. This is unusual, because normally no coupling is
cbserved between the hydroxyl hydrugen and the vicinil hydrogens of
ordinary alcohols. Under normal conditions, the rate of exchange of
protons between alcohol molecules occurs at a rate faster than the
time scale of the spectrometer. As in geminal coupling, however,
there actuaily is coupline between these hydrogens, but spin-spin
splitting is often net observed. The exchange 1n a mixture of 10%
solute (in deuterated acetone) and one equivalent of water is also
very stow and the hydroxyl doublet had only vanished after standing

for four weeks at room temperature.

Uwiny to the lTikelihood of rotationsl averaging, the observed
coupling constant mey not be a reliable guide to the conformation
of the nydroxyl group. However, in view of the invariance of the
coupling constant with temperature, rotational averaging is
unlikely, and the observation of coupling would appear to be a
genuine result of conformational locking arisiny from an
intramolecular hydrogen bond. In terms of the modified Karplus
relationship introduced by [raser and co-workers for H-C-0-H
systems?7 the observed 3gﬁva1ue of 4.6 Hz corresponds

to a dihedral angle for H-C(%)-0(1)~H of 125 degrees, which
correlates reasonably well with the 109 degrees angle determined
crystallographicaily. While one must take cognisance of the dangers
of reading too much into a Karplus-type relationship. If the 125°
arigle is at all meaningful, then the implication 1s that, urless

the conformation of the nitro group is also substantially aitered,
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the hydrogen bond in (7) may well be bifurcated in solution, in

contrast to the situation in the solid state.

Table 7. Chemical shifts and coupling constants for

the hydroxyl group of (7)

S0lvent Temperature Concentration Delta J, Hz.
(el Ambient 0.1% w/v (ca.) 2.08% 4.2
Acetone-dg Ambient 0.5%-20% 5.30% 4.6
benzene-dg Ambient 1% 0.80° 4.6
Dioxan-dgy  A-brent 1%, 10% 4.77% 4.4
CD3CN rabient 1% 4.00¢ 4.6
DMSO-dg, Abient 1%, 10% 6.22% 4.6
Acetone-dg 303 K 1% 5.48° 4.5
Acetone-dg 273 K 1% 5.66° 4.6
Acetone-d; 243 K 1% 5.89° 4.6
Acetone-dg 213 K 1% 6.17° 4.6

At 80 Miz At 500 MHz.

Tne downfield cisplacement of the chemical shift of hydrogen-bonded

systems with increased solvent polarity i1s a well-known

phenomenonlzo

, and is largely due to specific solute-solvent
interactions. The solvents employed in this study are, in tact,
mostly ones in which local ordering arounu polar centres of solute
mylecules is highly likely. For example, if one takes the chemical
shift (delta 2.08) in chloroform, the solvent least likely to
interact specifically with {7), as a reference point, a clear
upfield ASIS effectl?l is apparent in benzene (Table 7), while

in solvents with prenounced electron-donating properties (in fact,
themselves able to participate in hydrogen bonding with alcoholic
solutes), large downfield shifts are observed. The range of
solvents explored in this study was not larye enough for a reliable

correlation between chemical shift and solvent parameters to be
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established. Nonetheless, within the 1imits of the experiment, no
Tinear relationship between chemical shift and various solvent

polarity or basicity parameters (for example, giT(SO)

values,122 123 124

aqueous pK, values, Kamlet-Taft g values

appears to exist; and even with more complex relations like the
Kirkwood function,126 no {inear relationship could be round.

The last-mentioned case, at least, provides confirmation that
non-specific interactions of the solvent with the hydrogen bond are
unimportant., Finally, it should be pointed out that the nearly
linear downfield aisplacement (in acetone) of the hydroxyl chemical
shift with decreasing temperature is again a well-precedented
phenomenon in hydroygen bonded systems, and has usually been
ascribed to shifts in association equilibria favouring a smaller
fractior of broken hydrogen bonds with decreasing temperature‘125

The experimental observation is 1llustrated in Figure 5.
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Fig. b. Chemical shift versus temperature for compound (7).
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CHAPTER 3

THE PREPARATION AND CRYSTALLOGRAPHIC AMALYSES OF TWO
CHLORONITRONORBORNANOLS

3.1. Introduction

The results obtained from the dichloro derivative, (7), regarding
hydrogen bonding, prompted the investigation of other 2,6-func-
tionalised bicyclic nitroalcohols. A point that was stressed in the
discussion of the intramolecular hyurogen bond in compound (7) is
the influence that neighbouring functional groups have on the
specific orientation of the nitro group, in particular, the alpha
chiorine atom. 1t was decided to study hydrogen bonding in

2,6-nitroatcohols in general,

Apart from the structure of (-)-2-bromo-2-nitrocamphane, (34),
Tittle information could be obtained from the literature regarding
the orientation of an endo nitro group at the Z-position of the

norbornyl system.lﬂg

Br
NO,

34

In order to investigate tne structural consequences of such a
sysiem 1t was necessary to devise syntheses of molecules containing
the relevant functional groups. The target nolecule initially
chosen was the simple system, 6-enda-nitrobicyclo[2.2.1]hep-
tan-2-endo-o0l, (8).

The hope in choosing this simple target molecule was that the
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structural effects of non-essential substituents would be
eliminated, since the nitro group in the molecule could be studied
in the presence of the hydroxyl group aione. A further advantage is
the absence of heavy atoms which could introduce difficulties in

locating the hydrogen atoms c¢rystallographically.

The most attractive retro-synthetic pethways chosen for compound

L) are depicted in Scheme 4.

o] NO,
i

O ‘
ﬂ NO,
S8 — / -
O
OH NO, NO, NO,
8
Scheme 4

Thewer ot Bhese disconnections of the target molecule lies in

treeniinity of nitroethyleng as & suitable synthon for the

terznion of the norbornene structure, and that relatively few

ranctionzl group interconversions would produce the required

¢ oo,

Hitroelhylene 1s conveniently prepared by heating 2-nitroethano1l2/
with phthalic anhydride and allowing the nitroethylene to distil at
reduced pressureilzg Nitroethylene is stable as a standard

sclution in benzene for at Teast six months when stored in a
refrigerator at ca. 10°C as was shown by Ranganathan and

@omworkers.lﬁg

m
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In the foliowing seciion, the methods by which the transformations
required in the retrosynthetic analysis have been accomplished ia
the literature will be briefly surveyed. In sections 3.3, 3.4 and
3.6, the different reactions performed, and the problems associated
with them, will be described. Finally, the X-ray crystallographic
determination of two nitronorbornanol structures initially prepared

will be discussed.

3.2. Literature survey of synthetic methods

3.2.1. Direct conversion of alkene to ketone

There are several methoas for the preparation of ketones fro.:
alkenes but only those most suitable for the present study will be
dealt with in this survey130, These are based either on

hydroboration-oxidation or the rearrangements of epoxides.

Brown and co-workersi! have gxtensively studied the reactivity
of pyridinium chlorcehromater >- towards several organoboranes.
The olefins were transformed inie the corresponding organcboranes
by treatment with borane/dimethyl sulphide 1n agichloromethane and
the resulting organoboranes, without i1solation, were oxidised w-:h
excess pyridinium chlorc:hromate in the same solvent to give the
ketones in very good yieids. Lane reported133 that borane-
dimethyl sulphide has numerous advantages over other borane
complexes mainly because of its miscibility with various soivents.
Kao g§_§1,134 have publiched some work on medium-sized cyclic
ketones empioying this method but involving an anhydrous work-up
procedure. They proposed that the uxidation of organoboranes with
pyridinium chlorochromate probably proceeds via the formation of
tne alcohols which are subsequentiiy oxidised to the ketones.
Analysis of an incomplete reaction mixture by infrared and

gas-liquid chromatography showed the presence of alcohol and
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ketone. The proposed mechanism is outiined in Scheme 5.

| 0
/ AN I
R—B + CrO—— B—0—C—0—R

N / , hydrolysis

ketone - CTOG alcohol

e

Scheme 5
The oxidation of organoboranes with agueocus chromic acid?®® s
known to give ketones in fair yields and the reaction sequence is
shown in Scheme 6. The tedious extractive work-up and strong acidic

conditions emploved Timit the utility of these reactions.
R R

HBRQ Oxd

Scheme 6

A useful synthetic reaction of epoxides is their acid-catalysed
rearrangement to carbonyl compounds as was reviewed by Parker and

Isaacs. 30 The rearrangement i1s outlined in Scheme 7.

O
7 N\ |
/ / b\ (,3 C=0
Scheme 7

Mineral acids or Lewis acids such as boron trifluoride etherate or
magnesium bromide are frequently used as catalysts. Housel3’
suggested that the iccmerism of a substituted oxirane to a carbonyl
compound in the presence of magnesium bromide may follow two

different reaction paths as shown in Scheme 8.

RV LY e 208
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N\ / MgBr, \ +/
/C\ AN /Cb/(“_\ N
* l\MgBrz 1 Mgir,
N / N 8
/?ME\M %‘; C— + MgBr,
3) r
MgBr
Scheme 8

Kwart and VOsburgh138 showed that 2,3-exo-epoxynorbornane,
(35), could be hydrolysed to the 2,7-dio), (36). Cbviously,

rearrangement of the carbon skeieton has cccurred.

OH

OH
35 36

Other cases of rearrangement of the carbon skeleton have been
observed. Fleming and Mx‘chaelmg reported the rearrangement of
the epoxidge (37) with boron trifluoride diethyl etherate to give
7-hydroxynorbornane (38) in 67% yield. The two examples show that

ketone synthesis by rearrangement ¢f epoxiaes way not be useful in
the present work.

Me,Si HO

o BF,"O(C,Hy), CO,Me

CO,Me

37 38

3.2.2. Conversion of alkene to ketone via the a-chlaroketone

Sharpiess g@_ﬂ.”o have found that reaction of disubstituted
olefins with chromyl chloride in acetone produces the alpha-

chioroketones. The addition of zinc dust to the crude reaction

VN
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mixture results in reduction of the chloro ketones to the
corresponding ketonet. in a high yield, The key to the success of
this procedure appears to be the use of the more polar solvent in
comparison with previously reported halogrnated organic solvents.
The reaction presumably involves an electrophilic attack of chromyl
chloride at the double bond via eqs. 1 or 2 to give the
intermeaiates A or B, either of which could rearrange to give a

carbonyl product.l41

R
i 1
F&\-%(m J
> c—C—R, —e R—C-— -132 1)
A . 4
Ra | R, O
R4 /R*[ 0 CfGClz 3
)(::ﬁc\ +  CrO,Cl,
nat RfCM?mﬂzwwRZ—?wC«-Rz (2)
/CT\
Ci Ci

al. 142

Meinwald et al reported the addition of nitrosyl chloride
to norbornene to form norbornene nitrosochloride which can be
cenvertes directly into the chioro ketone, {39}, by warming with

levuiinic acid and hydrochloric acid.

Cl

39

3.2.3. Hydrogenciysis of a-haloketones

Hydrogenolysis in oryonic chemistry is defined as the cleavage of a
single bond uniting carbon with ancther atom or group, resulting in
replacewant of that atom or group by hydrogen. Recently Pinder

conducted a survey on hydrogenolysis of carbon-halogen

g — . -
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bonds, 143 Generally, for organic halides the order of ease of
reductive dehalogenation in the same type of structural eavironment
is: I>Br>CI>»>F. Sometimes caution has to be excercised when
reducing a halogen from a molecule that contains a sensitive group

1ike the nitro group.

Olah gguglf144 employed chlorotrimethylsilane/sodium iodide
effectively for the reduction of both alpha-haloalkanones as well
as alpha-halocycloalkanones. The mechanism of the reaction may be

represented as in Scheme 9.

0 oSiMe;

| X . |

c. ~ MesSicl

R CHy Rar R “=ch,
H,0

|
R/g\cm + HOSiVe,

Scheme 9
Chlorotrimeviyisilane and sodium jodide are readily available, are
inexpensive and give goud yields in simple and easy-to-carry-out
reactions under mild conditions. a-Halogenatea cycloalkanones are
reduced at room temperature in the presence of excess iodide and

ketones are obtained 1n 75-98% yield in 8-12 hours.

Tse-Lok Ho145 has found that jodotrimethylsitane in chloroform
or acetonitrile can hydrodehaloger-ate alpha-haloketones at room

temperature as shown in Scheme 10,

- e L T g A T
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bonds, 143 Generally, for organic halides the order of ease of
reductive dehalogenetion in the same type of structural environment
is: IDBryCl>>F. Sometimes caution has to be excercised when
reducing a halogen from a molecule that contains a sensitive group

Tike the nitro group.

0lah g§_§1,144 employed chlorotrimethylsilane/sodium iodiae
effectively for the reduction of both alpha-haloalkanones as well
as alpha-halocycloalkananes. The mechanism of the reaction may be

represented as in Scheme 9.

o SiMe, -
@ X Megsici ?/ |
~ 3 - C
R CH, RG] " | R ScH,
- ~d
H,0
p.
R CH, + HOSiMe,
Scheme @

Chlorotrimethylsilane and sodium iodide are readily available, are
inexpensive and yive goud yields in simple and easy-to-carry-out
reactions under miid conditions. a~Halogenated cycloalkanones are
reduced at room temperature in the presence of excess iodide and

ketongs are obtained 1n 75-98% yield in &-12 hours.

Tse-Lok Hol4Y has found that iodotrimethylsilane in chiorcform
or acetonitrile can nydrodehalogenate alpha-haloketones at room

temperature as shown n Scheme 10.
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Scheme 10

He claimed that the facility of this process originates from the
favourable six-centered transition state wherein hard-hard cenfres
interact at one end and scft~soft centres interact at the other

end,

Sedium iodide/trialkylamine/sulphur dioxide complexes are specific
reagents for the reduction of aryl alpha-haloalkanones, whereas
sodium jodide/pyridine/sulphur trioxide complex cen be used as a
general reducing system for glgﬁg~ha?oketones.156 Sodium

iodide removes the alpha-halogen atom as indicated, assisted by
polarisation of the C-X bond, brought about by complexing the

carbonyl group by sulphur trioxide.

A S
O 0
i ;
R N\ R” “CH,
B -
orC

A= Nal/(CHy,N S0,/ CH,CN
B = Nal/(C,H,),NS0,/CH,CN
C = Nal/ py'$0,/CH,CN

R = alkyl/aryl

Olah and Hol4/ reported the facile hydrodehalogenation of alpha-
haloketones by vanadium(II) chloride, which proceeds according to
the following stoichiometry:

0 0
8""(3"‘*’)( + 2V2+ + 1] -
P H0 —= C-—C—H + 2V* + HOX

A
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They achieved the following hydrodehalogenation in an 80% yield.

© vel,/H,0 0
Cl  THF B

S S S TS S .

An efficient procedure for the hydrogenolysis of alpha-
haloketones with cerium(IlI) iodide was reported by Ho. 148 The
system that contains cerium(III) and jodide ions functions as shown

in Scheme 11.

O
R’
R
ﬁ\ | 7 Scheme 11
! 3.2.4. Reduction of bicyclic ketones with metal hydrides
w | Complex metal hydrides ¢ffer the most convenmient method for the

f ) : reduction of ketones to the corresponding alcohols, and reactions
%’ which proceed by transfer of hydride 1ons are widespread in organic
| Chﬂmetrynlqg’lgg Lithium aluminium hydride, a highly reactive,

powerful reduciny agent, rapidly and efficiently reduces Ketones as

«* E well as a number of other functional groups including the nitro

group. Sogium borohydride, a much milder reagent, is often used in

it it i

methanol and under these conditions 1t rapidly reduces ketones, but

it is inert towards most other functional yroups. The disadvantage |
of the usual reagents like Tithium aluminium hydride and sodium t f
borohydride is that they reduce relatively unhindered cyclic
ketones either with 1ittle or no sterzoselectivity or give ;
predominant formation of the thermodynamically wore stable isomer. |
In a bridged ring system, with a methyl group in the 7-position,

the carbonyl group is much more hindered from.the exo face than

/’h‘w-ﬂpyx-—-;p—-‘&"‘
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from endo face and many reductions of bicyclic ketones have been
reported. Camphor, (40), for example, reacts with 11thium aluminium

hydride in diethyl ether to give an 80% yield of a mixture of 89%

isoborneol (2-exo-hydroxybornane), (41), and 11% borneol (42)

| (Z—endo-hydroxybornane).151

LiAIH,

A\

~d + OH

40 41 a9
Ketones with an unsubstituted bridge, such as norcamphor (43) and
its derivatives, are attacked {(because of the electrostatic
repuision of the nucleophilic carbonyl group) mainly from the exo

side, wnich in this case is less hindered. Lithiun aluminium

i ,
a& ‘ nydride in diethyl ether recuces norcamphor in 90% yield,152 :
! wit! a 91:9 ratio of a-norbornect (2-endo-hydroxynorbornane),

N | (44) and g-norbornec! (2-exg-hyuroxynorbornane), (45).

il

T O OH

{ , LiAlIH

}2 . q o . e OH
} 43 45 44

|

tA ‘ The introduction of alkoxy substituents into lithium aluminium

hydride provides a simple, convenient nmeans of modifying the steric

~equirements and reducing properties of this powerful reducing
agent.153 With norcamphor, (43), Vithium trimethoxyaluminium-
hydride gave much higher stereoselectivity than Tithium aluminium
hydride (2% exo-norborneol (45) and 98% endo-norbornecl (44)).

The reduction of fenchone, (46), yielded endo fenchyl alcohol (47)

in a purity of at least 97%.
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OH
48 47

The selectivity obtained 1n these reactions increases with the
steric demand of the reducing agent, and some remarkably
sterepselective reactions have veen acthieved usinyg complex hydride
reagents specifically designed for the purpose, Tike tne
trialkylborohydrides for tne stereoselective reduction of

ketones. 194195 The 1ithium and potassium tri-sec~butyl-
borohydrides (generally known as selectrides), are probably the
best reagents yet available for the stereoselective reduction of
bicyclic ketones. 96

3.2.5, Syntheses of nitronorbornanols

Grob and c0~w0rkar315? reported the syntheses of certain exo,
exo disubstituted mitronorbornancis, The starting material was
prapared from the cycloaddition of nitroethylene with cyclo-
pentaediene. The mixture ot epwmmers (48) and (48b) could be

separated by fractional distiltation under vacuum,

NG,
NO?;

48 48b

The pure iscmer, (48b), was then hvdroborated and the resu’ting
organoborane was cleaved with hydroyen peroxide and 3M sod’um
acetate solution to give & mixture of 6-exo and b-exo-nitro-
alcohols, (48c) and (48d).

:§
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H NO, NO,

48¢ 48d

In a subsequent paper Grob and his co-workerst 8 published

their attempted syntheses of some endo, endo disubstituted
nitronorbornanols, They found that the hydroboration of (48) was
not very successful, because of the very rea'ty epimerisation of the
nitro group, and that the mitroalcchols (48c, and {48d) were formed

instead.

These results are thus in agreement with the results we obtained

before tne latter naper was published.

3.3. Attempted preparation of ketons from alkeng

As indicated 1o section 3.1 {(page 38}, the synthetic approaches to
simple nitronorbornancls adopted n ihe present work all begin with
S5-endo-nitrovicyclof2.2 3 jhept~z-ene, (48). Roberts and co-
workersl 39 reported the [4+27] cycloaddition of nitroethylene

with cyclopentadiene to produce almost exclusively the 5-endo-
nitrobicyciof2.2.1  hept-Z-ene, (48), isomer as a colouriess

seni-s0lid at room temperature.

The reaction was found to proceed at a temperature as low as -100°C
but for practical reasons, however, the addition is performed
normally at temperatures of -15 to 0°¢. 100 The stereochemical
preference of the nitro group in the S-position of bicyclo[2.2.1]-
heptene has been determined by Lase equilibration using potassium
t-butoxide 10 t=butyl aconol, 16l

e e
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A The exo/endo ratio was found to be 1.80 at 75°C. These workers
could not sepavate the two jsomers even on an analytical scale,
In the present work nitroethylene was convententely prepared from
Cenitroethanolié’ and phthalic anhydride in a 76% overall yield
I secoraing to the procedure of Buckley and Scaite. 128 tre piels-
) H
i Yider reaction of nitroethylene and cyclopentadiene produced ‘
E . C , . .
fﬁ n-gndo-nitrobicyclol2.2.1hept-G-ene, {48}, in almost 100%
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Fig. 5. YW N spectrum of compound (48) 1in deuterochloroform.
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compound (Figure 5) shows a double doublet at 6.40 ppu for H{2)
with coupling constants of 6 and 3 Hz to H(3) and H(1)
respectively. The double doublet at 5.93 ppm corresponds to the
coupling of H(3) to H(2) and H(4), resulting in coupling constants
of 6 and 3 Hz. The multiplet at 5.03 ppm (J ca. 4 Hz) originates
from the coupling of the proton alpha to the nitro group to H(1),
H{6x} and H{6n). The resonances at 3.58 and 3.00 ppm are due to the
two bridgehead protons, H{1) and H(4). The broad patterns ¢f these
peaks are derived from several coupling iateractions with other
protons in this rigid system. The complex multiplet at 2.50-1.30
pom corresponds to iour protons, namely H{7s), H{7&), H{é6n} and
H{6x}. The mass spectrum of the compound shows no molecular fon
peak for compound (48), but there is a relatv?%&abundant peak at
m/e 93 which is aue to the loss of the nitro group. The base peak
appears at m/e £6 and is typical of a retro Uiels-Alder

fragmentation route.

The initial approach adopted for functionalising the C=C double
bond was the Sharg%essla@ one. The alkene was converted to the
alpha-chloroketones with chromyl chloride in acetone at -78°C as

shown in Scheme 12.

0
croel,
acetone ’ 5 * Cl
NO, NO, NO,

Scheme 12

bork-up gave a viscous, yellow oil in a 58% cruace yield. Thin-layer
chromatography indicated that the mixture contained two major
components. An attempt to separate the mixture into its different
components produced only a few fractions that were significantly

separated leaving the bulk of the product still as a mixture. The
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separated fractions, however, yielded white solids.

! The more polar was identified as (49), and the less polar as {50).

':;é Compound (49) was identified as 3-gxo-chlorc-6-endo-nitro-

g bicyclo[2.2.1]heptan~2~one and has the following spectral features.

The infrared spectrum shows characteristic stretching absorption

bands for an alpha-haloketone (1762 cm'l), and a nitro group

(1550 and 1368 cm™l). The molecular ion peak 1n the

mass-spectrum is found at m/e 189 and the isotope pattern clearly

indicates one chlorine atom. The subseguent loss of the nitro group

accounts for peaks at m/e 143. The removal of a unit of carbon ‘

monoxide from molecule {49) gives a peak at m/e 115. The base peak - i
j |

appears at mfe 79.

o g e
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Fig. 6. LH NMR spectrum of compound (49) in deuterochloroform.

i
1

The proton nuclear maghetic resonance spectrum (Figure 6) of (49)

e A i

contains ot a five-line multiplet at 5.09 ppm for proton H(6).
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Coupling between H(6), H{5x) and H(1) (J ca. 4.5 Hz) indicates
that the nitro group is endo. A well defired doublet at 4.15 ppm
(J = 3.4 Hz) corresponds to proton H{3), which is engaged in

Tong-range coup! g to H(7s). The coupling between H(3) and H(4) is

zero since the dihedral angle between them approximates ninety
degrees. H{1) and H(4) appear as multiplets at 3.25 and 2.92 ppm.
Three protons, namely H{Sx), H(5n) and H(7s), are superimposed as a

complex multiplet in the region 2.75-1.95 ppm. H(7a) is a doublet

at 1.79 ppm (3 = 12 Hz} which exhibits some additional fine :

coupling too.

Compound (50}, 3-exo-chioro-6-gxo-nitrobicyclo[2.2.1]heptan-
3 2-one, m.p. 78-79°C, is an isomer of (49). The intrared spectrum
shows the cyclic glpha-haloketone by a peak at 1762 o™ as

3

well as a nitro group (1550 and 1367 cm“l). The mass-spectrun

confirms the molecular wass of compound (50) as 189, and again the
isotope pattern characteristic of chlorine is present. The peak at
m/e 142 is due to the Joss of the nitro group, and the further loss

of the chiorine atom yives a peak at m/e 107.

The proton nuclear magnetic resonance spectrum {Figure 7) has a
four~-line multiplet at 4.66 ppm for H(6) with a coupling constant
of ca., 3.9 Hz. This splitting pattern arises from coupling with
4 protons H{5x), H{5n)} and H(7s). LangQrange W~coup1in9163"155

with H{7a} causes the signal of proton H{3) to split up into a

acublet with a coupling constant of 2.7 Hz. The broad multiplets at

3.39 and 2.86 ppm are the bridgehead protons H{1) and H{4). The
multiplet from 2.60-2.90 ppm accounts for the protons H(5x) and
H(5n). The prutuis H(7s) and H(7a) couple to form doublets at 2.31
and 2.0% ppm resulting in a coupling constant of 11 Hz.
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Fig., 7. Ly mear spectrum of compoung (50) deuterochloroform.

The fact that none of the other positional isomers (51 and 52)
could be isolates from the reaction mixture 1s quite surprising in
view of the proposed electrophilic attack of the cnromyl chlorice
at the symmetrical double bond (see section 3.2.2, vpage 41) which
should contain at least {B1). however, 1t is pussible that these
compounds were formed, but were not separated chromatographically.
The purified products (49} and {50} represent only a 19% recovery

from the colunmn.

ci
o
NO
NO, ?

51 52
The next step in the synthesis was the hydrodehalogenation of the
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chiltoroketones to furnish the ketones. The presence of the nitro
group in these compounds introduced some difficulty in this step
because most of the frequently used dehalogenation reagents might
also reduce the nitro group. Honetheless, a few milder reagents
were tried instead. The first method employed was the meihod of
Olah and co-workers:®® which wses sodium 1odide/chloro-
trimethylsilane. The reduction was performed under a nitrogen
atmosphere but even after 48 hours at room temperature and 26 hours
of refluxing in acetonitrile no change had occurred as indicated by
thin~layer chromatography. (Olah reported that alpha~halogenated
cycloalkananes are reduced at room temperature and ketones are
obtained in 75-98% yield in 8-12 hours, but alsc concluded that
2~chlorocyclopentanone and 2-chlorocyclohexanonz are exceptions and

require more time ca. 48 hours).

The second method tried was the method of Hol%® which utilises
cerium{III) jodide, but again without any successful dechlorination
of the bicyclic chloro ketones. Desyl chloride is the only chloro
compound studied by Ho; most of his examples are bromo ketones, A
pethod that uses suspended vanadium{II) chicrigel06 in
tetrahydrofuran was employed as weil,lQ? but only starting
material was recovered in a quantitative yield. The conventional
method of zinc in acetic acid resulted in a complex mixture
containing several products. An explanation for the failure of
these methods to effectively dechlorinate the chlore ketones could
be the steric barrier experienced with bicyclic ketones compared

with normal open chain or monocyclic halo-ketones.

In view of the failure to hydrogensiise these alpha-chloroketones
by mild methods, it was decided to attempt the conversion of alkene
(48) to ketone directly. An altern«tive approach to the ketone (53)
via the rearrangement of a suitable epoxide was felt to be a

potentially useful approach.136 This would involve the

v i
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acid-catalysed (or Lawis-acid catalysed) rearrangement137 of
(54), to produce a mixture of the two ketones (53) and (55) as

cutlined in Scheme 13.

0 MgBr,

NO, NO, NO,

54 83 55

Scheme 13
2,3-exo-Epoxy-5-gndo-nitrobicyclof2.2.1Jheptane, (54}, was

prepared as a crystaliine substance from 5-endo-nitro-
bicycio[2.2.1Jhept~-5-ene, (48}, in a 94% crude yield using
m-chloroperbenzoic acid in dichloromethane without the aid of a
buffer. The substance was recrystaliised from diisopropyl ether to
give a white solid in an 87% yield, m.p. 105-107°C. The mass
spectrum spectrum shows a molecular 1on peak at m/e 156 and the
base peak appears at m/e 139 which corresponds to the opening of
tne epoxide ring and the subsequent loss of a hydroxyl group. The
infrared spectrum shows the presence of a nitro group with
absorption bands at 1540 and 1375 em L,

The proton nuclear magnetic resonance spectrum (Figure 8) has a
6-1ine multiplet at 4.83 ppm for proton H(5), alpha to nitro group,
which couples with the bridgehead proton, H(4), and hydrogens H{6x)
and H{6n) respectively. The coupling constants in norbornyl systems
are well defined because of the rigidity of the skeleton and some
typical values are: JH(4)—H(5) is normally 3-5 Hz, JH(S)—H(GX)

is 7-10 Hz and JH(B)wH(Bn) is 4-6 Hz.167,168 those valyes

agree with those calculated from Dreiding models using the Karplus

equation97

relating the dihedral angle of protons on vicinal
carbon atoms to their coupling constant. The multiplet centered at

3.20 ppm originates from the similar chemical shifts of H(2), H(3)
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and H(4). The signal at 2.65 ppm is due to proton H(1).
Spin-decoupling was used to deduce the structure of this compound
and irradiation at 2.65 ppm causes the signals at 2.14 and 2.05 ppm
to collapse to two broad singlets. The signals at 2.14 and 2.05 ppm
are assigned to the protons H(6x) and H(6n). The protons H(7s) and
H(7a) give rise to the signals at 1.53 and 0.88 ppm, respectively,
with a coupling constant of 11 Hz. Irradiation at 0.88 ppm causes

the doublet at 1.53 ppm to collapse to a singlet.

L

e

( —

S

- i
4 3 2 1 ppm 0

Fig. 8. H NMK spectrum ¢f compound (54) in deuterochloroform.

The rearrangement of (54) was attempted using magnesium bromide as
a Lewis acid.l37 The mixture was stirred at room temperature

for 35 hours after which thin-layer chromatoyraphy showed that no
starting material had remained. A white crystalline solid was
obtained in an 89% yield after removal of the solvent, and

recrystallisation of this substance from cyclohexane and ethyl

acetate produced a pure compound in 54% overall yield, m.p. 77-78°C.

m



~56~

A thin-layer chromatography plate sprayed with 2,4-dinitro~
diphenylhydrazine showed no evidence of a carbonyl functionality.
Microanalysiz was found to be consistent with the proposed
structure, but the infrared spectrum showed a broad absorption band
at 3260 cm™! for the presenice of a hydroxyl group and strong

bands at 1510 and 1374 em“! for a nitrs group. The mass

spectrum showed a molecular ion peak at m/e 157, a peak at m/e 139

for the loss of a water molecule and a peak at m/e 111 for the loss
of the nitro group. The consideration of these facts clearly
indicated that the expected product had not formed, but instead a
rather unexpected product had been produced as can be seen in
Scheme 13, The product was identified as being
5~nitrotricyclo[2.2.1.03’5]heptan~2-R*—01, (56).

HO-.
/-U—'“-»

NO, NO,

54 56
Scheme 13
The proton nuclear magnetic resonance spectrum {Figure 9) shows a

singlet at 4.13 ppm for H{2) and the hydrogens H{6x) and H(6n)
appear as a singlet at 2.60 ppm. A multiplet is located at 2.14 ppm
for H(1) and nydrogens H(7s) and H{7a} give rise to a doublet at
2.01 ppm with a coupling constant of ca. 2 Hz. The chemical shift
of H(3) is 1.77 ppm and the hydroxy! proton, which exchanges with
DZO, appears at 1.65 ppm.
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ﬁ? ' i Frg. 9. 1y NR spectrum of compound (56) in deuterochioroform.
The epoxide is unstable when standing at room temperature and the

@5 white solid decomposes to form a yellow substance within three

5 o weeks. In a subsequent reaction to prepare more of (54) it was

fuund that the epoxide rearranged spontanecusly to the tricyclo

substance {56} on stirring at room temperature in the presence of

m-chligrobenzolc acid,

Mcppa  HO
— 0 g
NO, NG,
48 56

In view of the failure of the epoxide to rearrange as desired, the
final approach towards the preparation of the ketones was the

hydroboration/oxidation of the alkene to produce the

Pt
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ketones. 3! Borane/dimethyl sulphide was used for the
hydroboration step because it has certain advantages above some of
the other ether-boranes.l33 The organoborane was oxidised with

132 and the mixture was quenched by

pyridinium chlorochromate
pouring it into an ice~-cold sodium bisulphite solution. The green
mixture was filtered through a pad of anhydrous magnesium sulphate
and neutral alumina, and evaporation of the solvent gave as product
a yellow oil. Thin-layer chromatography indicated the presence of
three compounds in the mixture. The Tow yield is attributed to the
black tacky solid that formed in the reaction flask shortly after
the pyridinium chlorochromate was introduced. This solid was washed
several times with anhydrous ether to try and obtain a yranular
solid as described in the paper by Corey and Suggs.169 Column
chromatography was used for the separation of the mixture but
resulted in an incomplete separation of the isomers. A white
crystalline substance was obtained from the column and it was
recrystallised from diisopropyl ether to give 43 mg of the pure
compound, m.p. 126-128 °C which was assigned tentatively as 6-endo-
nitrobicycio[2.2.1]heptan-2-one, (57). The spectroscopic evidence
available does not allow vne to decide between this structure and

the alterpative one, (58).

NO, NO,
57 58

The infrared spectrum of the compound shows a strong aborption band
at 1755 cm™t for th presence of a ketone 1n a five-membered

ring as well as strong bands at 1550 and 1373 em™d for
unsymmetrical and symmetrical stretching vibrations of the nitro

group.
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The proton nuclear magnetic resonance spectrum (Figure 10) of
compound (61) has a five-line multiplet with a coupling constant of
ca. 4.5 Hz for proton H(6) owing to coupling with H(1), H(5x) and
H(5n). H(1) appears as a multiplet at 3.08 ppm and tne other
bridgehead proton, H(4), is a multiplet at 2.78 ppm. The protons,
H(3x), H(3n), H(5x) and H(5n), appear as a multipet around a
chemical shift of 2.25 ppm. The protons, in the 7-position of the

norbornyl structure give rise to a singlet at 1.83 ppm.

i
1
H
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Fiy. 10, 14 e spectrum of compound (57) in deuterochloroform.

3.4. Reduction of chloroketones to chloroalcohols

It was apparent at this point that the attempt to synthesise simple
nitronorbornanols had been far less successful than was originally
hoped. The¢ best functionalisation of the C=C bond was with chromy]l
chloride, but the removal of chicrine was a tailure. The decision
was therefore made that, since the chloroketones were rather
readily accessible, tnese should be reduced to chloroalcohols,

since these products, though more substituted that was strictly

pi:N
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desirable, would nevertheless possess structural features which

might encourage intramolecular OH..,NOZ hydrogen bonding.

It was initially decided to reduce the total mixture of alpha-
chloroketones to the corresponding alcohols using sodium
borohydride and then to attempt separation of the isomers. The
reason for using sodium borohydride and not a more bulky reagent to
enforce endo stereoselectivi.y of the hydroxyl group is that both

endo and exo isumers could be obtained, and that it would be

advantageous to have the spectra of all possible isomers. This
reduction resulted in a crude yield of 92% in the form of a yellow
011 which was subsequently separated by column chromatography. The
first set of fractions gave a white solid on evaporation of the
solvent and recrystallisation from diisopropyl ether gave a solid,
3-exo-chloro-6-exn-nitrobicyciof2.2.1]heptan-2-endo-ol, (59},

in a 31% yield, m.p. 117-119°C. The second set gave 3-exo-
chioro-6-exo-nitrobicyclo[2.2.1Theptan-2-gxo-0l, (60), in an 17%

yield, m.p. 94-95°C. Other products could not be separated clearly.

The structure of (59) was unambiguousiy decided by X-ray crystal-
tography {Section 3.5, pays 69), buil its chief spectroscopic
features ave as follows. The infrared spectrum shows a broad band
of medium intensity for the hydroxyl stretching vibration at 3480
um“i, strong bands at 1533 and 13/0 e for the nitro group

and 2 strony band at 1060 e for carbon-oxygen stretching
vibration. The mass-spectrum of (59) shows no molecular ion peak,
but a peuk at m/e 145 showing & chlorine isotope pattern is present
for the loss of the nitro group from the molecule. The further Toss
of & unit of hydrochloric acid corresponds to a peak at m/e 108 and

the base peak is found at m/e 66.
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v Fig.li. Iy e spectrum of (5Y%) in deutercacetone.
i Tre proton nuclear magnetic resonance spectrum (Figure 17} of (58]
%; _ displays a four-iine nultiplet at 5.00 ppm with @ coupling constant
i

ot ca. 4.2 Hz. The nitro group is theretore exo. H{Z) 1s a
multiplet at 4.31 ppm and H{3} is accounted for by the
double-doutlet at 5.53 ppm with coupiing constants of 2.3 and 2.1

ppi tue to spin-spin interaction with the protons H{2) and H{7a)

respectively. The bridgehead proton, H(1), resonates at 2.96 ppm
and appears as a multiplet. The hydroxylic proton, which is
Dzﬂ—exchangeabTe, is the breoad singlet at 2.78 ppm. The complex
multiplet in the region 2.56-2.03 ppm 1s assigned to H{5x}, H({5n)
and H(4) with the solvent peak obscuring some of this splitting
pattern. The signals at 1.93 and 1.65 ppm are the prctons H{7s) and
H(7a) and appear as doublets (J = 1i Hz) with additional fine

coupling.
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A second component obtained pure was similarly identified by X-ray
crystallography (Section 3.5, page 65) as 3-exo-chloro-6-exo-
nitrobicyclo[2.2.1]- heptan-2-exo-ol, (60). The mass-spectrum

does not show a molecular ien peak, but a peak at m/e 45 is
observed for the elimination of the nitro group from (64). The loss
of a hydrochloric acid molecule causes a peak at m/e 108. The base
peak is at m/e 66 and is indicative of a retro Diels-Alder

fragmentation sequence.

L

B 5 . 4 ) 3 2 1 ppm 0

Fig, 12. by MMt spectrum of compound (60) in deuterochloroform.

The proton nuciear magnetic resonance spectrum {Figure 12) shows a
four-line multiplet &t 4.56 ppm ftor H(6) (J ca. 4.2 hz). Proton
H{3) appears as a double-doublet at 4.0& ppm with coupling
constants of £.6 and 3.0 hHz owing to coupling with H{2) and H(7a).
The multiplet at 4.00 ppm is assigned to H{2) and the hydroxylic
proton, which is U,U-exchangeable, is a singlet at 2.78 ppm.

The one bridgehead proton, H(1), 15 found at 2.46 ppm as a
multiplel and the other bridgehead proton, H{4), resonates together
with H(5x) and H(5n), in the region 2.30-2.05 ppm. The remaining
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two protons, H(7s) and H(7a), are situated at 1.90 and 1.50 ppm
respectively as doublets with a coupling constant of 11.4 Hz. These

signals exhibit some unresolved fine coupling.

3.5. The crystal structures of 3-exo-chloro-6-exo~nitropi-

cyciofz.2.1heptan-2-exc-01, (60}, and 3-exo-chloro-6-exo-nitro-

bicyclo[2.2.1]heptan-2-endo-0l, (59)

3.5.1. Experimental

The two title compounds (59) and (6U) were prepared from the crude

mixture of chloroketones, presumably countaining (49) anda other ) '
products, by reduction with sodium borohydride 1n methanol as
described inSection 3.4.The physical and crystallographic data for
these structuraes appear in Tabie 8. Microanalyses were found to be
cotisistent with the proposed structures. Crystals suitabie for
X-ray diffraction analysis were cobtained by the vapour-aitfusion
technique170 using hexane and carbon tetrachloride. Preliminary
unit cell and space group data were obtained from osciliation and
keissenbery photographs using Cu-ka radiation. Accurate cell
parameters were obtained by a least-squares fit on a Philips PWL100
four-circle diffractometer using graphite monochromated Mo-Ka
radiation., Three reference reflections were periodically monitored
during the intensity data coliection to ensure crystal stability.
The intensities were corrected tor Lorentz and polarisation effects

but not for absorption.

3.5.2. Solution of the Structures

The structures of compounds (59) and (60) were solved with the
centrosymmetric direct-methods option of SHELX-76.10% Four

E-maps were calculated for each structure from reflections with E
>1.2. A1l the non-hydrogen atoms could be located in these electron
density maps. Tnese coordinates were then refined by full-matrix

least squares refinement and difference Fourier maps revealed all
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two protons, H(7s) and H{7a}, are situated at 1.90 and 1.50 ppm
respectively as doublets with a coupling constant of 11.4 Hz. These

signals exhibit some unresolved fine coupling.

3.5. The crystal structures of 3-exo-chloro-6-exo-nitrobi-

cyclo[2.2.1heptan-2-exo~0l, (60), and 3-exo-chloro-6-exo-nitro-~
bicyclio{2.2.17heptan-2-endo-01, (59)

3.5.1. Experimental

The two title compounds (%9) and {6U) were prepared from the crude
mixture of chloroketones, presumably containing {49) ana other
products, by reduction with sodium borohydride 1n methanol as
described inSection 3.4,The physical and crystallograph.: data for
these structures appear in Table 8. Microanalyses were found to be
consistent with the proposed structures. Crystals suitable for
X-ray diffraction analysis were obtained by the vapour-ditfusion
tethniquel7o using hexane and carbon tetrachioride. Preliminary
unit cell and space group data were obtained from osciliation and
Weissenberg photographs using Cu~ha radiation. Accurate cell
parameters wera obtained oy a leastesquares fit on a Philips PW1100
four-circle agiffractometer using graphite monochromated Mo-Ka
rediation. Three reference reflections were periodically monitored
during the intensity data collection to ensure crystal stability.
The 1ntensities wers corrected for Lorenty and polarisation effects

but not for absorption.

3.5.2. Sojution of the Structures

The structures of compounds {59) and {60} were solved with the
centrusymmetric direct-methods option of SHELX-76.10% poyr

E~-maps were calculated for each structure from veflections with E
»1.2. A1l the non-hydrogen atoms cuuld be Tocated in these electron
density maps. These coordinates were ther refined by full-matrix

Teast squares refinement and difference Fourier maps revealed all
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the hydrogen atoms for both the structures. Subsequent refinement
using anisotropic temperature factors for all non-hydrogen atoms
and isotropic temperature factors for hydrogen atoms, converged at
a conventional R of 0.0420 for compound (60) and 0.0440 for
compound (59). The residual electron densities on the final
difference Fourier maps were (.24 ¢ A-3 for compound (60) and

0.22 e A3 for compound (59) respectively. The computations

for these structures were performed on a CHC Cyber 750 computer of
the C.S.I.R.

Table 8. Crystallographic and physical data for 3-exo-chloro-

6-exo-nitrobicyclo[2.2.1 heptan-2-exo-01, (60}, and 3-exo-

chloro-6-exo-nitrobicyclol2.2.1]heptan-Z-endo-ol, (59)

Crystal data Compound 60 Compound 59
Formula CyHy gNGCT CyHy gNUCT
Molecular weight 191.61 191.61 g mo1~!
Melting point 94-95 117-119°C
Crystallisation sclvent hexane/CC1, hexane/CC1,
Crystal system monocclinic  monoclinic
Space group Pe,/c P2y/n

a 10.57(1) 6.90(1) A
b 7.75(1) 9.96(1) A
c 10.17(1) 2.11(1) A
g $3.03(1) 92.36(1) °
v 832.93 833.30 A3
7 4 4

De 1.53 1.53 g cm™3
Dpy 1.51 1.54 g cm™2
u(Mo-Ka) 3.67 3.67 cm~l
F(000) 400 400

Data collection

Crystal dimensions 0.1x0.2x0.2  0.3x0.2x0.3 mm3
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Scan mode w20 w=-20

Scan speed 0.053 0.040% s~}

Scan width 1.60 1.20%0 '
Range scanned 3-23 3-23° L
Stability of standard reflections 0.73 1.08% -
Number of reflections collected 1244 1229

Number of observed reflections 1079 1083

Significance test FoosigmaF,  ForsigmaF

Refinement ’

Number of variables 149 14§

Weighting scheme unit weights unit weights

Final conventional R 0.0420 0.0440

3.5.3. Results and discussion

3.5.3.1. The structure of 3-exo-chloro-6-exo-nitrobicyclof2.2.1]-

heptan-2-exo-o0l, (60}

The molecular structure and atomic numbering of the title compound

is shown in Figure 13 in the form of an ORTEPLOS drawing.

Fig. 13. Stereopair showing the molecular conformation. Thermal
ellipsoids are drawn tu enclose 50% of the probability
distribution.

Final fractional atomic coordinates, bond lengths, bond angles,

torsion angles and selected non-bunded distances are listed in

Tables 9 to 13. Observed and calculated structur. factors as well

as thermal parameters appear in Appendix 2.
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Table 9. Fractional atomic coordinates for non-hydrogen

atoms, (x 104)‘

. Atom x/a y/b z/c
% 1 1104(1) -3676(1 4096( 1
| 01 3501(2) -2738(3 b425(2
U2 3655(2 3594(3 4974(2
‘ 0(3 3574(3 4115(3 2930(2
N 3658(2 3129(3 3825(3
C(1 3274(3 162(4 4708(3
C{2 3343(3) -1737(4 4268(3
C(3 2048(3) ~-1970(4 3456(3
cla 14064 3 -220(4 3605(3
C(5 2085( 3 1080(5 2742(3
Cl6 3399(3 1266(4 3492(3
C{7 1867(3 341(4)  4987(3

‘ Table 10. Fractional atomic coordinates for the
# : hydrogen atoms, (x 10°).
; Atom x/a y/b z/¢
“v
g H{1 364(2 41(3 543(3
i he: 05{3%  -192(8)  36%(3
. H( 3 217{3) -~22804)  253(3
! e 50(3 20( 4 342(3
i H SX% 169(3 2¢1(5 271(3
i H{5n 217(3 5414 182(3
4 Hib) 41203 94l4 293(3
\ H%7sg 163(3)  -47(4) = 560 3;
Hi 72 160(3 154(4)  522(3
: H {(hydroxyl) 3u4(4 -373{5} 524(4)
i Table 11. Bond Tengths {angstrom).
i g-¢f3) 1.800(3
| 0(1)-cl2 1.41204
i 0l2)-N 1.222{3
1 0L3)-N 1.220(3
i N-C(6 1.507(4
| AL 112080
g CI1)-¢(7 1.535(4
; Qb L
Cla)-Clh 1.540(5
c(a)-¢{7 1.527,4
C(5)-C(6 1.556(4
w H(1)-C(1 0.944(26)
H(Z2)-C(2 0.989( 28
H( 3 —623 0.979(29
H(4)-Cla) 0.964( 30
H 5xg~c g 0.271(37
H{5n)- C(5 1.006{33
e 0:980, 57
K 7a)~c§73 1.002(31
0{1)-H (hydroxyl)  0.790{40
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Table 12. Selected bond angles (degrees).
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The contents of the unit cell are shown in Figure 14.

N,
L

Fig. 14. Packing arrangement of the molecules in the crystal.
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There is no intramolecular hydrogen bonding present in this
molecule aue to the arrangement of the functional groups, but
intermolecular hydrogen bonding is feasible for this compound in
the solid state. Hydrogen bonding occurs along the b-axis of the
cell as infinite chains of bonded molecules. These bonds are

illustrated with dotted l1ines in Figure 15.

WAMTHL P R
S I e D,

Fig. 15. Perspective view of hydrogen bonds in crystal.

A single intermolecular distance between the hydroxyl proton at the
symmetry position x,y,z and 0(2) of the nitro group of a
neighbouring meleculs at symmetry position x,l+y,z is noted, with
the distance being 2.888 angstrom for 0(1)...0{2) or 2.107 angstrom
for H...0(3). The dinedral angle, which depicts the orientation of
the hydroxyl group, C(1)-C{2)}-0(1)-H 1s 179.7 aegrees and tne
orientation of the nitro group 1s given Ly the dihedral angle
Ci5)-C(6)-N-0(3) of -70.6 degrees and again these angles deviate
from what would be expected, but it must be borne in mind that
additional stabilisation is gained trom the formation of hydrogen
bonds.28 The are no other unusual short non-bonded contacts. It

is interesting to note that bifurcated hydrogen bonding is not
present in tnis structure. A possible reason for the specific
orientation of the exo nitro group in this molecule could just be
due to the electostatic interaction between 0(2) of the nitro group
and the chlorine atom of the neighbouring molecule, which prevents
the nitro group from participating in possible bifurcated hydrogen
bonding. In concliusion, normal intermolecular hydrogen bonding is

preferred in this molecule where both doner and acceptor groups are
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eXx0.

3.5.3.2. The structure of 3-exo-chloro-6-exo-nitrobicyclo[2.2.1]
heptan-2-endo-o0l, (59)

An ORTEP1OS drawing and atomic numbering scheme of the

abovementioned compound is given in Figure 16.

Fig. 16. Stereopair showing the molecular conformation. Thermal
ellipsoids are drawn to enclose 50% of the probability
distribution.

Tne fractional atomic coordinates, bond lengths, bond angles,

torsion angles and non-bonded distances are listed in Tables 14 to

18. Structure and temperature factors are listed in Appendix 3.

Table 14. Fractional atomic coordinates for non-hydrogen

atoms, (X 104).

Atom x/a y/b z/c

o 309081) 4275(1 708(1)
Qél -849& % 1713(3 127852
02 ~4413( 3121(3 391042
0(3 -2198(4 4116(3 4878( 2
N -2713(4 344203 4085( 2
C(1 ~1498(6 3806(3 2225(3
G2 -355(4 3098(3 1332(3
C{3 1783(4 3353(3 1728(3
C{4 1599(4)  4152(3)  2785(3
C(5 850( 4 3178(4 3652(3
C(6 -1283(4 2956(3 3267(2
C(7 -191(5 5009(3 2506( 3

n
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Table 15, Fractional atomic coordiates for the

hydrogen atoms, (x 103).

y/b

x/a

Atom

T e e e e,
SIININ MMM
e e e L N
I O ST MWLM~

P

Table 16. Bond lengths (angstrom).
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Table 17. Selected bond angles (degrees).
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.—amm

€5 [degrees).

..0(2 3,078

3.205

3.500
2.257
5.41
5.37
3.
3.
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371
623
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3
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The bond Tengths and angles do not deviate noticeably from what 1is
ordinarily observed for functionalised bicyclo[2.2.1]hep~

tanes, 1067111 The ginedral angle C(1)-C(2)~-0(1)-H for the

nydroxyl group is 171.0 degrees and the orientation of the nitro
group is given by an angle of 10.4 degrees for C(5)~C(6)-N-0(3),
which is remarkably different from the value found fur the previous
structure (compound 60) and it shows very well how the nitro group
can rotate to attain a favoured orientation as a hydrogen bonding
acceptor. A possible explanation for this vast difference in
orientation: of the two nitro groups can be seen trom Figure 17.
Both the nitro and hydroxyl groups are exo which create an

unfavourable steric interaction between the nitro of one molecule
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and the chlorine atom in an adjacent molecule if a bifurcated

hydrogen bond was to be preferred.

The packing of the molecules in the crystal is stabilised by a

system of hydrogen bonds as illustrated in Figure 17.

by

AKX W,u% s o %f,% N

Fig. 17. A stereoscopic view of the contents of the umit cell.
Hydrogen bunds are indicated with dotted lines.
The dotted Tines represent the hydrogen bonds. A1l the hydroxyl
protons are invoived in the formation of these bonds and the nitro
yroup of each molecule act as an acceptor for these hydrogens to
establish chains of bunded moiecules throughout the whoie crystal
fattice. The direction of binding 1s along the c-axis of the unit
cell and it involves both molecules of the centrosymmetric pair.
The higher estimated standard deviations in the positional
coordinates of 0G(1), 0(2), and 0{(3) as well as the short
0(1)...0(3) and 0(1)...0(3) distances, suggested that the
hydroxzylic proton is shared between the oxygens of neighbouring
molecules related by a two-fold screw axis. The intermolecular
contacts, H...0(2) and H...0(3) of 2.257 and 2.418 angstroms
respactively, are considerably shorter than the sum of the van der
Waals radii. So, it can be concluded that the interaction observed
in the crystal is an interesting example of a weak unsymmetrical

bifurcated hydroyen bond.

Thus, while the bifurcated hydrogen bond does not appear to be

twice as stable as a normal hydrogen bond, it does nevertheless
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constitute an energetically favourable interaction ana provides a
mechanism which more than compensates for eneryy costs associated

with markedly bent hydrogen bonds . *8

%.6. Reactions using 5-endo-nitro-6-exo-phenylbicyclof2.2.1]~

hept-2-ene
Attempts to prepare simple norbornanés containing endo-hydroxy

and nitro groups have so far all ended in defeat, in the final
analysis because of the unexpectedly easy isomerisation of the
endeo-nitro group to the exo positicn. In order to circumvent this
last problem, it seemed likely that one could use steric features
to inlnbit this isomerisation. It was felt that, if one used tne
Diels-Alder adduct of g-nitrostyrene rather than that of
nitroethylene, the presence of the vicinal exo-phenyl group would
sterically disfavour the i1somerisation of the nitro group.
Accordingly, the last group of syntheses in this project were
attempts to functionalise the (=i double bond of adduct (61) with

an endo-hydroxyl yroup.

61

g-Nitrostyrene was prepared from nitromethane and benzaldehyde as
gescribed by worrall.171 The infrared spectrum shows stretching
absorption bands at 1632 and 1575 em™l for the aromatic C=C
vibration, and at 1550 and 1342 et for the nitro group. The
proton nuclear magnetic resonance spectrum shows a singlet at 7.53
ppn for the five aromatic protons and two doublets at 7.53 and 8.02
ppm respectively for the olefinic hydrogens. The coupling constant
of 14 Hz between the latter protons is in agreement with what is

normally measured for trans coupling between vicinal hydrogens in

A
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alkenes.

The reaction of cyclopentadiene and p-nitrostyrene leads to

2-nitro-3-phenylbicyclol2.2.1]hept-2~ene as described in the
1172 173,174

Phoeten

literature by Poos et and other authors.
Poos and his co-workers found a 3:1 ratio of isomeric adducts (61)
and {62) from several runs of tne diene condgensation although

temperature and times of heating were varied.

Ph

NO, o

61 62

In the present work the [4+2] cycloaddition of g-nitrostyrene and
cyclopentadiene at the refluxing temperature of the mixture
produced the two possiblie isomers (61) and (62) in a 90% yield. The
ratic of endo:exo nitro isomers was found to be 80:20 using

nuclear magnetic resonance spectroscopy. This ratio was based on
the careful integration of the proton alpha to the nitro group. The
infrared spectrum shows the presence of & nitro yroup by absorption
bands at 1530 and 1365 cm™ ! as well as unsaturated C=C bonds

with absorption bands at 1598 and 1493 c”l, The mass spectrum

has a molecular ion peak at m/e 215, a peak at m/e 185 which
corresponds to the loss of a nitroso fragment, and 8 peak at m/e
1569 which accounts for the loss of the nitro group. The peak at m/e
66 indicates that a retro Biels~Alder reaction has occurred during

tne fragmentation sequence.
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Fig. 18. lH NMR spectrum of compound (61), and the minor isomer, (62},
in deuterochlioroform.

The proton nuclear magnetic resonance spectrum (Figure 18)

indicates a multipiet at 7.27 ppm which corresponds to the aromatic

protons. Two aouble doutlebs appear at 6.56 and 6.11 ppu for H{6)

and H{5} respectively, with a coupling constant of 5.6 Hz for cis

vicinal coupling between the olefinic protons. The coupling

constant to the respective bridgehead protons is 2.5 Hz. Proton

H(3} appears as a triplet at 4.98 ppm owing to the similar coupling

constants of ca. 3.6 Hz to H{4) and H(2). The bridgehead protons,

H(1j) and H(4), are broad singlets at 3.15 and 3.43 ppm. The proton

alpha to the phenyl group is ftound at 3.57 ppm in the form of a

broad singlet. The broadness of this peak can be understood in

terms of long-range W-coupling with the proton H(7a), which is a

common type of coupling in norbornyl systems.163‘165 A

multiplet appears around 1.78 ppu for the protons H(7s) and H(7a)

(arrowed peaks indicates minor isomer).
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The mixture of Diels-Alder adducts (61) and (62) (80:20) was
treated with chromyl chloridel’® in acetone to produce an

isomer mixture of chloroketones in a 78% crude yield.ldo An
attempt to distil some of the product resulted in a very poor
recovery due to decomposition, and the proton nuclear magnetic
resonance spectrum showed that the distilled product had the same
composition as crude product. Two attempts using column
chromatography also failed to sc.arate the isomers successfully.
However, low pressure chromatography (8.35 g) gave a fair
separation of the 1somers in some of the fractions. The less polar
compound (Re = 0.52; ethyl acetate-hexane; 1:3) was obtained as

a white solid (0.277 g) which was recrystallised from diisopropyl
ether to yield needle-shaped crystals with & melting point of
125-126°C. This compound was tentatively assigned as 3-exo-
chloro-5-enco-nitro-6-exo~phenylbicyciu{2.2.1}heptan-2-one,

{63).

The second set of fractions (Rg = 0.42) was isolated as a
yellowish oil (0.537 g) which solidified after standing for four
weeks at room temperature. Recrystallisation from ethyl acetate and
diisopropyl ether afforded a white solid, with a melting point of
79~8U.5°C, which was identified tentatively as 3-exo-chloro-

6-endo-nitro~5-exo-phenylbicycio[2.2.17heptan-2-one, (64),

Ci Ph Ph
Cl

NOQ N02
63 64

O

The infrared spectrum of (63) shows stretching absorption bands for
the following functionalities: a ketone (1762 cm"l). a nitro

group (1540 and 1382 cm'l) and bands at 1600 and 1495 cm!

for aromatic unsaturated bonds. The mass-spectrum of (63) has a
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molecular inn peak at m/e 265 as well as a peak at m/e 230 for the
loss ¢f the chlorine atom. Subsequent loss of the phenytl
substituent accounts for a peak at m/e 152. The infrared spectrum
of (64) exhibits characteristic absorption bands for a ketone at
1765 cm™! as well as for a nitro group at 1550 and 1362

cn™!. Aromatic unsaturated carbon bands are present at 1600 and
1495 cml,

The third fraction gave also a yellow oil after the selvent had
been removed and was assigned to a product derived from the minor
isomer. No further attempts were made to accomplish complete

separation of all the fractions.

e

e -
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Fig. 19. 1y Nk spectrum of compound (63} in deuterochloroform.

The proton nuclear magnetic vesonance spectrum of (63) and (64) are
shown in Figures 19 and 20. Extensive spin-decoupling experiments
were performed, without success, in attempts to assign the

. Y X
structures unamb1guou§;The proton nuclear maygnetic resonance

spectrum of (63) has a multiplet at 7.25 ppm for the aromatic

.Y

1) e T
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protons as well a&s a double-doublet at 5.15 ppm for H(6), which
couples with H(5) and H(1). A well-defined doublet is observed at

S S AU

4.05 ppm for H{3) owiny to spin-interaction with H(7a) through

vt i

long-range coupling. The three multiplets at 3.87, 3.45 and 3.06
ppm are assigned to H(1), H(4) and H{5) respectively. The two

doublets, with a coupling constant of 12 Hz, at 2.57 and 2.20 ppm

originates from coupling between H{7a) and H(7s).

213 H\_ H243

P

e —

IO ——r
S

N

i 1. =

8 7 6 5 4 3 2 1 ppmoO

Fig. 20. iy NMR spectrum of compound (64) in deuterochloroform.

.

The prston nuclear magnetic resonance spectrum of (64) has a
multiplet situated at 7.35 ppm tor aromatic protons as well as a
double-doublet situated at 5.13 ppn for H(5) owing to coupling with
H(6) and H(4)}. The doublet (J = 2.4 Hz) at 4.25 ppm arises from the
spin-spin interaction of H(3) with H{7a). The multiplets at 3.65
and 3.32 ppm are assigned to the tridgehead protons, H(4) and H(1).
The broad singlet at 3.10 ppm accounts for the proton alpha to the
phenyl substituent. The doublets, which show additional fine

coupling, at 2.43 and 2.13 ppm are assigned to K(7a) and H{7s).
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It was decided to reduce some of (63) and (64) to assist in
deducing the structures of the former two chloro-ketones, since it
was felt that the more extensively coupled systems in the reduced
products might be more amenable to investigation by spin-decoupling
experiments. A bulky reducing agent which should attack only from
the less hinderd exo face was used to avoid the formation of even

more isomers.,

cl Ph Cl Ph

KSelectride

O NO, oH  NO,
63

Compound (63) was reduced successfully with 1.25 eyuivalents of
potassium tri-sec-butyiborohydride in tetrahydrofuran under an
inert atmosghere.lSG Thin-layer chromatography indicated that

two components (RF~vaYueg 0.98 and 0.29; ethyl acetate-hexane
1:2) were present in the product after work-up. This mixture was
separated easiiy by culumn chromatography. The first compound was
igentitied as some derivative of the reducing ayent. The second
product from the column was an alcehol, put clearly not the desired .
chloro-alcohol. Microanslysis indicated a molecular formula of
013“13N033 i.e. the chlorine atom was lost during the

reactiorn., Un the basis of this and of spectroscopic aata, the

structure of the product is tentatively proposed as (65).

Ph

HO NO,

1)

Compound (6%) has the following spectral features: the.infrared
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spectrum shows a broad, but sharp, absorption band for a hydroxyl
group as well as absorption bands for the presence of the pheny1
group (1603 and 1453 cm™l). There are strong bands at 1512 and

1372 cn? owing to the presence of a nitro group. The

mass-spectrum of (65) has a molecular ijon peak at 231 and a peak at
m/e 167 due to the loss of the nitro group and a unit of water from
the molecule. An abundant peak at is found at m/e 143 for the loss

of the phenyl substituent trom the molecule.

257 H H 285
!
1 1,38
173 ~, ~Ph
i 5
'Y 5o 20 4.32
H 0,

Fig. 21. 1H NMR spectrum of (65) in deutercacetone.

The proton nuclear magnetic resonance spectrum (Figure 21) has a

multiplet at 7.22 ppm for the aromatic hydrogens. The signal for
the hydroxyl proton is situated at 4.63 ppm. The latter is
DZU-exchangeab1e. The proton alpha to the nitro group is found
at a chemical shift of 4.32 ppm and it appears as a singlet. The

reason that no coupling is observed with H(1) might mean that the

nitro group has fisomerised to the exo position. H(2) resonates at




!
|
3;

awsqrer =

e L
e

“41-

4.18 ppm as a multiplet which sharpens upon exchange of the
hydroxyl proton with D,. The two protons in the 7-position,

H(7a) and H{7s), are found at 2.87 and 2.57 ppm. They appear as
doublets {J = 6 Hz), with additional fine coupling, owing to
geminal coupling between them. The signal for H(1l) is obscured by
the acetone peak at 2.03 ppm. Finally, the protons attached to the
cyclopropyl ring show vicinal coupling (J = 10 Hz) and appear at
1.73 (H(3)) and 1.38 ppm (H{4)), respectively.

The assignment of this structure is not unambiguous, but it fits in
with the available spectroscopic data. Furthermore, it was on the
basis of this structure that the structures of the precursors, (63)
and (64), were proposed. It is obviously highly desirable to owtain
more concrete evidence for the structure of (65), and at the
present time, attempts are under way to grow suitable crystals of

this compound for X-ray crystalloyraphy.
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CHAPTER 4

CONFORMATIONAL ANALYSIS BY MEANS OF MOLECULAR MECHANICS

4.1. INTRODUCTION

The crystal structure of 3-ex0,6-exo-dichloro-5-gndo-hydreay-
3-endo-nitrobicyclo[2.2.1.Jheptane-2-egxo-carbonitrile, (7),
revealed two interesting structural features: an unusual position
for the hydroxyl proton, and an unexpected orientation of the nitro
group, both of which could be entirely due to the hydrogen bonding
between these groups. On thue other hand, it is possible that even
in the absence of hydrogen bonding, these conformations may be the
intrinsically preferred ones. Hence, this problem of conformation
was felt to be suitable fur study by means of empirical force-field
calculations to determine the preferred omentation(s) of the

substituents in compound {7} «nd otner related nitronorbornancls.
p

The sbility of the molecular mechanics method to calculate
accurately the geometries of molecules 135 best suited to
quantitative conformational ana?ysms,176 Molecules are
considerea strained if they contain internal coordinates which
deviate from values regarded as strain-free or norma1;177 and
the wolecular force field describes, within certain limits, the
potential energy of a molecule relative to the energy of a
reference geometry. The primary objective of thnese molecular
mechanics calculations is to obtain structural properties rather
than thermochemical data 1ike heats of formation or vibrational
parameters. A comparison of furce fields as derived by different
authors is possible only to a limited extent and generally it is
found that calculated structural parameters are less sensitive to
¢changes of potential constants than energetic or vibrational

quantities are. In a number of cases it is essential to know the
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CHAPTER 4

CONFORMATIONAL ANALYSIS BY MEANS OF MOLECULAR MECHANICS

4.1. INTRODUCTION

The crystal structure of 3-ex0,6-exo~dichloro-5-endo-hydroxy-

3-endo-nitrobicyclo[2.2.1.)heptane~-2-exo-carbonitrile, (7),
revealed two interesting structural features: an unusual position
for the hydroxyl proton, and an unexpected orientation of the nitro
group, both of which could be entirely due to the hydrogen bonding
between these groups. Un the other hand, it is possible that even
in the absence of hydrogen bonding, these conformations may be the
intrinsically preferred ones. Hence, this problam of conformation
was felt to be suitable for study by means of empirical force-field
calculations to determine the preferred ormentation{s) of the

substituents 1n compound 7} and other related nitrenorbornanocls.

The ability of the molecular mecnanics method to calculate
accurately the geometries of molecules 1s best suited to
quantitative conformational analysws.176 Moiecules are
considered strained if they contain internal coordinates which
deviate from values regarded as strain-tree or norma1;177 and
the molecular force field describes, within certain limits, the
pctential energy of a molecule relative to the enerygy of a
reference geometry. The primary objective of these molecular
mechanics calculations iy wo obtain structural properties rather
than thermochemical data Tike heats of formation or vibrational
parameters., A comparison of furce fields as derived by different
authors is possible only to a limited extent and generally 1t is
found that calculated structural parameters are less sensitive to
changes of potential constants than energetic or vibrational

quantities are. In a number of cases it is essential to know the
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barriers of transition from one conformation to another. If a
molecule has only one enerygy minimum the caiculation is quite
simple. However, in complex situations, particulariy when a
molecule contains many single bonds, one can never be sure that the
program will give a global minimum and 1t is therefoure advisabie to
examine the entire energy surface.178 A situation can arise in
which an energy surface may have many minima of similar depth
rather than an absolute minimum. In this case it cannot be
guaranteed that the global minimum always corresponds to the real

structure.

In the present work, the different orientations of the hydroxyl and
nitro yroups in compound (7, :=re calculated with a standard
molecular mechanics progre o oicide whether intramolecular
hydrogen bonding could exist between them, and alsc to establish
whether a biturca.e. hydrogen bond beiween these groups would be
possible. The influences that neighbouring substituents have on
tnese groups were also taken into account to explain the structural
features exhibited by Z-endo,b-endo-nitroalcohels in the

norbornyl system,.

Although tne norbornane ring system, (66}, has been jmportant in

the field of urganic and structural chemistry for many years, the
structural parameters are not very accurately known, despite all

the data accumuilated by chemical and physical methods with

particular emphasis on the effect of intramolecular strain.i’9

66

A number of investigations have shown that unconstrained ab initio



et b

2

-84~

calculations produce geometries that are consistently close to
experimenta1.180‘182 Various workers have calculated different
structural models for norbornane derived from a variety of
molecular mechanics approaches.183'190 However, the quality of
geometrical constraints derijved from ab initio calculations was
shown to be better than that calculated by molecular

mechanics, 180 Nevertheless, the latter method has often
produced useful results with medium strained hyurocarbons.lgl

Altona and Sundara1ingam192

reported a quantitative description

of the skeletal torsion angles of eleven norbornanes, camphanes,
and norbornenes. The geometrical details of the molecules from
X-ray structure determinations were compared with those obtained by
computer calculations (full relaxation molecular mechanics

approach), and showed reascnable agreement.

Futher support for the strain in norbornane is yiven by nuclear
magnetic resonance studies. 193 Tpe microwave spectrum of
norbornane has been recorded and interpreted as well.19%
Investigations cn the free molecule by gas-phase electron
diffraction have resulted in four structural modelsi®5-198 that
differ from one another in important details, particularly in the
CC bond Tengths and CCC valence angles. From this published work,
it appears that the detailed structure of norbornane cannot be
determined from gas electron diffraction alone, and since the
molecuie is too big to be conveniently studied by microwave
techniques, use of the crystallograpic method was clear'v
indicated.179 pecause the malecule 1s nearly spherical,
disordered crystals might be expected and have been found in
various derivatives.8,199 To avoid disorder, a crystalline
derivative which is reasonably hiuh melting and which has an
oppurtunity for hydrogen bonding 1is preferred. Two X-ray
ditfraction studies of 2,3-disubstituted norbornanes have been

publishedSS’ZOU and a prelimary report on a neutron diffraction
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