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ABSTRACT

The concept of internal rotation is fundamental in the
analysis of conformatlonal preferences in molecular
structurs. Restricted internal rotation is {nvoked to
explain the exlstence of rotational isomera, barrier
heights and, sometimes, novel stereolsomers, which again
leads to different chemical reactivitlies. The particular
pharmacological activity of certain c¢ompounds have been
linked to specific conformational preferences,

This thesls describes a conformational study of internal
rotation in c¢lasses of compounds such as: amides, peri-
substituted naphthalenes, fulgides, as well as a varisty
of exploratery studies. The technigues of single crystal
X-ray c¢rystallogxaphy, complement<d by the theoretical
method of moleculaxr mechanius were used as tools in this
investigation. The single crystal structure analyses of
24 organic compounds were perforned. The two-dimensional
mapping of steric¢ energy of 10 compounds were studied to
elucidate rotational Lsomerisw pathways and@ barrier
heights to interconversion. The conformations predicted
for compounds are compared with analogous systems in the
literature. For the first time, the structures of the
rotameric forms ©f o-methylformanilide were studied
crystallographically. A point worth mentioning is the
isclation of rotamers of E,E-bls(p-methoxybenzylidene)-
succinlie anhydride. This compound crystallises with
differunt orientations for the p-methoXy groups.

Finally., this work contributes to the understanding of
conformational isomerisa, and 1t shows that X-ray
crystallography, combined with theoretical methods, ig a
very pawerful tool for donformational analysis.
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CHAPTER 1 ’
INTRODUCTION

One of the most intrigulng and important concepts in the
whele of chemistry must be that of molegular siructure.
The properties of matter are linked to it, and
explanations and dlscussions of reactivity are based on
this concept. HNence, the understanding and development of
structural models are of prime importance.

Both molsoular shape and conformatlion are defined by a set
of three different geometrlc parameters, namely. bond
lengtha, bond angles and torsion or dihedral angles. The
rules of conformational analysis are based on a rigid
structural model, defined Py svandard bond lencihs and
angles, and torsion angles that fsvour staggered
arrangements. Structural models of this type allow the
discussion of reactivity without experimental structural
analysis of a whole series of dompounds. However, this
simple rigld model reaches its limits when used to explaln
sterio w«ffects and restricted rotation In complicated
structures. If a part of a moleculs ia, for oxample,
distorted by non-bonded irtyractions, the strain is
eventually dlsparsed throug® Wt the antire molecule.
However, ralatlvely large shwvy;les are needed to bring
about signiflcant changes, particularly in bond lengths
and to a lesser extent in bond angles. Torsional mobllisy
about saingle and partial double bonds 1s energetically
less denanding. 8ince torslon angiss determine molecular
conformation, Lt le cleax Lhat for molesules which possess
torsional flexibility,. various melecular conformations are
possible,

The wmtudy of steric influence on oconformation is of
growlng importance, not only in organle ohemistry.
Studies of the relationship between struckture and astivity




of drugs are related to it. he another example, special

material preferred
conformatlions in a polymer chain should be mentioned. To
this type of relationship between conformation
and function, a flexible structural model which
variation of the structural parameters, and some knowledge
of the

essential,
algo dynamic behaviour of moleculez are importent.

properties of polymers rosulting from

understand
allows
molecules are

dynamic¢ behaviour of organic

In modern Stereochemistry not only static, but

different methods can be applied to
These
NHR
and
/ The
b the

three
the conformation of organic
crystallography f£or the
liquid and
techniques for an isolated

In practice,
molecules.
golid
solution

determine

are: X-zay state,

spactroacopy £or the stats

moleoi

computational
normous contribution that crystallography has »
of molecular conformacion is generally apyreciated.
still

atomic

study
It s
relative

devermining
NMR

dynanmic

the most powerful method orf
molesule.
tike
spectroscopy and

which demonstrate

possitions  in  a

speetroscopy., especlally in techniques

nuclear magnetic resonance nuclear

Overhauser enhancement experimants,
spatial relat
similar dimpoc

calculations.,

entities, is of
~ce for dispersed molacules. Thecretical
vn the other hand, have been widely applied
to interpret and organise results and to resolve chenmical

nships between chemical

problens, The mnost important futurs role of theoretical
calcuiations is probably to make ¢liable predi¢tions
before any coatly experiment .. work begina.
Unfortunately, there is currently =¢ gingle method which

is adequate for all problems.

The e the
energy .pbrigued
The procedure known as moleaular mechanics has been
widely to determine strain enargiss,
enthalpies of various compounds. Like many other chemical
of stevie strain is

ides

of calculating by some pw: geometry and

of a given molecule has lop. chemlsts.
used

confiormations and

cengepts, the ooncept only sgemi~
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guantitative and lacks precise definition. Molecules are
considered strained if they contain internal coordinates
which deviate from values regarded as "normal" or "strain
gree", which in their turn again can be cansidered as
equllibrium sltuations. Although =»arly computational
astudies 1In structural chemistry have for the wmost part
been concerned with equilibrium structures (minima on the
potential enurgy surface), many studles are now appearing
that deal wlth movements acrosy gsaddle points on the
energy surface, simulating reaction pathways. Thig is
often accomplished by rotating certain torsional degrees
of freedom for a specific molecule. This method of
gtereodynamica represents an dimportant agplicatign of
molecular mechanies calculation, The rotatlion about a
chemical bond of one part of a molecule with respect ¢to
another, is usually accompanied by a change in potential
energy. In some cases internal rotation of <this kind
gives rise to the phenomenon of rotational isomerism,
where the molecules exist as an aquilibrium mixture of two
or more¢ conformers or rotamexs. One of the classic
examples of a molecule exhibiting wrotatiosal isomerism is
1,2-%ichleroethane, where the variation of potential
energy with azimuthal angle is as shown in Figure 1.

Potentls) Eneryy
tuly eclipund
parl scllpred

ABy

sk |

Rauche anl

L o, L . L '

60 150 pLL) 240 300 180

Angle of farslon, degrasy

Flg.l. Potential onergy curve for 1,2-dichlereechane.




The minaba in this potential energy cuxve corraespend Sto
the stabis staggered conformations of the molecule which
are the rotamers. The difference in energy betwean the
minima Ls the enbhalphy difference between the Laomers,
and the Alfference between the nelghbouring maxima and
minima is the potential barrier hindering the rotation.

Rotatjional isomerlsm of thie kind is now basic¢ in theories
covering large arcas of chemistry, ingludlng the
conformational analysis of acyclic structures and the
physlcal propertiss ¢f polymurs. The phenomenon also has
conslderxable importance in proteln chemistry. where the
coiling and uneelling of polypeptide chains play an
important role in blolegical systems. Hence, provided the
barrier <to rotation about a certain bond in a molecule is
sufficiently high, separation of reotatichal isomers should

be pozsible. Intramolecslar aovementa with activation
energlies of 3-16 kecaismol (! keal = 4.184 kJ} are o fazt
that the resulting Jlsomers cannct be isolated at room
zeaperaturs, In general, resolution of isomeérs separated
by an energy barrier »f ca. 17 kcal/mol or greater is
phiyglcally posaible. For example, at least bthree hindered
rate procaegses occur in compounds llke 1 (Brelliere and
Lehn, 1966):

_COR

-
2.
&

~COo,R B




Tuo of these processes are hindered rotations about the N-
CO2R  bonds and the third is a ring inversion process.
These authors did not akvempt to resolve any of these

conformational isomers.

A direct and Lnteresting consequence of rTestricted
internal rotation is chirality. Many compounds
have w0 asymmetric carbon atom yet they have a chiral
structure. The most common examples of chiral molecules
without asymmetrie carbon atoms are ortho-substituted
biphenyl derivatives. like 2:

NG, GOzH

<0

Hog Ny

2
Since the two rings cannot lie in a common plans there is
no plane of symmetry, hence the enantiomers are optically
active. Enantiomers wmay even result from a reversal of
helicity in compounds liks 3:

@)

Me Me

3

The  factors which govern the activatlon energy £or
rotation about chemical bonds are wanifold, and of prime
importance when it comes to understanding molecular
conformation and attempting to isolate posaible rTotamers.
No attenpt was made to analyse all aspects of

conformational stereodynamics in the present work.
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internal rotation are as outlined below:

iy to gain a  beatter

structure and conformation

underatanding

(ii) to master some of the methods used
conformational analysis
(iii) to examine, both theoretically and
conformacional isomerism in model
these listed below:
N 0,
G o]
H
HE OCHy
H,CO CHy

of this project on cenformational

analysis

of

in modern

experimentally,

systems such as

NO,

of

molecular




(iv}

to perform stereodynamical molecular mechanics

caleculations on & subset of such molecules, and

to discuss the stereo-igomsrisms and describe some
of the novel stereochemistry which result from
restricted internal rotation.
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(iv)

to perform stereodynamical molecular mechanics
caloulations on a subset of such moleculss, and

to discuss the stereo-lsomerism and describe some
of the novel stereochemistry which result £from
restricted internal rotation.
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CHAPTER 2

HISTORICAL REVIEW OF INTERNAL ROTATION

2.1 Introduction

Atoms in molecules are held together by electrostatic
interactions between nuclsi and alectrons. Chemical bonds
are a manifestation of these interactions. In a compound
in which two carbon atoms are joined by a single bond. and

rotation occurs, the substituen! - dttached to the
cazbon atoms can assume an infinite nwuwber of positions
relative to each other. The various conformations,
corresponding to the relative disposition of the
substituents during votation around  the ocarbon-carbon
1ink, are not all of the same energy. Depending upon the
natuxe of the substituents, one or mgre of the possible
arrangements would correszpond to minima in the potential
energy of the system. The varlous shapes which a molecule
can assune by means of free rotation agound a bond are

known &s conformations of the molecule (Orville-Thonmas,

1974), Conformational . analyzls is concerned with the
detalled arrangsment in space of the atoms comprising a
molecule. Clearly, therefora, Llnternal rotation has
important consequences for molecular structurs and

dynarlce, making it an old, yet new field of research.

The sclentific literature relating ko internal rotation is
enormouy and inciudes many excellent reviews and books:
Mizushina (19854}, Wilson (195%), Lowe (1988), Wilson
(1972), Orville-Thomas (1974), Listexr et al. (1978) and
Long {1985}, The Lirst concephts of stereochemistry were
put forward by Van't Hoff and Le Bel in the latter part of
the nineteenth cenbury. Yan't Hoff postulatad a
tetrahedral model for the bonds assoolabnd with a
gaturated carbon atom (Long, 198B8). He made one further
great contribution to the theory of sreredchemlistry. In
his view, free rotatlon could ogcur around any carbon-




carbon single bond. but free rotation around a double kond
was restricted (Long, 1985). As time paseed, the concept
of free rotation around single bonds became suspret, as
indications were obtalned that in many compoun s E£ree
rotation was restricted and that the molecule existed to a
greater or lesser extent as a numbar of preferred

rotamers.

An  impoxtant characteristic of a potential function for
internal rotation is tha height of the barrler. In 1936,
Kemp and Pltzer estimat?d the barrier height in wathane to
be 3.15 koal/mol, wusing third-law entropy effects from
calorimetric data. The recent accurate value {s 2.90
kcal/mol obtained by Hirota and others (197%), using
micraowave spectroscopy. Soon after the work of Kemp and
Pitzer it became apparent that rotation about singile bonds
ig ia fact restricted in many molecules. However., the
barrlers are only of the order of a few kcai/mol and are
not large enough to permit chemical isolation of rotamers.
A barrier of about 15 kcal/mel is reguired to allow
isolation of rotational isomers at room temperature {Long.
1985), Although the barriers to free rotation are small,
the exietence of rastricted rotation has been found to
have far reaching implications ter chemistry. A wide
variéty of mnethods has been developed for the study of
this phenomenon, and the physical origin of the
restricting barriers has proved a stern test of
theoretical chemistry (Orville-Thomas, 1974; Morine, 1985:
Hirota, 1985 and Pitzer, 1983).

In 1957, Wilson published a paper on the origin of
potential barriers to internal rotatlion in molecules. The
concluslon to which the arguments lead was that potential
barriers to internal rotation, at least in the case where
oné¢ group carxies only hydrogen atoms, must in some way be
an inherent property of the axial bond Ltself and not due
in any substantial measure to diract forces between the
attached atonmsa, Pauling (19568) devaloped a simple theory

EREHTRER RS WG

R




carbon single bond, but free rotation around a double bond
was restricted (Long, 1985). RAe time passed, the concept
of free rotation around singie bonds became suspest, as
indications were obtained that in many compounds £ree
rotatfon wae restricted and that the molecule existed to a
greater or lesser extent as a number of preferred

rotamers,

An important characteristic of a potential function for
internal rotation is the helght of the barrier. In 1936,
Kemp and Pitzer estimated the barrier height in ethane to
be 3.1% kocal/mol, using third~law entropy effecte from
calorimetric data, The recent accurate value dis 2.90
kcal/mol obtalned by Hirota and others (1979), useing
nicrowave SpectToScOpY. Soon after the work of Kemp and
Pitzer it became apparent that rotation about single bonds
ie in faot restricted in many melecules, However, the
barriers are only of the order of a few kcal/mol and are
not large enough to parmit chemical ileolation of rotamers.
A barrier of about 185 kcal/mol is required +to allow
igolation of rotational lsomers at room temperature (Long,
1985). Although the barriers to free rotation are small,
the existence of restricted rotation hag been found to
have far reaching implications for chemiastry. A wide
variety of methods has been developed for the study of
this phenomenon, and the phyeleoal origin of the
restricting barriers hag proved a stern test of
theoretical chemistry (Orvilie-Thomas, 1974; Horino, 1985;
Mirota, 1983 and Pitzex, 1983).

In 1957, MWilson published a paper on the origin of
potential barriere to intsrnal rotation in molecules. The
conclusion to which the arguments lead was that potential
barriers to intexnal rotation, at least in the case whexe
oné group carcies only hydrogeh atoms, must in some way be
an inherent property of the axial bond itself and not due
in  any substantial measure to direct forces between the
attached atoms. Pauling (19568) developed a simple theory
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for these potential barrlers. Agcording to his theory,
the potential barriers are not & property of +the axlal
bond itself, but result from the exchange interactions of
electrons fuvolved 4n the other bonds (adjacent bonds)
formed by aach of the two atoms, ay determined by the
overlap between the parts of the adjacent bond orbitale
that extend from each of the two atoms toward each other.
However, recent developments indlcate that this approach
advocated by Pauling is not really tenable, although it
hae an intuitive appeal to many chemists (Lowe, 1973;
Lister et al. 19787 Dunlap 1986). Other points of view
have been taken in’ sttempts to understand interpa)
rotational barriers, and extensive references to these may
be found in the reviews by Dale (1966); Lowe (1968) and by
Payne and Allen (1977).

If the rotational isomerism in a certain molecule differs
signlficantly f£rgs that in related molecules it is wusual
to seek an explanation In terns of intramolecular forces
which are present in the molecule, In doing this it is
assumed that the conformational energies and barriers can
be expressed as sums of terms due to different types of
forces. Apart from the usual “"barrier forces” other types
of forces which may be invoked in special situations
include:

1. double bond character due to resonance

2. hydrogen bonding

8. stexlic repulsion.

Double bond character 4is particularly dimportant in

@ltuations whers a 3ingls bond ocours between two double
bonds, such as Ln the bloyclic ester, 4, below
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Foim

4

The barrisr to internal rotation sbout bond a in most
simple esters is between & and 12 kcal/mol, whereas the
barrier about bond b is about 1 kecal/mol and largely
threefold (Jones and Owen, 1973).

Intramolecular hydrogen bonding has bheen used to explain
conformational behaviour and energies in molecules ranging
from eimple acids and aloohols to large and complicated
systems suoh as proteins, nuclelc aclds and carbohydrates.
Intramolecular hydrogen bonding between nitro and hydroxy
groups 3in the norbornyl system, - B, was investigated by
Boeyens, Dennax and Michael (1984). In conformational
terms, the orientations of both the nitro and hydroxy
groups were rather aurprising, but underatandable in view
of the hydrogen bonding.

Cl CN
Cl

OH NO,

Steriv repulsions oceur when two atoms are saparated by a
distance less than the sum of their van der Waal's radii.
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and are ~ipected to play an important part ip determining
rotationay isomerism and barriers in instances where bulky
atoms or groups are attached to the atoms of the bond
about which internal rotation is taking place. The first
compounds for which rotational isomeriem wasm ehown to
ococur aere substituted derivatives of hiphenyl, where
sterl- interactions between the side groups are so large
that lnterconversion of conformere at room temperaturs is
not possible., Christie and Kenner (1922) succesded in the
resolution c¢f the two optically active isomers of 2,2'-
dinitrodiphenyi-6,6'-dlcarboxylic acid, 6.

O

HOL NO,

2.2 Dynamic Nuclear Magnetic Resonanse Spectrogsco

One of the methuds rapidly emerging as the mos% powerful
tool to study barriers to rotatlon and rates of rotameric
interconversions in solution is the method of dynanmic
nuclear maghetic resonance spectroscopy {(DNMR}. Although
this projact deals with the erystallographic and
computational parts of internal rotation, it lg felt that
a brief description of DNMR would be in order. Numerous
articles and vraviews deal with thls area of chenmistry:
ki (1988), Xeasler (1970) and by Rubiralta (1988).
Briefly then, £rom the coalescence of regonances, rate
data and the free energy of activation for the exchange
can be caloulated. Gutowaky and Helm (1986) solved the
Bloch eguation and obtained equation (L), which affords
the rate congtant (k.) of the # shange at the ocoalescence
tenperature (Tu), where delta L8 the difference in
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chemical shifts of the two sites with egual populations.

ke AV 1

=
VE
If this rate conatant subatituted into the Byring
eguation (2), the free asnergy of activation (3) is
obtained for the exchange.

Ky, ~AG
k === ex; 2
h P T RT
Thus:
AG=457T[997+|egI‘°—] 3
i Tet AV

The coaigscance method described above affords the free
energy of activation at one temperature, T.. To gain
further insight into the exchange process, it may be
desirable to perform a complete lineshape analysis.

2.3  Generxal) Examples of Regtricted Rotation

In a search for isomeriam du¢ to restriction of rotation
of neighbouring aromati¢ rings, several gls-1,2-di(p-
gubstituted phenyl)ayclopentanes, 7, were investigated by
Curtin and Dayagl (1964).

() [ ) e
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NMR @atudies showed@ that the phenyl vrings in thene
compounds rotate rapidly on the NMR time mcale at room
temperature. The =aame authers later published work
dealing with gis-l-mesityl-2-phenyl-cyclopentane, 8, which
was found te undergo alow rang rotation with a bharrier of
11 kecal/mol {Curtin and co-workers, 1971). The important
factor ralevant to the observed low barriers of 7 and 8.
i not the staggering of aromatic rings in the vrotational
ground state, but the fact that the five-membered ring is
torsionally soft. Miller and Curtin (1976) Leolated the
rotaners 9 and 10, with a barrier of 25.6 keal/mol
hindering the interconversion. Therefore gusseting the
five-nenbersd ring {rather than further increasing the
rotor s#lze) was predicted to increase dramatically the
rotational barrier of adjacent aryl groupe.

8r

-~

Br Br
9 10

The effact of wing size on restricted inter-annular
rotation in biphenyl-like molecules iike 11 and 12, was
investigated by Haywood-Farmer et al, (1871). The NMR
spectra of both tompounds at ambient tempoerature ahowad
that the signsl for the methyl protons in each compound
were separated into two lines. This occurrence of two
methyl slgnals wap asaribed to the presence of two
diastersomers in elther the gis or trang arrangement.
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The caleulated barriexs were 21.8 and »25.6 koal/mol for
11 and 12, respectively. In 1981, Willen and co-workers
published a paper an the static and dynamic
stereochemistry of tetra-o-tolylceyviopentadiencne, 13, as
examined by “opological approaches.

DNHR spectra revealed two coalescénce regions, below and
above room temperature, ascribed to two different modes of
rearrangenent. The low-temperature Goalescence was
aggigned to an uncorrelated one-ring rotation of an alpha-
aryl ring while the high temperature coalescence was due
to an uncorrelated one-ring rotation of a beta-ring. A
barrier in the region of 23 keal/mol was found. An ¥-ray
crystal structure determined by Nishinaga et al. (1978) on
2,5-di-tertbutyl~3~(4~chlorophenyl)cyclopentadienone
showed that the aryl ring is nearly perpendicular to the
central ring.




Oki (1976) presensed a study of unusually high barriers
invelving the tetrahedral carbon atom, He found that high
barriers to vyotatlon appear to require not oaly high
energy transition states of rotation but ad:no low
potential energies in the ground state. A high potential
in the transltion state ls freguently associated with a
high potential in the ground state, but thie neceasarily
lowers the barrier to rotation. Siddall apd Stewart
(1969} ware able to concentrate one rotamer of 9-(2-
methyl~-!-naphtyl)fiuorene, 14, up to >90% purity and
another to 58% purity by fractional crystallisation. The
free energy of activation was found to be 29.2 kcal/mol.

“

Nekamura and Oki (1974) pucceeded in isolating the purse
rotamers of 15, with a reporved barrier of 2% kcal/mol.
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Introdustion of & methyl group in position I of the
£luorens nucleus  appears to railse  the barrier
considarably. Ford et al. (1975) isolated compound 16, in
two forms and the free enargy of activation was estimated
to be 33.3 keal/mol. :

16
hRdams and Yuan, in their review on the stereochemistry of
biphenyls in 1933, pointéd out that suivably substituted
o~terphenyls should be capable of existing as isomars.
Huang in 1954 synthesised 2,2"-di{methoxy-o-terphenyl, 17.
and then in 1959, 2,2"-dichloro-o-terphenyl, 18, in an
attempt to substantiate this postulate, but was unable to

isciate separate isomers.

QMe O OMe Gl ‘ cl
é \% © ©

17 18 19

In & paper publlished in 1980, Mitchell and Yan reported
the measurement of rotational potential barriers for 2,2"~
dimethyl-o-terphenyl, 19, and a number of 3,3"-~substituted
examples, A barrier of 15 kcal/mol was found for 19.
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Hammerschmidt et al. {1980) reported the barrier for bis-
o-terphenyl, 16.1, to be 18 kcal/mol.

16.1

An X-ray crystal structure analysis was performed on o-
terphenyl in 1878 by Aikawa and Maruyanma. The two phenyl
groups were reported as twisted in the same direction with
respect to the cenfral ring, The dihedral angles between
the mean plane of the central ring and those of the two
phenyl rings w®sze 62.1 and 42.5 degrees. This was
followed by a neutron diffraction study by Brown and Levy
in 1979. One of the rings ils twisted 42.1 and the other
62.1 degrees. The inter-ring angles are opened to 123.6
and 123.0 degrees. A ground ztate conformational analysis
has been carried out on p-, m-, and o-terphenyl using a
recently developed semi~empirical calculation methed (CS~-
CINDO) by Baraldi and Ponterini (1985). The potential
energy surface was calculated as a function of the torsion
angles of the tws terminal phenyl groups relative to the
central one. Their results showed two conformers for p-,
and nm-terphenyl &nd anequilibrium conformation for o-
terphenyl of phi(l) = phi(2) = 48 degrees. This is quite
different from the wrystal geometry. Maybe it is
analogous to the alassical example of biphenyl. where the
twist angle betwesn the two phenyl rings is about 40
degrees in the gas phase and 0 degrees in the crystalline
phase (Simonaetta, 1974: Bastiansen and Samdal, 1985 and

refarences therein).

The twisting effects in polyphenyl benzene derivatives




have always been a point of interest. Bart (1968)
performed an X-ray single crystal analysis on
hexaphenylbenzene, 20. The peripheral rings are not
perpendicular to the cvntral ring but are twisted by about
25 degrees from thia position. The molecule 18 highly
distorted as the result of out-of-plane bending of the
exocyclic bonds. The result from electron d&iffraction
(Almenningen et al.,, 1968) gave an interplanar angle of 90
degrees.

20

Iroff (1980) performed empirical force field calculations
on hexamethylbenzene, 2:, to elucidate the internal
motions of the methyl group. When the benzene ring was
gonatrained tv be planar, the methyl groups went through a
geared, disrotary movement with a barrlier of between 1.6
and 1.9 koai/mol, A recent caleulation with the Boyd
force field found & barrier of 2.4 keal/mol for strictly
synchronous, geared rotation (Maverick, Trueblood and
Bekoe, 1978). These authors ascribed the apparvent
planarity of the hexamethylbenzene in the erystal
structure to dynsmia disorder.




- 20 -
Me
M Me
Me: Me
Me
21
Blount, Hunter and Miglow (1984) reported the

sterecdynamics of ethyl group rotation in coordinated
hexaethylbenzens, 22, by mneans of e¢rystallegraphy and
DNHR. The crystal structure is disordered, which is not
surpriging in view of the uvp-down alternation of ethyl
yroups actually observed in hexaethylbenzens, This 1is
only one of eight poesible arrangements in which the ethyl
groups are Jocated on one side or other of the benzene

ring plane.

Et
Et Et
Et Et
Et
22

In 1983, Siege! and Mislow published experimental evidence
for & high barrier to internal rotation in
hexailsopropylbenzene, 23. The six laopropyl groups form a
tightly dinterloching tongue-and-groove arrangement by
virtue of cooperative nonbonded repulsions. To measure
the isopropy’l group rotation barrier, of ca, 22 kcal/mol,
the ground-state symmetry of 23 was lowered by
complexation wlth a transition nmetal. These tindings
indicated that 23 exhiblts conformaticnal rigidity and
suggasted ths poseibility of separating c¢yeclosnantiomers.
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The «ommunicatlion was followed by a full paper {Slegel et
al., 1986) on the static and dynanic stereochemistry of
23, o gear-meshed hydrocarbon of exceptional rigldity.
Crystallographic orlentational disorder around the
molecular six-fold axes waa modelled with the help of
simple structural and geometrical oonsiderations. The
relative energles of the nine conformers of 23 were
estimated by molecular mechanical calculations.

i-Pr
i~Pr, i-Pr
i-Pr. i-Pr
i-Pr
23

Coupled rotation of two or more parts of a molecule often
becomes energetisally wore feasible than Aindependent
rotation of a single group.

In many cases, torslonal motion around single bonds is one
of the most effective modes of transmitting sbtructural
relaxation. Typlcal exanmples may be found in the stable
atropleomers of bridgehead~substituted triptycenes (Kawada
and Iwamura, 1983; Hounshell et al., 19B0; Blurgl et al.,
1983; Kawada, Okamoto and Iwamura, 1983 and Yamamoto and
Okl (1981). Yamamoto and Oki (1986) investigated intesrnal
rotation in 1,3-ditert~butyl-9-(3,8~dimethylphenoxy)-
triptyceane, 24, by neapns of low temperature NMR, This
study revealed restricted rotation of the Il-tert-butyl
group with an energy barrler of 9.2 kcal/mol, c-~-0
restricted rotation oocurs above room tamperature with an
energy barrier of 17.6 kecal/mol.




Kawada et al, (1983} studied stwreoisomerism in molecular
ievel-gears. The rotational motions around the two C-X
bonde at the bridgehead of molecules {9-triptycyl)a X (X=0
or CHz) are rapid and disrotatorily coupled. These
authors were able, by labelling one of the benzene rings
on each triptycene unit in these triptycy! comrpounds, to
generate new sterecisomers due to bthe 4different phase
relationship between the labelled rings. Resolution of
the dl-isomers of bis{2-and 3-~chloro-9-triptycyl)-methanes
and ethexs into the optical antipodes was achieved by HPLC
usdng a column of silanised silica gel coated with ohiral
poly(triphenylmathyl methacrylate). The elestrostatic and
hydrogen bonding effects on the rotamer distr..,ution in 1~
oxy-substituted 9-(l-methoryethyl)triptycene, 25, uwere
studied by Yarmamoto, Tanaka and Oki (1983). They
concluded that hydrogen bonding effects are the crucial
factors governing the rotamer distribusion.

CH,
H OCH,

H,

=
N

OCH,

25
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In the course of work on the conseguences of strain for
the structure of aliphatic molesules, Richardt and
Beckhaus (1985), were able to isolate two rotamers of d&,1-
3,4=di(1~adamantyl)-2,2,5,5- tetramethylhexane, 26, this
being the first isolation of a2 vrotamer paixr of an
aliphatic hydrocarbon. Structures of the two rotamers of
26, with important bond lengths (pm) and angler (degreecs)
derived from orystal structure analyses are shown below:

26

The two conformationally stable rotamers could even be
separated by manual crystal selection.

Ermer <1983} studied the conformational inversion of
tetraisopropylethylena, 27, via a no cogwheel (gearing)
sechanism with an tnversion bavrier of 17 koal/mol. With
the help of molecular mechanic¢al oalculations, he was able
to map the dinterconversion pathway, which proceeds
stepwise such that the four {svpropyl groups rotate
consecutively via three intermediate minima,

N e

C =

><H Hé‘ o H/K H><

27
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Pinkus and Kalyanam (1978) presented results on the cis-
trans tsomerisnm in bis(trihalogenoacetyljipolymeihyl~-
benzenes, 28, vresulting £rom restricted rotation about
carbonyl groups. NMR evidence suggested an angle of 90
degrees between the plane through the carbonyl group and
the mean baenzene plane. The free energy of activation
was determined as 18.8 keal/mol.

CH; CH,
X,C o
o /
/ Nex,

o
CHy tH,

28

Nugiel et al. (1984) investigated correlated rotation in
2,2-dinmesitylethenols 1iike 29, Diasryl- and triazylvinyl
gystems exist in a propelier conformation. Correlated
rotation in molecular propellers is commonly analysad in
terms of f£1ip mechanisms, involving helicity reversal.
They concluded that the threshold rotational mechanism of
29, is the beta~ring £lip which exchanges the two palrs of
dlastereotople groups on the bets ring and has a barrier
of 10.4 keal/mol.

O

H
Yy

N Non

29
Yang. Richardson and Dunitz (1985) gtudled internal
molecular meotion as & fororunmer of a phase changs
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lnvolving conformational isomerisation. They accepted the
notion that the vibrational behaviour of a molecule in its
electronic ground state is related to the pathways for its
unimclecular reactions as intuitively appealing. In their
paper they described varlable temperature X~-ray
diffraction results that wshowad & connection between
internal molecular motlon and the conformational
isomerisation for the dimethyl-3,6-dichloro-2,5~
dihydroxyterephthalate, 30.

cl OH o
H,C
PO
o/ \OCH,
OH <«

30

Residual disstereoisomarism in a maximally labslied
trisrylamine, methyl N~(biphenyl=2-yl)-N-(l-naphthyl)-

anthramilate, J1, was demonstrated for the first time by
Glaser, Blount and Mislow {1980}, The two stereoisomers
were obtained by manual separation of crystals, and their
structures were determined by X-ray analysls. All single-
atep stereoisomerisations of these aystems involve
correlated torsional motion of the three rings, resulting
in & reversal of propeller helleclty. 1In 1976, Mislow gave
a full agcount on the stereochemical consequences of

correlated rotation in molecular propellexrs.
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Hayes et al. (1980), in the course of their studies on

molegular propellers, used empiricel force £lela
calculations to estimate the energy reguirements for
enantiomerisation of compounds in which three mesityl

groups are attached to a common center, The strugture of
perctilorotriphenylanmine, A2, was determined by X-ray
analysis. Partial re-.olution was achlevead by

chromatography on microerystalline vellulose triacetate.

The rvacemisation bavrier was caltulated to be 28.0

keal/mol,
cl
ci Cl
(1] Cl
cl
Cl
Ci :
Cl

32

Finoecchiazo et al., (1980} dealt with the static and
dynamic stereochenmlstry of propellex-like nmolecules. In
order +to have more informatlon on the ground state

. '_ ' geometzry of 9-mesityl-9,10-dihydro-9-boraanthracene, 33,
gt thoy turnad to an X-ray dtructure determination, From




DNMR expariments, they were able to calculate a barrier of
12.9 kcal/mol for the B-C rotation in 33.

Hy FH;

33
A lesgs direct, but possibly more general apprbach to
extracting dynamic information from crystallographic data
is known as the structurs-correlation method (Biirgi and
Dunitz, 1983). The basic assumption behind the structure-
correlation method is that & distribution of sample points
currespo- 'ing te observed structures will tend to be
cancentrated in low-lying regions of the potential energy

surface.

In this brief account of the role of hindered {nternal
rotation in organic compounds. exapples have been
considexed from a variety of compounds. Much interesting
work has also bemen carried cut on molecules by means of
microwave spectroscopy, @&ipole measurements, relaxation
methods, kinetics and various sgpectroscopic methods.
indeed, with increasing computer facilities, the tilme may,
be close that quite accurate structural data mray be
derived for macromolewules based on the experimental

findings for the constituent monomeric entities.

In voaclusion it should be noted that the considerable
interest that scientists have in the details of the
wmolecular structure of sinmple compounds, may be
apprecisted when one c¢onsiders that the same forces which
dictate the preferred conformation of N-methyl acetamide
probably contribute substantially to the siructure of the
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alpha-helix found in pruteins.




CHAPTER 3

EXPLORATORY STUDIES

3.1 Iptroduction

In the course of this study on internal robtation.
conformation in different physical states, and potential
barriers, numerous crystallographic studies of organic
and organo-metalilc compounds, of which only a few are
reported in this thesis, were examined. The purpose of
investigating such a variety ot structure determinations
wag firstly to become familiar with the fundamentals of
arystallography, and secondly, to provide an in depth look
at the fascinating subject of molecular confernation. Any

crystal structure corresponds to s £réc  en.Igy  minimum

which can usually be identified with a poteniuial energy

minimum. An additional entropy term must be included for
disordered structures. Many conformations of a moleculs
may also be energetically eguivalent, or nearly so, and
one should be awarxe of the possibility of a number of
conformations appearing in different crystal structures,
or even in the same ¢xystal structure. Certain packing
modes are more favourable than others and this may lead to
a predominance of one conformation in a crystal structure,
while in solution a different conformation may be present.
Thus, the potential ¢nergy minimum represents a balance
between a wide wvariety of attractive and repulsive
interactiond. Hydrogen bonding is a very important force
governing molecutar conformation, and in the pages that
follow, & Few structures that exhibit hydrogen bonding
will be discussed,

3.2 The Styucture of Cis-4a,9a-@ihvdroxy-7-methyl-
1.2.98,4,42,9a-hexahyvdrox9(10H}~acridons
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EXPLORATORY STUDIES

3.1  Introdugtion

In  the course of this study on internal vrotatien.
conformation in different physical states, and potential
barriers, numerous crystallographic studies of oarganic
and organo-metaliis compounds, of which only a few are
reported in this thesis, were examined. The purpose of
investigating such a variety of structure determinations
was Eirstly %o become familiar with the fundamentals of
crystallography, and secondly, to provide an in depth look
at the fascinating subject of molecular conformation. Any
erystal structure ocoxresponds to a free energy minimum
which can usually be identified with a potential energy
minimun. An additional entreopy term must be included for
dlsordered structures. Many conformations of a moleculs
may also be energetically eguivalent, or nearly sa, and
one should be aware of the possibility of & number of
conformations appearing in different crystal structures,
or even in the same crystal structure. Certain packing
modes are more favourable than others and this pay lead to
a predominance of one ronformation in a crystal structure,
while in solution a different conformation may be present.
Thus, the potential energy minimum represents & Dbalance
betwesn & wide variegty of attractive and repulsive
interactions, Hydrogen bonding is a very important force
governing molecular conformation, and in the pages that
£ollow, a few structures that exhibit hydrogsn bonding
will be dlscussed.

3.2 The Structure of Cis-da,9a-dihydroxy-7-methyl-
1.2,3,4,4a.9a-hexahydro~6(10H)-acridone
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A hydrogen bond is & bond between a functlional group A-H
and an atom ox group of atoms B in the same or daiffarent
molecule. Hydrogen bond strengths are generally es_t.xmatsd
to be 5-10 kcal/mol per hydrogen bond. The structure of
cis-4a,%a-dihydroxy-7-nethyl~1,2,3,4,4a,9a-hexshydra~

9(10H)~acridone, OR24, was determined to establizh the
effects of hydrogen bonding on the conformation of the
molecule (Boeyens, Denner, Marais and Staskun, 1986).

0 on
HC
N
| oH
OR24

A vyellow, prismatic dingle crystal of OR24 was used for
the diffraction work, Preliminary MWeissenherg and
oscillation photographs indicated that the crystal waa
monoclinie, space group P2, /c. Accurate lattice
parameters were dJdetermined from 25 accurately measured
theta values on a CAD4 automatic Noniys diffractometer
{See experimental section in Chapter 8 £or operational
conditlona). The necessaxy  crystal data and

erystillographic information are outlined in Table 1.
Tables of crystallographic details, atomic cvordinates and
bond lengths and angles are liated in Appendix III. Three
standard reflections monitored every houx ahowed only
statistical fluctuations. The data were corrected for
Loientz~polarisation facters and absorption.

The etructure was #olved by direct methods wusing a
prerelease veraion of the program SHELXS86 (Sheldrick,
1985) and refiined by full-matrix least sguares, using the
program SHELX76 (Sheldrick, 1978). Some of the hydregen
atom# could not he lodated on a difference Fourier nap
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and were placed in caleulated positions. A conmen
Lsotropic temparature factor was refined for all hydrogen
atoms. The refined atomic coordinates are in Table 2, with
relevant bond lengths and angles in Table 3. Anlsotroplc
thermal parameters, hydrogen atom coordinates and observed
and calculated structure factors are listed in Appendix
II. The molecular structure and atomic numbering scheme
are shown in Figurs 2. A packing diagram, showlng the
hydrogen bonds, Ll depicted in Figure 3.

Fig.2. Helecular structure of OR24.

The caleculated geometrical parameters ara in agreement
with accepted literature values (Kennard et al., 1972),
The six-membersd puckered ring, A, has the symmetrical
flattened half-chalr conformation, @#H; according te the
parameters of pucker (Hoeyens, 1978); phi = 95 degrees,
theta = 49 dagrees, with an amplituds ¢ = 0.41 angstrom.
The cyclchexanz ring, E, is in the chair conformation ‘Ca,
with puckering parameters; phi = B9 Qegrees, theta = 4
degreas and amplltude & = 0.57 angatroa,
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Fig.3. Packing diagram for OR24,

An interesting system of hydrogen bonds {(Figurw 3), four
in total, exists within she crystal. Two intramolecular

and two intermolecular hydrogen bonds can be identified.
A strong hydrogen bond (A, O{}1),..0(3) = 2,653 and
O(1)...H{2) = 2.066 angstrom} binds the ketone oxygen with
the alpha-hydroxy group. The second dintramolecular
hydrogen bond [B, 0(2)...0{3) = 2.748 and 0(3),..H{1) =
2.429 angstrom] is found between the hydroxy groups of the
¢is-diol. Furthermore, two moleculey are held together
across a ¢entre of symmetry by the dimeric hydrogan bond
{C, 0(2)...N = 3.048 and 0{2)...H = 2.103 angstrom]. The
fourth hydrogen bond {D, O(1)...0(2) = 2.905 and
O(1)...H{1) = 2,012 angstrom} oceurs betwesn two adjacent

molecules in the crystal lattice, located at esguivalent
positions x,y,z and ~x,y+0.8,-2+0.%, It is intereating to
note that O(1} forms & bifurcated hydrogen bond, through
H() and H{2) as intramolecular and intermolecular
interactions respectively. This is a govd example of how
intramolegular hydrogen bonding san effoct the
donformation of a hydroxyl group.

3.3 The Structure of the lastam, OR43

Crystallography
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A suitable crystal of OR43I was mounted on a gl-9s £ibre
and attached to a goniometer. Approxinate ceil
parameters, c¢rystal system and the sgpace group were
deduced from osclllation and Weissenberg photographs. The
crystal was transferred to an Enraf Nonius CAD4
diffractemeter {See Chapter 8 for operational details),
equipped wich a graphite crystal monochromator and wusing
Mo-K(alpha) radiation. Accurate cell parameters were
obtained by refinement of 28 Lilgh order reflections. The
relevant crystal data and detalls of the orystallographic
analysis appear in Table 4. The collected intensity data
were covrected for background, Lp and abuorption.

Oy
k/g 7/
P
OR43

The structure was solved by direst netheds using the
program SHELXS86 (Sheldrick. 1988) and refined by £ull~
matrix leagt-sguares using the program SHELX76 (Sheldrick,
1978). The 18 non-hydrogen atoms were assigned
4nisotropic temperature facters during the last cycles of
refinement. Some of the hydrogen atoms could not be
identified on a difference Fourler map. These hydrogen
atons were placed in caleulated posiftilona and an overall
igotropic temperature factor was assigned to all hydrogen
atoms. The £inal atomic coordinntes appear in Table 35,
and the bond lengths and angles are listed in Table 6.
The supplementary material, calgulated and observed
structure amplitudes, thermal parameters for non-hydrogen
atoms, and fractional atomic coordinates For hydrogen
atows, appear in Appendix II.

- cag -
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Results and Disgugsion

A stersoscopi¢ drawing of OR43 showing the numbering
scheme is depioted in Figure 4.

Fig.4. HMelecular Structure of OR43.

The observed structural paramdters agree well with that
observed elsewhers (Kennard et al., 1972). The £ive-
membered ring [N-C{12)-C(4)-C{5)~C(6)] has puckering
parameters of Q = D.0l angstrom and phi = 71,2 degrees.
The seven membered ring {N-C{6)~C{7)-C(8)-C(9)C(10)-C(11)]
is in the C4 conformation with puckering parametexrs: Q(2)
= 0.40 angstrom, phi(2} = 41.4 degrees and Q(3) = 0.64

angstrom, phi(3) = 76.0 degreesa,

There are two lntramelecular hydrsgen bonds. The first ia
between 0(1) and OH [0(1}...0(2) = 2,964 angstrom and
O{1)...,HO = 2.898 angstrom. This is a weak hydrogen bond.

The second hydrogen bond is betwsen the amide oxygen and a X
hydrogen atom on the aromatic ring [0¢(3).,,.H{131) = 2,242 - a‘"
angstrom). The packing of the molecules in the crystal is i PR
strengthened by a strong internolecular hydrogen bond, as o 7
is depleoted in the packing diagram of OR43 in Figure 5.
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Fig.5. Pncking diagran of OR43. All
(except hydioxy! proteon) have
clarity).

The strong intermolecular hydrogen bond is between the
hydroxy)l proton and fhe ketone oxygen atom [0{2)...0(3) =
2.759 and 0(3)...HO = 1,809 angstxon].

3.4 he Structure of R*,38%)-1~-Nitrotr glo-
2,2.1.0%+%)~heptan~3-0l

The strain, nitro group conformation and hydrogen
bonding characteristics of (I1R*,35")~l-nftrotricyclo-
{2.2.1.0% 4} -heptan-3-0l, OR03, were investigated by means
of single c¢rystal X-ray analysis (Boeyens, Denner and
Hichael, 1986).

H

NO,

OROB
Bioyolo(2.2.1l)hepranes provide a popular and readily
accessible slass of compounds in which interactions
between appended funcbional groups may be examined free
#rom bthe conformational compllcations that arise when
systems contalning less rigid skelebons are studied. Qur
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own interest is in the hydrogen bonding capabilities of
less common donor or accepter groups attached to the
bicyclo[2.2.1]heptane framework.

Crystals of ORO3 wers grown by 8iow diffusion of hexane
vapour into a solution of the compound in vhlorcform. The
arystal used for data collection wag a colourless prism.
The sapace group and preliminary lattlce constants were
obtalned £from oscillation and Welssenberg photographs.
Data were collected on an Enraf Nonius CAD4 diffractometer
with Ho-X(alpha} radlation monochromated by a square
graphite crystal. The necessary operating conditions used
for the CAD4, are discussed in Chapter 8. The relevant
crystal and data collection parameters are given in Table
7. The structure using the SHELX76 (Sheldrick, 1978)
routine for centrosymmetric structures. The best set of
signa, in terms of figures of merit, produced an E-map
showing all the non-hydrogen atoms of the three molecules
in the asymmetric unit. Their positions and ingividual
isotropic temperature factors were adjusted by cycles of
full-matrix least-uquares refinement uging SHELX76
(Sheldrick, 1878). In the final @gycles, anisotropic
temperature factors were assigned to all non-hydregen
atoms. A few hydrogen atoms could be located from a
difference Fourier synthesis. The remaining hydrogen
atons, except.for those of the three hydroxyl groups, were
placed in calculated positions., The lsotropic temperature
factor of all the hydrogen atoms was refined as a single

parameter.

The £rartional atomic coordinates and bond ler~ths and
angles are given Ln Tables B to 9. Anisotropic thermal
parameters, hydrogen atom coerdinates and caloulated and
observed astructure factors appear in Appendix II, Figure
6 shows a dlagram of the asymmetric unibt in the structure
of OR03, as well as the nurbering toheme used.




Fig. 6, The asymmetric unit of ORG3. Thermal ellipsoids
are at 50% probability.

The three mplecules of OR03 (labelled A, A' and "" for
convenience), linked sequentially by OH...0H hydrogen
bonds, form the asymmetric unit. The hydroxylic protons
did not appear during refinement, and their location In
the hydrogen bonds is inferred from parameters to be
dizcussed below.

Holecule A in the asymmetric unit belongs te one
enantiomeric series, while A' and A" belong to another.
The gecmetries of the three molecules are not quike
identical, the blggest discrepancies (up to 0,06 angstram
in C€=C bond lengths, and 4.3 degrees in bond angles)
ecourring with molecule A, The cyclopropyl rings in all
three mnoleculed approximate eguilateral triangles. In
£act, the only nobeworthy differences between the three
molecules in the asymmetric unit relate to the gaomeiry of
the nltro-groups. While those in molecules A’ and A" are
symmetrical (average N-0 bond length., 1.216 angatron).
that in molecule A is noticeably unsymmetrical [N-0(2) =
1.269{8) angstrem, and N-0(3) = 1.172(7) angutrom). At
the same time, the temperature faotors £or the oxygen
atoms 1in this group are substintially the largest in the
whole svstem, dindicabing possible rotational disorder.

Mg
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The
the crystallographic (110) plane; both the a and b axes

plane of the nitro-group in A nearly coincides with

are very much shorter than the ¢ axis, and thus the much
amaller number of data points collected in this zone leads
to less precision in the refinenent, The pronounced
elongation of the thermal ellipsoids of the oxygen atoms
in the ¢ direction are consistent with some rotary motion
of the nitro-grouj. though why the phenomenon should be
manifested with mclecule A slone is unclear.

A more fascinating feature is the arrangement of nmolecules

within the crystal {(Figure 7).

BRI 5 By TR s P R S B
stoms have been omitted for clarity.
From the short O(1)...0(1) distances (O(1).,.0{(1') = 2.708
angstrem, O(1"},..0{1) = 2.678 angstrom), we infer that
hydregen bonding between alcohol groups fs the chietf
intermolacular force which dictates the mode in which
molecules pack. The distances guoted all compare well with
the maean O0...0 adistance of 2.772 angstrom Eound in a
statistical analysis of 45 crystal structures containing
196 OH...0H hydrogen bonds (XKroon et al., 1975). Moet
significantly, in terms of the aims of this study, there
are no OH...DzN interactions whatsoevaer. The hydrogen
bonds show the thermodynamically favourable “cooperative
effect” in that they 1link up to forn infinite
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(...0H...OH...) chains (Jeffrey and Takagi, 1978). 'The
chains, four per unit cell, are propagated in the b
direction: when viewed down the b axis, each chain can be
sesn ko curve around in a helix of triangular cross-
section. The sequence of the molecules in the helix 1is
A...A'.,.A", and each asymmetric unit goes on to associate
only with its neighbour in the same symmetry position of
the contiguous wunit c¢ell in ¢the b direction. The
arrangement of hydrogen bonds with respect to  the
connecting O0-C bonds, shown schematically in Figure 8,
displays » systematic dissymmetry, consistent with a set
of interagiion vectors of uniform orientation aleng the
«+.OH...OH...0H... helix.
o) )

7 S ; $
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Fig.B. Schematic diagram showing the hydrggen bonds in

On the usual VSEPR assumption that the presence of lone
pairs on an atom causes steric compression of other bond
angles around that atom. the small angle at each oxygen is

intecpreted to represent the angle CG-O-H.

In order to achieve the compact structure shown in Figure
6, the nolecules pack into the cryssal in a complex
fashion. While molecules A and A’ lle to one side of the
hydrogen-bonded helix, A" lies bto the other side, In
(100) projection asymmetric units are percelved to stack
pairwise in the (0D01] direction, in a sort of triple-
decker sandwich, with two hydrogen-bonded hellxes acting
as  £illing betwsen three layers of tricyclohaptane
skeleton. The last point of interest concerns the
relative conformations of the nitro-groups and the

-
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¢yclopropane rings. In all three molecules the N
bond comes within & degrees of eclipsing the C(1)
pend, implying that the plane of the nitro-group  bi
the ©{2)-C{1)-C{6) angle. Cryatallographic precedent
this phenomenon already exists, and the Camb
Structural Database {November 1984 update) contains

structures possessing twelve nitracyciopropyl £rag
between thenm. Geometrical data are not retrievable
all of these compounds, but seven of the fragments

confornations that match the present example closely

et al., 1982; Beintema, 1976; Schenk andé Benci, 1972
Stam and Evers, 1965).
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3.5 The Structures of Two Indeno[1,2.,3-de-]quinolinones.

X-ray crystallography was used to determine the
state structures of ORO7 and OR12, two members of
guinolinone family (Denner et al,, 1985).

CH, ci
i @ CCIZ: LS
He N NNl
Cl : Cl ¢
ORo7 OR12

solid
the

Prelininary cell constants and space group information

were obtained by standard photographic techniques.

Refined c¢ell parameters and subseguent data colle
were recorded on a Philips PW1100 diffractometer. Cr
data and crystallographic parameters are listed in T
10 anéd 11.

The structures of OROT and OR1Z were solved using
direct methods package in the program SHELX76 (Sheld
1978).  The structures were refined by full-matrix 1
squares, eumploying anisotropic thermal parameters fo

etion
ystal
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non-hydrogen atoms and & common i@otropic ‘temperature
factor for =all the hydrogen atonms. The hydrogen atoms
that were not apparent on the difference Fourier maps
were placed in caleulated positions. To ensure msaningful
refinement of the structure of OR12, the C{12)-C{13) bond
length was constrained to a value of 1.%4 angstrom
rendering the esvimated standard deviation for this bond
statistically meaningleas,

Discusaion

The molecular struchures of OR0O7 and OR12 are shown in
Figuree 9 and 10, together with the ecrystallographic

nunbering schemes.

Fig.9. The crystal structure of ORO7.

Fig.10¢. The erystal structure of OR12.
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The atomic coordinates and bond lengths and angles are
listed in Tables 12 to 15, Anieotrople thermal parameters,
hydrogen atom coordipates and calculated and observed

structure factors are listed in Appendix II. The bond
lengths and angles for these compounds agree well with
accepted ilterature values (Kennard et al., 1972). The
structure of ORO7 is interesting in that it is

essentially planar, execept for the Cl(3)-atom which is
dleplaced from the molecular plane, owing to the sterie
repulsion of the wsubstituents on C(13) and c(is),
respectively. This relief of steric crowdlng can clearly
be seen in the packing diagram in Figure 11.

Fig.l1l. Packing diagram for ORO7.

The structure of OR12 is dictated by the conformation of
the ethyl group and the phenyl group bonded to C{3). The
two hydrogen atoms on C(12) are diasterotoplec because of
the hindered rotaticn around the N-C(12) bond, leaving
fhese two hydrogen atoms, H(4) and H{5), in magnetically
non-eguivalent environments, Any substitution on C(B8) is
sterically demanding due bto the presenve of three bulky
chlorine atoms as well ag an adjacent methyl group. Thus,
the only degres of freedom to reduce the strain in ORIQ is
torsional mobility around the C(3)-C(l4) bond, The
primary steric demand is interaction dbetween the phenyl
group and CIl{(1)} and C1(2). Therefore, the almost
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eguldistant non-bonded contacts for C(15)...Cl(1) and
C{19)...C1(2) of 4.20 and 4.23 angstrom, respactively, are
a good balance between these steric interxactions.

3.6 The St¢ructure of Tris{2-pyrrolidinone) Hydrogen

Tribromide

The reaction of the cyclic amide 2-pyrrolidinone with
bromine andé hydrogen bromide in methanol, produces a
compound of composition (CaH,NO)sHBrs, ORO5, (Boeyens,
Denner, Howard and Nichael, 1886).

ORO5

This compound, now commercially available, is a valuable
reagent for the bromination of ketones. Exactly how the
bromine is incorporated into the etructure of the compound
is. houaver, still only open to speculation. A
crystallographic investigation of the title compound was
done in order to clear up present uncertainties about the
structure, and also +to study the effects of hydrogen
bonding on the solid state satructure of OROS.

Dark-red distorted hexagonal prisms were used for the
alffraction stndles. Preliminary camera work indicated

appreclable decomposition on exposure to X-rays, and the

srystals also proved to be hygroscopic. A fairly large,
frashly recrystallised crystal picked from the batuh was
cut into a cube and then ground with a Nonius crystal
grinder into a sphere of diameter 0.11 mm. This erystal
wag gsealed into a Lindswann tube. Cell constants
initially obtained from MWeiassenberg and eseillation
photographs were refined from centred settings oi 25 high

theta-angle reflections an an Enraf  Noniug CAD4
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diffractometer using graphite-nonochromated MHo-K(alpha)
radiation. The relevant orystal and data collection
parameters are given in Table 16, and operating conditions
of the diffractometer in Chapter 8. .

The structure was solved by standard heavy-atom technigues
uslng the program SHELX76 (Sheldrick, 1878). The
positions of the remaining non-hydrogen atorns were
obtained from the first diffarence Fourier synthesis, and
were refined by full-matrix least-squares methods with
anisotrople temperaturea factors for the bromine atons
only. The hydrogen atoms weTe placed in caloulated
positions {(C~H and N-H = 1.08 angstrom) riding with awn

overall A-- elc temperature favtor. The final atomié¢
paramete 44 lengths and augles are given in Tables
17 to } i1es of obsarved and calculated structun

factors, as well as anisotropic temperature factors and
hydrogen #tom coordinates appear in Appendix II.

The asymmetric unit of OROS, consisting of three
pyzrrolidinone molecules ({labelled A, A' and A" for
convenience), a hydrogen-bonded proton, and an
ipiisputable tribromide ion, is Lllustratnd in Figure 132,
which aljo shows the numbering scheme adopted.

Fig.12, The agymmetric unit of OROS.
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What 1s immediately apparent 15 that the tribromida ion is
not gquite symmetrical {Br(1)-Br{(2) = 2.824{(2) angstrom,
and Br(2)-Br(3) = 2.645(3) angstrom), and elightly bent
(Br(3}-Br(2)-Br(3) = 177.9(1) degrees]. This is not
unusual, however. Fewer than half of the tribromide
structures retrievad from ¢he Cambridge Structural
Database have a perfectly symmetvical tribromide ion; only
fouxr are linear, reflecting the fact that the central Br
atom lies in a speclal positlon (Andrassen et al., 1962;
Lawton et al., 1977; Lawton, 1973; and Lawton, 1968), The
presant Br-Br bond lengthe agree well with the average
publishad bond length of 2.54 angstrom. The arrangements
of the tribromide ions fis also interesting. They are
arranged in nearly ocolinear chains, and are saparated by a
distance of 3.49 angstrom. This is less than the sum of
the van der Weaals radil of two Br atoms (2 x 1.85
angetron, Bondi, 1964), indicating some secondary
interaction between the tribromide ions, Furthermore, the
structure 4s a elathrate; the tribromide ghaine are
leeated 1n channels formed by a matrix of 2-pyrrolidinone
{1813 and [010] directions of the unit cell. One such
channel is shown in Figure 13.

Steregacopic view of the tribromide ion
concuning chanael in  Ethe {101} direction
Flg.130F tha Bodb gedleiun, Ll viu viapavmess awns
concaining channel in  the [101] direction
of the unlt aell.

The pyrrolidinone meolecules are :eld together by a complex
series of intermolecular hydrogen bonds which will be
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described below., The channels when viewed down the cavity
(Figure 143, have a square cross-ssectlon, with A and A' of
the asymmetric unit lying along the channel wall opposite
to that which contains A".

FTiy.l4. s-saction of a channel in the lattico of
Thé distance ac¢ross the channel is approximately 6.8
angstrom <~ large enough to accommodate a bromlne, as
measuréd@ by its van der Waals radiue, with ease. Tha

shortest non-bonded contact betwaen a ring atom and a
bromine atom, C(3') to Br(2), is 3.66 angstrom, and the
ciosest N...Br contact is 3,78 angstrom. There is thuy no
hydrogen bonding betwean pyrrolidinone molecules ani
tribromide ions. The colinear arrzangement of tribromi e
ions &nd the channel structure for the compound are, to

our knowledge, unigue anongst published tribronide
structures. Similar wsituatlons are wvare even with the
more numerous btritodides; a recent case in point is found
in the structure of tetrabutylammonium trilodide
(Herbateln et al., 1981). It is interesting that the
other structure in this publication, that of
bis(benzanide) hydrogen triiodlda, contains roughly
rectangular channels through which run double strands of
triiedide ions. The most fascinating feature of this
tribromide structure 1s the nature and arrangament of the
hydregen bonds holding the 2-pyrrolidone matrix togsther.
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These are shown in the accompanylng packing dlagram Figure
15.

pic gacking diugram of QRO3 showing the
erent hydrogen bonding ipteractions. C-H
e been omitfed for clarity.

No fewer than four different hydrogen-bonding arrangrments

can be ldentified, sapd the hydrogen bonds are of three
distinet vypes., Th normal amide-amide dimeric
interaction involving C=0...H-N occurs in two situations.
" The f£lrst is Dbetween pyrrolidinone moleculse A and the
nesxrby molecule A in the asymmehric unit at sgymmetry
position ~X,~y,~2Z. The non-bonded distance dis 2.98
angstrom for both N(1)...0{1) conbtacta, and the N(1}-
H{1)...0(1}) hydrogen bond lengths are 1.96 angstronm, The
hydrogen atoms have, admittedly, been placed in calculated

positions, Even so, the hydrogen bands are very short,
comparing favourably with the average length of 1.934
angstron reported by Taylor et al. (19B4) in a systematic
aurvey of 597 such bonds. The hydrogen bonds are somewhat
bent [N~H.,.0 = 161.3 degrees]. The sccond intermoleculaxr
interactlon ig between pyrrolidirone molecule A" and ita
nelghbour A" located at symmetry posltion l-x,l-y,-z. In

this cese, +the hydrogen bonds are marginally weaker; hoth
N(1"),..0(1") oontacts are 3.01 angstrom, the N{I1")-
H(i")...0(1") hydrogan-bond lengths are 1.95 angsirom, and

the N-H...0 angles are 148.6 dagrees.
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The second type of hydrogen bond is again of the C=0Q...H-N
variety, but ls {8 a aingly-bridging interaction.
Pyrroildinone molecules A end A' in the same asymmetric
unlt are arranged such that the 0(1)..,N(1') distince is
2.76 angstrom. The O(1)...H(1'}=-N(1') hydrogen bond is a
gtrong one, as evidenced by the very short O...H length o;&

1.68 angstrom. In this case, the hydrogen bond ig nearly
linear [O...H-N = 173.% &egrees}, and ite orientation lis
approximately in the pame direction as the channel axisg.

The thipd type of hydrogen bond involves the "free™ proton
which, unfortunately, did not becoma apparent during
rafinement due to the presence of heavy bromlne atoms.
The previously mentioned Brs~...Brs~ diptance of 3.49

angstrom is short enough to allow proton bridging, but a

sirilar suggestion Iinvolving trilodlda iorns (Reddy et al.,
1864) has been convincingly refuted (Herbsteln et al.,
1981). However, Lf we consider the ramarkably short
distance ©of 2.45 angstrom bhetween the fwo carbonyl oxygen
atoms 0(1') and O(1") of pyrrolidinones A' and A" at
symmetry position ~x,y+0.5,0.5-z, it becomes highly
probable that the missing proton bridges these
functionalities (Herbsteln, 1985) thereby producing a very
strong, possibly symmetrical, linear hydrogen bond. This
situation is comparable with that in the structure of ERES
bie({benzamide) hydrogen triiodida, reported by Herbstein
and his cvo-workers {1981}, in which the 0,,.0 distance is

2.41 angstronm, As far ae we ara aware, ours iz the first

tribromide to incorporate a more-or~less free proton as

catloen.

It &5 worth mentioning, in conolusion, bthat most of the > )

reported tribromides are unstable on exposure to X-rays, Cee
- as experience confirms in the present case as well., This 3
M N; behaviour is presumably due to the lces of nmolecular P

bromine from the tribromide aniong.

- i e ‘ 2B
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3.7 ZThe Structure of 9n.13(8)-Epoxy-8-beta-~hydroxy=-
iabdane-6-be 192 16~diolide

A-Ray Crysballography

A colourless, prismatic erystal of the compound OR42 was
used for erystallographic measurenents at rotn
temperature. The erystal was mounted on &n BEnraf Nonius
CAD4 Kappa-axig diffractometer, equlpped with a graphite
monochromater and a sciatiliation counter (Mo-K(alpha))
radlation, (See Chapter 8 for operational details). The
netessary oryatal data and detalls of the c¢rystallographic
refinement are reported in Table 19. Systematic absences
were conclstent with the space group P2:2,2,.

CH,
O

OR42

The intensities 4and theix stindard deviations were
corrected for Lorentr and polarisation effects. An

eaplrical absorptliun c¢orreation was applied to the data
and there was no evldonge of crystal decomposition.

The satructure was solved by direct methoda using a
prevelease version of SHELXSBS6 (Sheldrick, 1985) which
gave an [ map ghowing all 26 of the non-hydrogen atoms.
The wptructure was rofined wilth the program SHELX76
{Sheldrick, 1978) wueing the full-matrix least-sguares
procedura, Eirst with isotroplc and later with anilsotropic
temperature factors. At this stage some of ithe hydrogen
atoms could be located from a difference Fourier wmap;
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however, for simplicity they were all treated by the same
procedure. All hydrogen atoms were therefore placed in
calculated positions and refined subject to the constraint
that the C-H vectors were constant in magnitude and
direction but not position {l.e., & riding mecdel). A
common isotropic temperature factor was used for the
hydrogen atoms. Final atemic parameters for nen-hydrogen
atoms are in Table 20. A liat of bond lengths and angles
appears in Table 21. Anisotropic thermal parameters for
non-hydrogen atoms, and a list of hydrogen atom
coordinates along with a Table of obeserved and calculated
structure amplitudes, are listed in Appendix II.

Discussion

The structure of QR42 and the atomic numbering scheme are

iYlustra¥ed in Figure 16. Puckering parameters for rings
A-E are given in Table 22. In the system of fused rings
both six-nembered Tings are distorted from the
energetisally favoured chain conformation, although in one
inatance only slightly se. The envelope conformation of
the five-membered rings and the orientation of the 18-
methyl group force and twist conformation for the A-ring.
The B-ring is distorted towards a half-chair.

Table 22. Puckering parameters® of the rings in OR42.

Ring Q Theta Phi Conf.
3 €1-C10-C5-C4~C3-C2 0.78 4.9 267.4 =Te
B CB-C10~C9-C8-CT7-C6 0.52 168.4 265.0 1C,
€ 0i-Cc9-Cl1~Cl2~Cl3 0.28 - 273.4 4Ts
D 02-C19-C4-C5-C6 0.38 - 280.5 “E
£ 03~C15-C14-C13-C16 0.39 - 284.0 PB-% Tx

“Puckering parameters are given in the units: 0 and
angstrom, Thata and Phi in degrees.
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however, for simplicity they were all treated by the same
procedure. All hydrogen atoms were therefore placed in
calculated positions and refined subject to the constraint
that the C-H vectors were constant in nagnitude and
direction but not position (i.e., a riding nmodel). A
common lsotropic temperature factor was used for the
hydrogen atoms. Final atomic parameters for non-hydrogen
atome are in Table 20, A list of bond lengths and angles
appears in Table 21. Anisotroplc thermal parameters for
non-hydrogen atowms, and a list of hydrogen atom
coordinates along with a Table of nbaerved and calenlated
structure amplitudes, are listed in Appendix II.

Discuasjon

The structure of OR42 and the atomic numbering schems are
illustrated in Figure 16. Puckering parameters’ for rings
A-E are given in Table 22. In the system of fused rings
both six-membered rings are distorted from  the
energetically favoured chain conformation, although in one
instance only slightly so. The envelope conformation of
the five-membered rings and the orientation of the 18-
methyl group force and twist conformation for the A-ring.
The Bering is distorted towards a half-chair.

Table 22. Puckering parameters* of the rings in OR4Z.

Ring Q Theta Phi Conk.
A C1-Cl0-C5-C4-C3-Ct .78 94.9 267.4 2Ts
B C5-C10-C9-C8~C7-ChH .52 188.4 265.0 4Ca
€ 01-C9-C11-C12-C13 0.28 - 273.4 “Ta
D 02-C19-C4-C5-C6 0.38 - 290.5 “E
E 03~C15~-C14~C13~Clé6 0.39 - 2B4.0 ABR-4Ts

“Puckering parameters are given in the units: @ and
angstrom, Theta and Phi in degrees.




Fig.16. HMolecular structure of OK42.

There 1is no evidence of intramolecular hydregen bonding
and the only intermolecular hydrogen bond occurs between
0(6)-H...0(4), =az sowvidenced bY the oxygen separation of
3.08 angstrom. It i2 noted that the hydroxyl hydrogen
atom could not be cbserved experimentally.

3.8 The Structure of (7-Oxo-labda-~8,13-dien- Elole

(X341

Crystallography

Suitable single crystals of compound OR28 were obtained by
recrystallisation from benzene-petroleum ether.
Approximate unit cell parameters were determined from
oscillation and Weissenberg photographs. Intensity data
were collected on an automatic kappa-axis Enraf WNonius
diffractometer, aquipped with a graphite motochrometor
using Mo-K{alpha} radiation (See Chapter 8 for operational
detalls}. Refined unit cvell dimensions weére obtained by a
least-squares £it of the theta angles of 25 high ovdey
reflections, widely separated in reciprocal space.
Relevant crystallographic details appear in Table 23, The
space group, Pl was inferred from X-ray photographs and
the known chirality of the compound. The intensities of
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three standard reflections monitored every hour remained
essentially constant throughout the data collection.
Lorentz and polarization factors, as well as an empirical
absprption correction were applied.

cooH
CH,
HJ
CH,
0
HC CH,
OR28

The structure was solved by direct methods with the
program SHELXS86 (Sheldrick, 1985). An E map, computed
with the phases of highest figure of merit, revealed all
the non-hydrogen atoms of +the two molecules in the
asymnetric unit, which were refined, first isctrcpically,
then anisotropically using the program SHELX76 (Sheldrick,
19783, A difference synthesis located some of he
hydrogen atoms in stereochemically feasible positions, ..t
all hydrogen atoms, ®#xcept for the two acidic protons,
werea eventually plated in calculated positions and refined
with & commen Lldotropic  temperature  fagtor. No
significant residual =lectron density was present.
Obsesved and calculated structure <factors, anisotropic
thermal parameters for the non-hydrogen atoms and
£ractional coordinates of the hydrogen atoms are listed in
Appendix II.

Results and Discussion

A stereoscoplc drawing of OR28 is given in Figuwe 17. It

shows the absolute configuration of the acid. Only its
relative configuration can be deduced from our X-ray data.

The X-ray results fully confirm the structure which we
suggested for OR28.
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Fig.17. Molecular structure of OR28.

The final atomic parameters for the non-hydrogen atoms azre
tisted in Table 24. Interatomlic distances and bond angles
are shown in Tahle 25.

The conformation of the six-membered rings was established
by calculation of their appropriate puckering parameters.
The rings (C1-C2-C3-C4-C5-Ci0) in both molecules have
chair conformations (phi = 6 degreas and 5 degrees
respectively, Q = 0.56 and 0,58 angstrom). The other
rings {CH-C6~C7-C8-L9-C10) have almost identical envelope
shapes, *E with puckering parameters phl = 0.4 and 0.5
degreea; theta = 57 and 87 degrees; Q = 0.51 and 0.52
angstrom,




CHAPTER 4

CRYSTALLOGRAPHIC STUDY OF SIMPLE AMIDES AND THIOAMIDES

4.1 Introduction: Literature Survey

Hueh of the 4interest in the amide yroup is no doubt
reiated to the Eact that it is the repsating unit in the
biologlcally lmportant pelypeptide macromolscules. Since

the amide groups within the polypeptide mole¢ule appear to
be only weakly interacting, they retaln their character to
a large extent as isplated amide groups, and for this
reason the study of igolated amides has been intenss
{Robin, 1971).

The simplest amide, formamide, hae been shown to have a

planar molecular framework and NMR spectroscopy and other
technigues have shown gquite uneguivocally that internal
rotation about the C~N bond in many einple amides is
hindered by a fairly high potential barrier of the order
of 10 keal/mol {Kessler, 19703. This potential barrier is
predominantly twofold in character, with the result that
an asynmetrically disubstituted amide is able to exist
as either of two rotamers, each with a planar skeletal

Eramework, ae shown below:
W
R, _ /R R, /R
N
C-&N = C—N
7T Ng VAN
(¢} R
X-ray structure anaiyses of a variety of crystalline
amides ahow a Eairly constant geometry for the amide group

as illugtsated below (Robin et al., 1971y Hagler et al.,
1976).




Amides have been studlied by NMR spectroscopy more
extens vely than an #2ther olass of c¢ompounds, espaci@lly
by DN4R £rom whick barrier heights can be calculited.
Most of the NMR studies of amides ars concerned with the
partial double-bond character of the agpide C-N bond. The
double bond character arises from the contribution . of

resonance structure.

o) R - R
./
N —--N/ = 0\ N

C
L S & s

All of these considaratiecns, however, will not be

discussed in this survey. The reader is referred to
extensive review articles and papers dealing with the NHR
methodology of the amide linkaye (Stewart and Siddall,
1970; Bourn et al., 1964; Hallam and Jones, 1970; Jennings
and Saket, 1985; Lipshutz and co-workers, 1984; Fatoftah
et al., 1985; Yamagami et al,, 1988).

4.2 tersochenistr the G- ot ny

Tha geometry of the C-N molecular fragment was studied in
90 X~ray crystallographically dotarmined nolecules
containing such a group (amides. thioumides, enamines
6to.) by Gilll and his co-workers (1986}, They found that
the amide group displays a definite tendency to be planax,
In spite of this genexdc tendency towsrds planarity,
several orystal structures have been found where the amide
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group undergoes out-of-plane distortiens by reotation
arsund the C-N bond and/or nritrogen pyramidalisation.
(Winkler and Duni%z, 1971; MOhlebach et al., 1986). The
basic 1dea of these duthors was to analyse the out-of-
plane distortions in a laxrge number of melecules
containing the C-N fragment, with the aim of finding the
geometrical modificatlions aleng the path of what could be
considersd the reaction of gig, granas-isomerisation {a to
b to ) of the group itgelf.

" >—{E:N//R ) >~—-N " N/.R
> R —>
X \ge X \R“ x//\ g
a b c

This is an application of the so-called structure
gorrelation method (Blrgi and Dunitz. 1983).

Substituents are generally belisved to affect the
rotational barriers in anmides and thicamides by some
combination of steric and electronic eifects. & nultiple
substituent parameter analysis of the effects of
substituents at nitrogen on the barriers in amides was
carried out by Yoder and Gardner in 1981. Their studies
revealed that Uthe steric ecffect was of considerably
greater importance in explaining the barrier than the
inductive affect. “snerally, lncreasing conjugation
capacity of a group will lower the C-N barrier. in the
planar state, crowding will lower the barrier, and in the
transition ostate the affect is opposite (Isaksson et al.,
1967).

Of particular inter»st have been the N-mono-aubstltuted
amides since they constitute the simplest npodels for

studying the peptlde tink. Hya o onding plays an
important Tole in  both s . and sclution
conformations. N-mona-~gubstitu #s and thioamides

can assosiate via linear multime.. (A) or through the
formatiova of cyciic dimers (B).

v . e
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Yeveral theoretical calculatlons of the number of pessible
conformations of & polypeptide chain havs been made, in
particular by Soheraga (1968) and Brant and Plory (19685),
which ipdicate the importance of sterls restrictions in
reducing conformational freedon, In all these approaches
the planar-trans amide conformation 18 wsed for the
peptide wunit although the pogsibility of non-~planaz
distortion of the group is recognisad.

Recently there has been ocongidnrable discussion in the
literature regarding the origin of the chemical ashift non-
equivalence of geminal methylene hydrogen atoms in the N-
alkyl groups (Berg dand co-workers, 1980; Siddall, 1966;
Shvo et al., 1967). Reotatlion around the C(X)-N bond in 54
ig normally sglow on the NMR time~scale at around ambient
temperature ag shown by the :hzexvation of two gats of N~
alkyl signals.

Yy Q
Me
N/
HyrHy
34

Additionally, sterlc interactlons between the grthe ¥ or H
substituents and the proxinate N~CHa group or
oxygen/sulfur atom normally foree tha aryl ring to twist
out of tha amide/thiocamide plane. Provided that rotation
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of the aryl ring through the amide/thicamide plane is
slow, the molecule is chiral on the NMR time-scale and the
paired geminal hydrogen atomz attached to the prachiral
methylene carbons are diastereotopic and potentially
anisochronous.

In view of the vast literature on amides, thloamides and
selenoamides, this survey 1is restriected to the actual
isciation in the crystalline form of systems exhiblting
restricted internal rotatlon around a G-N bond.

Perhaps the most signifjcant study that hés recently been
reported on rotamers is that of Siddall et al. (19%68) on
o-methyl-f.rmanilide, 35. They reported the isolatimhk of

both gis and trang conformers of this amide and ‘e that
this is the £irst time both pure 4is and trans +{ts had
been isolated for a secondary amide. The Lailibrium

trane isomer ratio was found to be 3:l,
HE °\___H
N !
- e
=
Ny AW
‘e, CHy

z

38
Chupp and Olin (1967) were able to lsvlate stable rotamers
of 2,6-¢lesubstituted N-(haloacetyl)~N-methylanilines, 36,
and to show that their reactivities were quite differept

g QR S
>===r) ,W./ >——CH2R"
<:“‘\\
N = A
i
" \CH;. ‘\"'R \CH::

36
Another exampie was provided by Kosslsr and Rieker (1967),
who igolated rotamere of 2.4,6-tri-~vert-butylavetanilide,
37. The potential barrier to lisomperisation was found
by DNMR spectroscopy bo be 23.9 keal/mol,

o
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37

Mannschreck (1965) Giscussed the formation and isolation

of rotamers of 38.

CH,

38

A sterically more crowded molecule analogous to 38, nanmely
N-methyl-N-benzyl-2,4,6-tri-tert=butylbenzanide. 39, was
separated in its rovameric lorms by Jungk and Schmidt
(1971), “hese authore performed an X=ray c¢rystal

structure analysis on the Z-rotamsi.

N
SCH, Yy

39 ne i
N-arylhydrazones of mnethyl pyruvate and of aromatie B
aldehydes show congiderable chelating powexr with 5
transition metals, and can be used to regover and analyse
nmetala selectively as hydrazone conplexes (Falla et al..
19868). These authors revently found, using
chromatographic technliques, that several hydrazones of
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methyl pyruvate existed in solution as mixtures of B and Z
geometrical lsomers, whose ratio depended on the nature of
the solvent and influenced their c¢helating capabiiity.
This picture was confirmed by X-ray structural analyses
carried out on twe crystalline rotamers of 2-
formylthiophene~N-acetythydrazohe, 40, (Domianc et al.,

1986).
aQ
N
[ s
H

1
CHy
O)\N/ N\/g}
|
#

¥hen the amide oxygen is replaced by sulphur or selenium.
the amide rotational barriers increass (Stewart and
Siddall, 13%70). For analogous amides and thioamides the
increase can be as nuch as 5 koal/mel, although a 2-3
koal/nol In more typical., The lncresase l¥ probably dus te
increased electron delocalisation and incressed size.
Recantly, Frasex and Taymaz (1976) reported the
measurement of high barriers to rotation abeut’ the Ar-C=0
pond of a bunzamide and the Ar~C=S bond of a thioanide.
The two compwunds u- der study were 2-methoxry~l-naphthoyl-
4-phenylpiperidino, 41, and 2-methoxy~l-thionaphthayl-4-
phenylpiperidine, 42, The barriers for is¢mexlisation of 8
and 9 are 20,7 and 23.8 koal/mol,




The E- and Z-isomers of 2,6-di-isopropylthiocacetanilide,
43, have been isolated by fractional crystallisation
(Walter and Becker, 1971). The E %o % and Z to E barriers
to internal rotation were found to be 24.16 and 23.74
keal/mol, respectively.

S
NC(H%:S - >_CH::
:<; X :j
i
43

Mannschreck (1965) achieved the separation of rotamers of

amides, thicamides and nitrosamines, For two different
substituents on the N-atom, £Ewo barriers need to be
specified. He found barriers of 27.3 and 26.8 kcal/mol
for 44. The corresponding oxygen compounds, 45, gave

values of 22.9 and 22.3 kcal/mol, Trespectively. The

crystalline subatances were stable, but in solution an
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equilibrium mixture was formed.

i
N
=
x
X =0 a4
X=s 45

In 1971, Walter and Schauman succeedsd in the separstion
of ygeometrical isomers and determination of rotational
varriers of N-alkylforsamides. The separation into the
different crystalline formps was achieved by preparative
thin layer chromatography. N-methyl-, 46, N-neopentyl-,
47, and N-benzylthioformamide, 48, as well as N~
rethylthioacetamide, 49, were sgparated into their
respective robtameric forms. DNMR spectroscopy revealed the
following barrier heights in kcal/mol for Z to B and E to
Z isomerisations measured in deuterated chloroform: 46,
{24.5 and 23.2); 47, (24.9 and 24.7); 48, (24.2 and 23.2);
49, {22.2 and 20.4).

H\c N/CHJ
S/ \H

a6
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Walter and Becker (1972) investigated the barrler to
rotation ©f N-isopropyl-N-(2,6-dichlorophenyljthioform-
amide, B50. Its % form crystallised, but on dissolution in
carbon tetrachleride it slowly isomerised. The free
energy of activation was 22.02 kcal/mol for tha 2 to R
process and 22.3)1 kcal/mol for the reverse.

coaeqe

. 50
A number of atropisomers reported in the literature are
discussed in this chapter. Obviously many more systems
that can give rise to stable rotamers may be found both by
chance and by systematic study. Although, in general one
can say that suth & oystem should have a relaxed ground
atate and a highly congested transition state for
rotation, it is aot ‘an easy task at present to predict
what systems may give stable atropisomers. Also,
knowledge of the reactivities of rotamers s becoming
increasingly important (Oki 1984), esperially because, by
aiming at highly selective reactione, synthetic organic
chemists utilise low reaction temperatures and/o.
complexation with metals to look molecules inta desired
conformations. It is anticipated that, in future, the
reactivity of a locked conformation of this type might be
predicted. Atropisomers might serve as models in this
area. As an exanmple, Chupp and Glin (1967) examined the
geparate reactivities of stable rotamers of the
haloacetamide dexivative below in Henschutkin reactions
with pyridine. They £found that although the 2 form
reacted dirxectly with pyridine, the reactivity of the &
form was 8o low that it had to ratate to the Z form to
react. Therefore, the rate determining step in the
reaction of the € form 1s essentlally the internal

rotation.




z
This exanple of differential reactivities of rotamers
suggests that the reasctivity is controlled by a steric

factor.

4.3 Résults and Discussion

Amides represent wery simple, but intriguing, models for

studying conformational behaviour of molecules. The anide
molety Is particularly sensitive towarde steric effects of
substituents. For example, acetanilide, 5, (Brown, 1966)

prefers the E conformation, whereas N-methy)-acetanilide,

52, (Pedersen, 1967) is found in the Z cor  .: %&n. The
conformation of the phenyl ring with resper - ¢ amide
b

frasmework is also very different in 51 and . “In 52 it
is perpendicular to the amide plane and iy 51 it is not.

a GHy

>—CH= =

N CH,

51 52

Furthermore, the amount of 2 isomer increases for

acetanilides as the bulk of ortho substituents increases

{Stewart and Siddall, 1970). This increase is paralleled
by an increase in the barrier to rotation.

These interesting findings on relatively simple structural
nodels inspired a brief study of some of the
conformational parameters of sevaral para-substituted
acetanilides. The resason for choosing para-substituted
derivatives lies in the guestion of how the resonance
effect would influence bond lengths in these delocalised
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systems. By analegy, bond lengths and angles for the o=
and p-nitro groups in picryl iodide, 53, are quite
&ifferent (Wepster, 1958).

! i
ON 2NO, o) L NG,
a4
b
NG, N

...O/ \o_

53

Distance 4 is 1,45 angstrom. whereas b is 1.356 angstrom.
The obvious explanation is that the oxygens of the p-nitrc
group axe in the plane of the ring and thus in Tresonance
with it, so that b has partial double-~bond character,
while the oxygens of the o-nitro groups are forced out of
the plane by the large lodine atom (March, 1977).

The parameters chosen are shown in the diagram belew.

Q

w A Me

N
W\

H

N
X o

The diagnostic parameters are listed in Table 26.

A gignificant Eeaturs of these molecules is the ba bond
length (of +the order of 1,34 angstrom) which s -much
shorter than the sum of the covalent atomic radli (1.475
angstrom) tor & singld bond. fn view of the resanance
between the two forms

NS N
hl \

===N
R




Conpound

R facter by
Azotani)ia- 1.413(3
R=0.

w =<mnox‘~wnmﬂ§-umnw>~2mv
xoumn“.w.wm—wn form)

ml*—%wnox%mnmnbuukvmn ~%w~nmv
aw«vnnﬂ_w_-.wnvwn fors)

|zmnvw,wnmwu=w~mmm~.:2mu
W=e=on inic fore)

= 0.084

-Hethylacetanilide 1.409(8)
OrthoThorbic form)
R = @a.088

w;?wuawnmnwywwvmn 1.421(4)
0.084

P anowanunDHWH»mo 1.40¢1)

nuFOMWhnmwbsw:mb 1.43(3)

mnmnoaawnmnu:«:nm 1.44(3)
082

* Bond lengths in angstron and

Tabie 26,

by

1.354(3)

1.340(3)

1.341(6)

1.345(3)

1.382(9)

1.344(4)
1.34(1)
1.34(3)

1.30(3)

angles in

2.38(3)

2.34(4)

2.35(4)

2.24(5)

2.57(4)

degrees.

123.8(2)

124.312)

123.7(3)

124.2(2)

126.0(6)

123.3(3)

123.5(73

1263}

124,1(2)

Parameters*

a2 ax

127.602) 123.142}

128.2(2) 122.8(3)

129.8(4} 122.8(4¢)

127.9{2} 123.5(2)

128.6(6) 123.5(6)

128.0(3) 123.1(3)
127.0(7)  123.2(8)
127(3) 2R

128.9(2) 123.8(3)

phi

17.4

21.%

17.7

18.7

5.7

34.4
29
5

5.8

Reference

Brown, 1956.

Haisa et al.,

Haisa et al.,

Haisa et al..

Haiza et al..,

Hajea et al..

Fatel et al..

1976.

1974.

13117,

1977.

1917.

1983.

Subramanian, 1965.

Andreetti et al., 1968.
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the bond is expected to show considerable doubls bond
charactex. In fact, the bz bond length would ssem to
indiecate that thers is substantial contribution by the
strugture B to the resonance. However, if we exclude the
structurez of p-chloroacetanilide and the orthorhombic
form of p-methylacetanilide from our analysis, it would
appear that the effect of para-substitution on the bond
lengths b, and bp is insignifioantely small, except for p-
bromoacetanilide, with bond lengths of by = 1.44{3) and be
= 1,30{3) angstrom, respectively. The answer %o this lies
in the angle., phi = 5.8 dsgrees. It Ls common knowledge
that resonance i9 maxipmised for planar structures. For
the other gstructures the angle phi varies from 17.6 to
34.4 degrees.

Another very interesting feature that emerged from this
analysis ig the values of the three angles ay, aaz and &s;
all these angles are larger than 120 degrees. The mean
values for the seven structures investigated are: a, =
129.9(6); 8= = 128.2(7) and az <« 123,2(8) degraees. The
reason for this distortion must Qe due to the acetyl group
being very nearly coplanar with the rest of the molecule.
The ateric hindrance caused by the proximity of the ortho-
hydregen of the benzene ring and the oxygen of the wsame
molecule {bs) tands vo increase the angles a:. axz and as.
The distance by &8 significantly smaller than the sum of
the van der Waal's radii. It is important to nots that
all the above menticned molesules are involved in
intermolecular hydregen bonding.

4.4 Monosubstituted Amjdes

VYery few ztudies of the rates of rotation around the amide
bond in monosubstituted amides have bean reported (Stewart
and  Siddall, 1970). In part thig has been due to the
preponderance of the E form over the 2 forn. Isolation,
by cryatallisation, of the pure lsomers of 1l
mathylformanilide, ORO92, allowed study of the rotation

e

b
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rate by equllibration (Siddall et al., 1968), However,
owing to the strong intermolecular association of
monosubstituted amides, the overall process may involve
naking and breaking of hydrogen bonds as well as rotation.
The detailed explanation for the effects of varying the
orthe substituents may be gquite cowplicated. The oxrtho-
substituted ring le out of the amide plane in its ground

state,
Hé

N = N
Ny \y
CH, CH,
OR09 OR10

All of this, as well as some of the guestlions raised in
Section 4.2, prompted the synthesls and Jetermination of
ringle~crystal strustires £ ORO9 and its rotameric fornm
OR10. <Compound ORO% can be recdystsllised to produce
elther lsomer in substantially pure form. When the crude
product 18 recTystallised, the frang fornm comes out as

large, rectangular plates with the corners clipped off
dlagonally. The pis form crystallises os agglomerates of
very small crystals whose individual shape is plate-like
under the microscope. Wicroscople axamination is a Eairly
rellable mathod for the identiflcation of isomers and even
gives soma indication of lsgmer purity.

Single orystals of OR09 and OR10 were mounted in Lindemann
tubes and sealed off. Preliminary oscillation and
Weissenberg photographs indicated the space group P2Z:/c
for both axystals, Intennlty data were collected on an
Enraf Nonius CAD4 diffractometer, eguipped with a
graphite-monochromated Ho-K(aslpha) radiation. Aocurate
cell oconstants were obtained by fitting 25 high angle
refiections by means of a least sguare procedure, Thesa
and other crystallographic detalls appear in Table 27 and
28 for OR09 mnd OR10, respectively. A summary of the

i
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general data ~:!lection procedure appears in Chapter 8.

The strustures of ORO9 and OR10 were sulved with direct
methods wusing a prereleass version of the éomputer
package SHELXS86 (Sheldrlek, 1985) and refined by full-
matrix least-squares using SHELX76 (Sheldrick, 1978). All
the hydrogen atoms of OR0O9 could be located from a
difference synthesls and were refined freely with
isotropic temperature factors. Some of the hydrogen atoms
of OR10 could be seen on a difference map, but instead all
the hydrogen atoms were placed and refined in ocaloulated
positions. All the non-hydrogen atoms in both structures
were refined anisotropically. The reason for the
relatively high R factor for ORIQ is not clear. There is
no appreciable disorder in the structure of ORI1Q.

The fiual atomic coordinates and bond lengths and apgles
appear in Tables 29 to 32. Anisotropic thermal
parameters, hydrogen atom coordinates, and observed and
ealoulated structure factors are listed in Appendix 1i.

The numbering scheme, nolécular structure of OR09 and
packing diagram are shown below in Figures 18 and 19.

Fig.18. H lar structure and numbering scheme for

oo
B
wa
e




Fig.19., Packing diagram for ORO?,

The nunbering scheme and molecular structure of ORLO
shown 1in Figure 20. The molecular packing
depioted in Plgure 2.

Fig.20.

Moleoular structure

diagram

are
is

and numbering scheme of OR10,




-

¥ig.2l. Pazking diagram for OR)O.

The molecular parameters of OR0O9 and ORLO agree well with
accepted literature values (Kennard et al., 1972}. A
comparison of some parameters lu given below:

Paranmeter

R { L1
i angstrom)

(degrees)

aaqazcano
284858009
RO O— DD
T i ioinin
[ IR

It appears f£from the structural studies that in spite of
nonplanarity, there axlsts appreciakle conjugatioen ang
double bond character in the C~N linkage, In fact, the
C(8)-N distances of 1.342(4) and 1.358(10) angstrom are
intermediate between the single bond C-«N distance of 1.47
angetrom and the double bond distance of 1.24 angstrom.
However, in tha =aame nolecules, one finds the C(8)=0
distances of 1.213(4) and 1.194(9) angstrom to be just as
expected for a pure C=0 double bond, the dintermediate
length being approximately 1.31 angstrom. Thus, there
sppears to be mome factor perturbing the Bsigma-electron
systems of amidap which affects the bond lengths, and
which does net allow a aimple pl-electron explanation of

& B

- W . L s e vy sl
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the reciprocal relationship shown in the figure below, UIf
indeed, sasuch a Telatlonship exists at all (Robin et al.,

1971),
! = R
O\ /R K +N/
C—N == —_— N
R/ g R/ R

The best mean planes through the fragment C(1) to C(7)
were calculated, Tha N atowns ware found vo hs dAisplaced
by 0.10 angstrom and 0,33 angstrom out of &this plane,
respectively.

An interesting feature of the structure of ORI0 is the
short non~bonded distance of 2.968 angatrom (O.,.H(6) =
#.465 angstrom, C(6)-{{6) = 1.08 angstrom): To relieve
this strain the angle C(6)-C(1)-N opens to 121.1(7)
degréas and the angle C(2)~C{1)~N contracte to 117.1(7)
deqyrees. The bleecting position is adopted in OR0O9 (and
presumably also in OR1Y for which hydrogen atomic
positions were calcuiated) by the wmethyl group with
respect to the N-H group.

A weason for tha successful isoldtlon of the rotamers ORO3
and OR10 definitely lies in their bifunctionality with
respect to hydrogen bond formation. OROY forms
centrosymmetrical intermolecular hydrogen bonded dimers as
shown in Filgure 19. The hydrogen-bond length is 2,181
angstrem for O...H(&) (0,..N=2,935 angstrom}. QRIQ forme
infinite chaing of intermolecular hydrogen bonds with a
length of [.800 angstrom for O...H [0...N=2.827, N-H-1.08
angestrom)] . Th# N=H...0=C hydrogen bonds in the
crystalline state tend to be aligned in approximately the
directions of the conventionally viewed 3p* lone pairs.
The ‘errors assoclated with X~ray determinations of N~
H...0=C hydrogen-hond geometries have recently baen
analysed by Taylor and Kennard ( 1983} and by Taylor,
Kennard and Versichel (1983}. The analysis was based on a
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comparison of X-ray and neutron diffraction results. They
found that the random errors in K-ray N-H and H...0
distances could be "normalised". This involves moving the
hydregen atom position along the observed N-H  bond
direction until the N-H distance ls egual to a standard
value of 1.03 angstrom.

The structures of OR0Y and OR10 are, to the best of our
knowledge, the first X-ray structure deterwlnations on
rotamers of simple mono-substituted amides.

4.5 The Structure of o-Methylthioformanilide

The title compound was prepared by treating  o-
methylforrdnilide with Po$s in benzene,

H

>=$

N

\

H
CH,
OR26
A great deal of experimental effort afforded us onrly with
the E-isomer. An evenly-shaped crystal of OR26 was

mounted on a glass fibre and photographed using standard
oscillation and Weissenberg techniques, revealing an
orthorhombic crystail eystem and the &apace group Pcen,
uniquely defined by its systematic absences. The ¢rystal
was transferred +¢o an Enraf Nonius CAD4 diffractometer
titted@ with graphite-monochromated Mo-K{alpha) radiation
(See  Chapter B for operational conditions). After
acourate unit cell dimensions were determined from high
theta scans, inteppity data were collected. The necessary
parameters are listed in Table 33. The structure was
solved by the centrosymmetric direct methods package of a
prerelease version of SHELXS86 (Sheldrick, 1985), and
refined by full-matrix least-sguarss with SHELX76
{Sheldrick, 1978). All the hydrogen atoms were apparent
on a difference Fourler map and werxe refined with
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individual disotropic temperature factors. A1l the

hydrogen atoms were refined anisotropisally.

The
atomic ceordinates and bond lengths and angles appear
Tables 34 to 35. 1isted
Appendix II.

molecular structure is shown in Flgure 22,

Supplementary material is

Fig.22. cular structure and numbexing scheme for

()
OR26

non-

Final

in
in

The molecular structure of OR26 can be compared to that of

the published 2-methoxythioformanilide, 54 (Jarchow
Schmalle, 1977). Compound 64 c¢rystallises in the
group P2,/a and was refined to a £inal R index of 0.072.

and

space
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1=a
Soh-ecs 2T OR26 54
el inenomeron gy ]
Gc(B)= 1.645¢(3) 1.632{4
€(1 C(ﬁ& (degrees) 124,2(2) 126.9(3)
£(2 21)- 119.6{2) 116.7¢3)
C{6)-C{1)~ 119.0{2) 123.2(3)
4.6 The S oture of o-Phen o7 de

The effect of ortho-substitution on the benzene-to-

nitrogen torsion angle in monosubstituted amidea was
investigated by synthesising OR15 and determining its
single-srystal strusture.

OR1S

Preliminary diffraction experiments on a Weissenberg
camera showed that OR15 crystallises in the monoclinic
space group P2;. Acourate unit cell dimensions were
obtained on an Enraf Nonlus CAD¢ diffractometer using
graphite monochromated Mo-K(alpha) radiation, after which
intensity data were recorded. Information regarding the
crystal and data collection is summarised in Table 36, and
that of operational conditions for the CAD4 in Chapter 8.
The structure was solved by non-centrosymmetric direct
methods with a prerelease version of SHELXS86 (Sheldrick.,
1985). Full-matrix least-sguares refinement was performed
with the program SHELX76 (Sheldrick, 1978). Anisotropic
thermal parameters were assigned ¢to all non-hydrogen
atoms, but. although a number of hydrogen atoms were
apparent after a difference synthesls, they .ere all
placed in calculated positions and refined with a common
isptropic temperature factor. The high value for the R~
fantor is a dlrect consequence of using data at the ONIT 1
level. Observed and caloulated structure factors and
anisotropic temperature factors appear in Appendix II.




The molecular structure and numbering schewme are shown
below. Note that OR15 s in the E oconformation, in
contrast with the most stable % conformations of OR09 and
OR26.

Fig.23. Mclacular structure of OR15 ghowing the numbering
chepe used.

The £inal atomic coordinates and bond lsngths and angles
are listed in Tables 37 and 38. Some Belected structural
parameters of OR1B are tabulated below.

® ORiS
¢ LA
¢ 17316(9)
é 1,146(10)
¢ a1 100
§ 1270609
c 115.6¢1)
¢ 1zzis(e)
é 122097
¢ 163:2(9)
¢ 2.9(9}

¢ 9s008)

¢ 95,2(9)
¢ i.327(8)
[ 2.502

° 2.288

The analysle shows an unusual opening-up of the angle
C{6)~C(1)~N to 122.6(8) degrees and the closing-up of the
" angle C(2)~C(1)-N to 115.6(7) degrees. This must be duc
to the relief of steric strain between ¢ and H(6)
[0...C(6)=2.902 and O...H(6)=2.266 angstrom, [ME-BE

T TR
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H{6)=1.08 angstrom]. The strain in ORLB is Further
reduced by the tuisbing of the prtho-phenyl substituent
[C{1)-C(2)~C(7})-C(8)=95.2(9) degreesn], This is totally
different from the angle .in biphenyi. The ' steric

congestion around the grtho substituent contributes to the
fact that the E form of the amide is the most atable.
Again, 1linear c¢hains of intermolecular hydrogen-bonded

molecules are found throughout the cryatal as is
illustrated in the packing diagram below,

2 S N

N
-

Fig.24. Packing diagram for OR15.

The bond distances are: 0...H = 1.966 angstrom and O,..N &
2.8586 angstrom, bhetween molecules at symmetTy positionsa
%,Y.z and i-x,y+0.5,1~z.

4.7 Crysta)lloqra c Charscterigatd of 8 e-ortho, N«
substituted Acetanilide Derivatives

The relative spatial dispoaitions of the moleties attached
to the N atom in anilidee of type 55 and 56, has been of
long~standing intevest (Siddall and Prohaska, 1966: Baert
et al., 1984).
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N
du
R I 2
R
558 R=H 56a R= CHy
b RH 570 R= CH,

Numerous X-ray and proton~NMR studies have established the
conformation of the carbony)l group as endo in N~
unsubstituted 55a., and as gxg in N-substituted 55h, both
in the =so0lid state and in solution (Stewart and 5idall,
1970). The less common single-ortho, N-substituted
anilides of types 56a and B57a, have been anslysed
principally by NMR spectroscopy and the inferred
stereochemistry for 57a is depicted in Figure 25 (Brown
et al., 1968:; Staskun, 198%), Te our knowledge no X-ray
structural work has been done on anilide of types 56a and
57a, an omission attributed in part to the dearth of
suitable crystalline materilal.

Pig.26, Lowest energy vonformation for 57a in solution.
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The main thrust of this investigation was to determine the
so0lid state structures of several represaentatives of 56
for comparisen with the sterecchemistry derived from
solution studies. These are not necessarily the same
(Hazell and Hazell, 1977}, We present here
erystallographle characterisations of three single-orthe,
N-substituted anide derivatives, bearing markedly
dissimilar acyl groups, viz. aget-~2'-bromo-N-{p-
nitrobenzyl)anilide, ORO4, (Figure 26), 3',5'-dimethyl-N-
ethyl-2,2,2',4'-totrachlorobenzoylacetanilide, OR22,
{Figure 27), and diflucrol{[l-phenyl~2-(o-ethylphenyi-N-
benzyl-carbamoyl}vinylloxylborane, ORO1, {Figure

28) (Boeyens, Denner, Painter and Staskun, 1%87).

Crystallographic analyses were based on X-ray diffraction
data obtained with a Nonius CAD4 diffractometer (See
Chapter 8 for operational <c¢onditions). Accurate cell

constante were derived by least-sguares refinement againat
sete of 25 accurately nmeasured theta-values. The
structures were solved by conventional Patterson and
direct methods and refined by full-matrix least-squares
using the program SHELX76 {Sheldriek. 1978).

Fig.26. Melecular struoture of ORD4.




Eig.27. Molecular atructure of OR22.

Fig.28, MHolecular structure of OROY.

Crystal data and details of the crystallographic analyses
are summarised in ZTablea 39 o 41, Refined atomic
coordinatea of non-hydrogen atoms are jin Tableg 42 to 44,
and tablea of bond lengths and angles appear in Tables 45
to 47, Some of the hydrogen atoms wWere located by
difference Fourler techniques an¢ all others were placed
in geometrically caloulated positiona. The supplementary
material is llsted in Appendix II.
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All three wolecules have Lhe same gross relative
disposition of the N- and prtho-substituasnts. In each: (a)
the amide carbonyl oxygen L& pointing away £rom the

arylamido ring, L.e., 1in the exg conformation, '{b) the
dihedral angle {phi) between the benzene ring plane and
the plane of ths amldo group (wlth the N atom common to
both planes) is approximately orthogonal; (c¢) the R~
substituent ia ORC4, OR22, and OROL, is disposed
essentially trang to, and ls relatively far removed from
the 2'~X substituent, and (d), one of the geminal protons
lies in the vicinity of the deshielding region of the
amide <carbonyl oxygen, while the other resides near the
shielding fact of the orthogenal benzene ring (Nicole et
al., 1980).

The aforementioned substlituent dispositions in these three
N-o-anilides as determined in the solid state are thus
essentially 1like those in zclucl.cr;. Hydrogen bonding
etffects in ORC4, OR22, and ORO]l are likely to be minimal
and the observed (X-ray) conformational preferences would
seem to be largely determined by steric interactions.

The K-ray structure of OROL, (Figure 28) shows a &~
membersd, Vvirtually planar, true chelate with the sp®
boroh atem in a sgymmétrical, approximately tetrahedral
environment, and covaléntly bonded to both oxygen atoms




CHAPTER &
Molecular Stereodynamlos Studied by Molecular Mechanics
5.1 Introduxtion

Holecular satruoture and conformdtion are interrelated.
Considerxation 6f the thres-dimenslonal geometries of
molecules la fundamental to analysis of equilibria and
reactivities. For many years, chemists performead
conformasional analysis using mechanical moleculaw models.
Inspection of models, though often useful in the
aggessnent of conformational ground-state propertiem, can
pe grossly misleading when extended to the -dynamics of
conformational interconversion. it may even fail as a
reliable gauge of ground-state propertlies.

Theoretical calculations have been widely applied to
difflerent fields in chemistry. Different approaches have
been used to describe molecular structures. Computer
programge using the ab _initio method reguire very large

amounts of computer time, This reguirement increases in
the nunber of orbitals in a moleocule. Seml-enmpirical
guantun mechanical methods such as CNDO, INDO and MNINDO
are faster, but less reliable. Howevar, the molecular
mechanics technigue is able to calculate the geometries of
a wide varlety of molecules remarkably well. Thus, when
one ip investigating chemical systems which may exhibit a
variety of vonformations, it io recommended to apply the
gurrent method of molecular mechanics in order to explore
conformational space.

Holesular stercodynamics represents a wmajor appllecation of
molecular mechanics calculations (Ivangv and Osawa, 1984)
Moat empirical force fields in current use are sultable
for the caloulation of minimum strain~energy conformations
af molecules. This appliocation of molecular mechanics,
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however, lies outside the scope of this survey. Excellent
reviews on molecular mechanlics have been published by
Willizme et al, (1968), Bngler et al. (1973), Altona and
Taber (1974), Dunitz and Buxgi (1976}, Hursthouse et al.
(1978), Kitalgorodsky (1978), De Tar (1977), White (1978).
Beagley (1978), Ermer (1981), Burkert et al. (1982},
Boeyena (1986} and many more.

Although there are often considerable differences in the
techniques used for specific applications, the conmon
approach 48 to express the molecular strain energy as &
sum of contributlons £rxom interactions such as bond~
stretching, valence-angle deformatlon, torsional angle
vartation and non~bonded interactions, Normally all of
these interactions are specified by various empirical
valenca-force potentlials which are sultably parameterised.
For stretching and bending motions harmonlc forces are
often used and a periodic function for torsional moblliby.
Non-bended interactions may be specifled by functions such
as the Lennard-Jones or Buckingham potentials. The total
potential for the molecule iz then expanded about some
assumed geometry and ninlmised itenatively until a self-
conaistent geometry is found. From the eigenvalues
associated with this geometry one can obtain the
vibrational spectrum.

Although provious conpubational studles in structural
chemnistry for the most part have been concerned with
equilibriums structures (minima on the potential energy
surface), many studies are now appearing that deal with
movements across saddle points on the energy surface,
simulating reaction pathways (Burkert ot al., 1982).
Geometry optimlsation is essontial if the energles at vhe
transition state and along the interconversion pathway are
to be nmeaningful. It is desirable therefore to nove
gontinuously aleng the potential surfasce from one energy
minimum to another over the lowest saddle point along the
ninimum enargy pathway. When conformational
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interconversions for organic molecules have bsen studied
by molecular mechanics, the torsion angle driving method
has been used exclusively. In this method, one or more
torsion angles are chosen ag a reaction coordinate, and is
driven incorementally through a range: of values, all other
internal degrees of £reedom being optimised at each
increment. Wiberg and Boyd (1972) first reported a method
that can be applied to "driver" calculationa. In this
case, a mtrong torsional “driving" potential,

V= {1+ cosifw+ ¢,))

is added o the force £f£ield, with a large potential
constant ¢, which makes this torsion angle omega much
stiffer than the others in the molecule, and with its
potential minimum at the offmet wvalue of ¢z. After
geometry optimisation, the energy of the conflguration
obtained 1in thia way is recaleulated with the original

force field, without the strong driving potential. The
torsion angle driving method is, however, not free of
pitfails as was pointed out by Burkert and Allinger
(1982). The elucidasion of the £ull interconversion
pathways by torsion angle driving depends on the
agsunption that one torslon angle is a good approximation
to the reaction coordinate, which is rarely the case,
This method also suffers from lagging effects, which las an
inherent property of the driving methed as used to explore
energy surfaces, Forced ste ving in the wrong directisn
eventually leads to a sudden jump into a different domain
of the surface. Quite a fow published torsional energy
profiles obtained with the one-hond drive method indeed
contain discontinucus curves involving sharp maxima and a
sudden drop after the maximum edge is passed {Baas ot al.,
1980 and Onawa, 1979). This feature violates the
principle of microscoplc reversibility.

A fow computational examples ef two-parametric, three~
dimengional encrgy suxfaces in the literature wil)l now
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follow. The dimensions of many chemicel systems are
generally higher than two, but the reader is referred to
an excellent paper by Ngrakov-Lauritsen and Blrgi (1985)
wha applied cluster analysis to analyse observed
conformations for molecular fragments with more than three
torsional degrees of freedom. The method iz an adaption
of statistical cluster analysis to mnultidimensional,
symmetric, periodic distributiors of dxta pointa.

Osawa (1982) studied the mechanisms of conformational
chirality inversion in bicyclo{4.2.l}lnonan-9-one, 58, and
bicyclo[4.2.2]decane, B9, and presented the meritas of
rotating at lecst two bonds simultaneously.

58 © 59

He concluded by stating that it appsars desirable to re-
examine,” by the two-bond drive method, discontinuous
torsional profiles recorded in the past. Schneider and
co-unikers (1979) addressed the problem of £full
conformational relaxation in  some cyclohexanés,
bicyclo(2.2.11heptanes and related compounds using the
Aliinger MMI force field (1976). The figure illustrates
their potential surface as calculated for cyclohexane, 60,
as a function of phi, and phiz (C = chair, TB = tuwist
boat, B = boat).

80
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The conformation of the amti-cancér drug daunomycin, 61,
has been inveatigated in detail by potenvial éwnergy
calculations by Islam and Neidle (1983). The flexibility
around the ether linkage, copnecting the anthracycline
chromophore and the amino sugar group, has been evaluated
using several types of potential energy function. The two
bend torsion angles phi, and vhiz were varied, while the
Test of the molecule were held in the orystal geometry.
The. results largely support the hypothesie that the
crystallographically observed conformation is the most
stable one, although considerable detailed variaktion with
regpect to potential functlon was found.
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Lunazzl and co-workers (1982) used molecular mechanics to
deternine the energy =minima and interconversion mechanism
for di-isoprepyl-nitrosocamine, 62. Evidence of the
existence of ¢orrelated intramolecular orientation (gear
effect) was observed, The interconversion pathway is
sunparised in the scheme below, where the surface
corresponding to the dependence of the computed energy
upon the torsional angles omega, and omegaz 1s reported.
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Bughweller et al. (1982) 4&idw complete study using
molecular mechanics on the stereodynamics of
diethylmethylamnine and triethylanine. A 5000 point
optimised energy surface was computed as a function of two
dihedral angles in diethylmethylamine, with the' lone pair
labeled as position number 1, the two pertinent dihedral
angles are 1-2-7-8 and 1-2-14-1%5, as defined ln gtructure

63. O
N
cH,

Ha CHy

63

Pergdz and VYergelatl (1984) reported the structure and
conformational analysis of methyl alpha-thio-maltoside,
64,
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Energy maps were computed as a function of phi, and phiz
at intervals of § degrees by including partiticned
contributiona arising from the van der Waale, torsienal
and hydrogen-bond contributions. The hindessd rotation in
2,4,6-trilscpropylbenzophenones 1like 6B, was sbudied by
Ito and co-workers (1981) using DNMR and meolecular
mechanice calculation. The caleulatvion revealed that the
rost energetically feasible rotation around the C{1)}~C(7}
bond in, 6%, involves the concomitant rotation of the
€¢7)-C{1’) bend in the sane meolecule.

85

Roussel and co-workers {1976) studied the gear effect as a
model for conformational transmission. They showed with
the ald of a slmple model that ypolyhedral substituents
like alkyl groups can be involved in a "gear system" which
may transmit long-range conformational! changes, The
strain energy calcoulations were performed in a rather
simplified manner. taking only the van der Waal's
intveractions into account by a potential function of the
Buckingham exp-6 type. Furthermore, the methyl aroupe in,
66 and 67, were treated as "conbined atoms",

The van der Waal's energy was calculated as a funetion of
the anglea phi, and phia with 2all other grometrie

s sl
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Energy maps were computed as a functlion of phiy and phiz
at intervals of 5 degrees by including partitioned
contributions arising from the van der Waala, torsional
and hydrogen-bond contributions. The hindered rotatien in
2,.4,6-triisopropylbenzophenaones like 65, was studied by
Ito and co-workers ({1981} wusing DNHR and molecular
mechanics calculation. The calculation revealed that the
most energetically feasible rotation around the C(1)-C(7)
bond in, 65, involves the concomitant rotation of the
€{7)-C{1') bond ih the same molecule.,

65

Roussel and co-workers (1976) studied the gear effect as a
model for conformational transmission. They showed with
the aid of & simple model that polyhedral subatituents
like alkyl groups can be inveolved in a “"gear system" which
may transmit lony-range c¢ontormational changes. The
strain energy caleulations were performed in a rather
simplified manner. taking oaly the van der Waal's
interactions 4nto acoount by a potential function of the
Buckingham exp-6 type., Furthermore, the methyl groups in,

66 and 67, were treated as "combined atoms",

The van der Waal's aenergy was calculated as a funstion of
the angles phiy and phia with all other gedmetric
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parameters held fixed. The enexgles are represented in
the maps with imo-energetic curves.

HE \7¢s

Disrotatory coupling of the internal rotational degrees of
freedon in double rotor moleculss like bis(9-triptycyl)
methanes and bis-(9-vtriptycyl)ethers was studlied by
Iwanura (1985) by neans of nolecular wechanics.
Independent rotation oround tha bonds connecting the
bridgehead carbon atoms Lo the central carbon or oxygen
atom in 68, vrespectively, is a most unlikely 'proocess.
Torsional notions weem to be poeasible only 4in a gear-

neshed fashion.
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Togh (X x Gy, 0)

68

The highexr limit of the barrier to rotation f£rom one form
to the other was estinrated to be 7 - 8 kcal/mol,

A partial torsional! energy surface of 68, is shown. The
two anergy minima lie in a deep valley of the Ramachandran
diagram representing the gear-meshing motions of this
molacule.

$fdes

Finally. & Teview on theoxatical lnvestigstion of reaction
paths on mnultidimensional -energy surfaces has besn
published by Mbller (1960). The difficulties and problems
spcountered wlth this approach axe discussed in this

review.

in c¢ohglusion, in is lnteresting to hobte that the
Boyd~Wiberg driver technique ia used almoshk exclusively by
chemists doing dynamic molecular mechanles woalculations.
One sghould always he very careful when torasional anglas
are chosen for a structural problem, or if a Functlon of
many variables is projected onto & space of smaller
dimension, that the chosen mapping parameters represent
the reacgion coordinate sufficlently closely.
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5.2 Conformatiopal Annlveis by weans of Wolegular
Hechanics

The cosplexities of disomerism and Aisomerisation in
moleculne possesaing one, two or more aryl or other bulky
groups in sberically crowded environments, are typieally
functions of ipternal rotations and amenabls to analysis
by the static and dynamic stereochemistry of such
molecules, utilising the approach of full relaxation
molecular mechanical calculations.

5.2.1 Description of Bmpirical Force Fisld

¥or the purposes of molecular mechanics caleculations the
molecule is treated am an isolated set of wstabic nuclel

held together by elastic linkages. Molecular mechanics
force-fields are based on the agsumption that the
{ntramolaecular potential energy (strain energy) of a
molecula nay be reprezented 4ag the sum of terms which ars
functions of the dlfferences between antual and suitahble
raference values of the parameters describing the
molecular geopetry {vsually internal co-ordinates and nen-

bonded déistances). Holecular mechanics minimises this
strain energy by systematically adjusting the ca=
ocrdinates. The «collection of the individual pozential
functions and their necessary parameters is called the
‘force field".

The steric energy, Es, of a molecule may be separated into ﬂ
the  following independent contributions (Westheimer, ‘
1956).

§ o
= + + 5
E, = E(r) + Eg8) + Egtp) * Ey® + Bl .
where R.{r} reprasents the bond stretching component, w
Ee(o) the bond angle bending component, Bplg)  the o
torsional effects, Enn(d) the non-bonded interaations, and ’
Eala) the out-of-plane deviation, Becausa of the

difficultien associated  with the caloulation of
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electrostatic interactions arising Erom the ohoice of
values for the effective dielectriv constant ané from the
fact that it is diffioult to estimate reliably where the
dipeoles should be located, “this agomponent of Es has not
been oongidsred (Walter and Inbert, 1978} . Some
elucidation of the potential fungiions used is necessary.
Bond lengths and angle deformations are assumed to follow
a gquadratic harmonic potentlal:

E,(r) =20.5K,(r - 1o

2z
E6170.5ky(0-6,)

ro and § are reference values of r and 8 in a hypothetical
strain-free molecule and k. Agd hg are forve constants,
It 483 well known that the non-bonded interactions alone
cannot aceount f£or torsional effects (Scheraga, 1968).
Thus, & separate centribution for the intrinsic internal
rotation to the total energy must be oonsldexed. The
torsional vcontributions <o sterlic strain are assumed %o
arise from interaction between all bonding electron groups
adjacent to the reference bond. In delocalised aystems
this interaction is attractive and favours a torsion angle
of zero. Non-plcn&r systems are therefore torsiconally
strained. All other torsional lateractions are repulsive
and assumed to approach zero as phi tends to 60 degrees.
Both types of interaction are convenlently computed by
using the standard expression commonly used fox
oalculating threefold barriers to rotation {(Boayens,
Jotton and Han, 198%).

Ept@)=047K (1 + cos3¢)

The problems due Lo the choloe of non-bonded poteniial
have been discussed in detail (Willlams et al,, 1968 and
Wiiliams, 1981) ani it ie probably the most orxitical part
of the parameterisation. In a classical way, and in
analogy with intermolesular interactions, we have used &
Buckingham exp-6 potential,

P . " Py
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Enu(@)= A exp(-Bd)-Cd°
The attractive part depends on the constant €, which id.a
function of the polarisabilities and wvalshce electron
densities of the atom pair {Scott and Scheraga, 1965).
The constant B iy a ahielding #unction, and A ls chosen to
ensure that the attractive and repulsive parts balance to
produce a minimym at a separation corresponding to the sum
of the van der Waal's radii. & large set of tested
paraneters is now available for interactlons in sasurated
compaunds. Finally, the delta angle accounts for out-of-
plane bending according to the potential,

5(8)=0.5k5(8)

The strain energy calculations were performed with the
computer program MOLBLD3 (Boeyd., 1968). Energy
minimisation 18 accomplished by means of an iterative
Newton-Raphson procedure. Wwhereby the cowordinates of the
atoms corzesponding to the sonformation are adjusted to
converge upoh the eguilibrius values for the ninimum
energy conformation (White and Guy, 1978)., The literature
contains numerous investigatlons of various degrees of
sophistication which are concerned with the application of
melecular-mechanical calculations to the study of the
structure of compounds containing aromatic rings (See
Androse and Migzlow, 1974 and references clted therein).
In Boyd's method, tha preadjusted parameterisation treats
the delocaliged system as a transferable structural unit,
and the relevant parameters oan change during the
minimisation prosess (Boyd et al., 1971; Chang et al,,
19703 Shieh, MeMally and Bovd, 1969; Carballeira et al.,
1982; Haverick, Smith, Kozerski, Anet and Trueblood. 1975
Carballeira ot al., 1984, and by Osawa and Musso, 1988).

§.2.2 nanio. Molecoular Hochanioal Ca tlons

Theoretical investigation af rotational isomerism requires
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a detailsd knowledge of the potential anergy of the
nolecular system. A% & firat step In such & study,
sinimum energy reaction paths Have to be mnapped on a
generally =sultidimensional nmelecular potential suvface.
By contragt, the gxpeTimental  wituation is less
stralghcforward. The, transitien state as well as the
region around it are:generally not amenable by direct
experimental observation. In oxder to identify conformers
sterically allowed with a certaln margin of confidence, as
well as to establish the order of mnagnitude of the
barriers hindering the conversion from one conformer to
another, a new type of driver subroutine was added to the
MOLBLD3 program.

The standard MOLBLD3I program provides a facility to drive
one, or several torsional angles simultaneously, at
diffarent rates, through a specified range while
caloulating strain energy at regular intervals {Wiberg and
Boyd, 1972; Boyd and Breitling, 1972(a) and Boyd and
Breltling, 1972(b). This torsional angle driving method
of Wiberg and Hoyd ie used in almost all calsulatiens
pertaining to dynamic molecular mechanics. The szubroutine
NDRIVE in Allinger's MM force field also rotates according
to the Wiberg-Boyd method (Osawa, 1979, and Allinger,
1977).

The conformational analysis of systems like the fulgides
or 1,8~di-arylnaphthalenes by molecular mechanics,
reguires a systematic adjustment of twe independent
torston angles that determine the orientation of the aryl
sunstituents. This carnot be achieved any of the
exlsting ocomputer programs, that was available to us at
the time, and pevessitnbed the modification %o the
existing computer program MOLNLDA to provide this faoility
(Allenspach-Wasser, Boeyens and Denner, 1986). A
procedure to compare the sateric energy of all
.onforpations in a selected two-dimensmional surface,
representing rotation about two chemical bonds, has
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therefors Yeen LnanTporated into the standard nolecular
mechanics program MOLBLDI of Boyd. No modification of the
existing MNewton-Raphson nminimasation algorithm  was
introduced and the changes amounted only &¢ a programmad
procedure Yo step two selected torsion anglies through a
specified range, with full relaxation empirical force
field ¢ .‘ulation, with the exception that the two
dihedral angles wuere held constant during enargy
minimisation , at each incremented step. In the driving
Toutine of WOLBLDY the refined co~ordinates at any step
are used a, ' ut co-ordinates for the nexs ztap. This iz
done to avexd unrealistic distortion of +the molecular
structure, that could happen if the adjustment of torsion
angie is tco sudden. A sucgession of small sseps engures
a gradual change in conformation and eliminates the danger
of dlstortions. Since the =same i3 t.ue for the
simultanecus adjustment of two torsion angles., standard
Fortran DO-loops would not be suitablc unless the ‘inner
loop has a fixed range of 360 degrees. This is not always
practical and to avoid large jumps the Laner loop was
defined with a change of increment sign at both ends of
the speclfied  range. This causes the chsnging
conformation to zig-iag through the field in small steps.
Other two-bond drive schemss have been ueed by Osawa
{1982). A gubroutine to plot the output in the €orm of a
two-dinmensional contour map wag added. This facility to
map conformational energies as a fuﬁation of two dlihedral
angles 4is foreseen to £ind general applisation in the
study of rovational barriers.

Finally, an example of the abovementioned two-dimenslonal
driver as applied to the confarmational analysi. of 1.4~
diethylbenzane i3 given., The torsion angles phi. and phin
ware driven through 360 degrees in stepsz of 10 degrees,
l.e. phi. = 10 degrees, phia = 0 to 260 demgrees in ateps
of 10 degraeg, f£ollowed by phi, = 20 deyrees., phian = 0 to
360 degrees in ateps of 10 degrees, eto. The
conformational space of diethylbenzene is depirted in the
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contour map with contour intervals of 0.3 koal/mol.

163 240.00 350.00

v T T =
60,00 120.00 120.00 24G.00 300.00
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$.2.3. xploxin wo Dimensional Steric Ener Surfaces

with Molecular Mechanles.

The minimisation scheme used in most emplrical force-
£ields relies on the Newton-Raphson method to find the
minimum 9train energy. Consider the graph below whick

shows a toraional cvordinate versus strain energy.

»

Phi

This graph shows three minima A.B and C. with C being the i
global minimum. If the trial coordinates for this L
structure is chosen to be at either A', B' or C', the o
Newton-Raphson method will gilve three minimum atxain +
energy conformations at minima A.B and C, respectively.

3
A second point to note when using a refinement technique f l
|
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is the criteria for convergence. In HOLBLD3 the
convergence criterion is the root-mean-sguare deviation of
the shifts. The minimisation mathod used, although it
generally converges rapidly, does not guarantee
convergeace. For instance, the convergence of conformer A
in the above diagram will be much faster than conformer C,
because a big shift in phi is not accompanied wikth a large
change in energy. A& typical value for +the root-mean-
square deviatign of the shifts in a molecule is 0.005.

Naturally, chemists are interested in studying the
conformations of molevules at the global minima of the
Tespective molesules. However, in certain molecules the
idea of exploring the entire confurmational energy surface
is more useful, especially in cases where rotaners are
suspected to exist. Strictly speaking, all possible
torsional angles should be varied to cover the entive
conformational energy space and in doing so idastify all

possible energy minima and barrier heights.

The sterscdynamics in this thesls deal exclusively with
twe-dimensional conformational problems such as 1,8-
diphenylnaphthalense. The approach used in this work is
described in the previous section. The gtrategy for all
two-dimensional "driver" «calculations were as follows:
The tGorsional mobility of 2 solecule was determined by
identifying two torzion angles which defined <the najox
confornational effects of the molecule. Thess two toraioh
angles were +then driven each through 360 degrees, with
wefinement at each grid peint (See previcus Section).
Sinoe, this can be an enormous amount of calculation for
even small to medium moleculees, it was decided to do these
conformational rtuns with ‘a lazger cohvergence limit,
typically ©.01,

Because of this all stexic energy plots in this thesis are
not 100% symmetrical in nature. Wevertheless, the maif

conformational features of these sterld energy maps are




still revealed. All nminima and maxima are well defined.
The second phase of the calculations involved the
identification of these conformers. These conformexs were
then refined with a much better ¢onvergence criteria,
namely 0.002 - 0.005. The strain energies obtained &n
these calculations were used to caloulate the barrier
heights.

This approach differ significantly from other approaches
in the literature (Burgl et al, 1983). These workers
applied symmetry donstrains to all molecules during

tional inter ion, to produce perfectly
symmetrical two-dimensional strain energy maps.
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CHAPTER 6

Conformational Analysis of Peri-substituted Naphthalenes.

6.1 Introduction

Highly congested molecules always present challengez to
chemists. On the one hand, there is the organic chemi.c's
problem of trying to synthesise such molecules. on  the
other hand, theoretical chemists can test the limits of
their predictions against the effect of intramolecular
strain on ground-state structure and internal mobility.

Alkyl or aryl substituents at the 1,8 positions (the peri-
positions) of naphthalene are in ¢loss proximity to one

another and provide many interesting opportunities for the
study of conformaiions and barriers to rotation about the

extracyclic bonds. The essence of conformational analysis

of peri-substituted haphthalene is to study how these

molecules accommodate strain.

6.2 Literature Survey

Substituted naphthalenes with peri-substituents are a case
in 2o0int and much work has been done on the subject. Iy
has been reviewed by Balasubramaniyan (1966). Clough -and
Roberts (1978} gtudled molecular models of. 69, and
suggsested that a 180 degrees rotation about a phenyl-
naph{:l bond is expeeoted to be effectively blocked for
derivatives of peri-diphenyinaphthalenss, in which sterig
reguirsments force the phenyl rings to assume a face~to-
face conforaation.




Q0

a9
This was oconfirmed by an X-ray diffraction study of
Ogilvie (1971}, As & result, House and co-workers (1970}
prepared several derivates of 1,8~diphenylnaphthalene

{like 70) having & substituent at one meta position of
each phenyl ring, with the expectation that they would be
able to isolate gcis and trans lsomers as shown

schematically below: 4

R
SR S £

—d L I_.a__l‘q._

cis trans

However, it wag not possible te obtain peparate isomers.
and, instend, a single crystalline compound was isolated.
Subseguent NNR pmeasursments on the derivative. 70, showed
that the barrier to rotation was only 16.4 kcal/meol, which

is too low for isolaticn of rctamers.

OH

Qo

70




Clough and Roberts (1978) reported the synthesis and
measurement of the  rotational barrier of the highly
strained, 71, which has tWo sets of crowded peri-phenyl
groups. n oM

‘ ©
(@@
0

DMMR  studles and visual mabehing using computer-gensratad

spectra allowed them to caloulate the barrlier for
Fotation, to be 14,9 keal/mol. More racently, Cleugh
and Roberts (1976) found that 1,8-di-o~tolylnaphthalene,
72, =ould bhe resdlved into a gig and tranhs isomer pair due
to the restrioted rotations around thke tolyl-naphthyl

bonds.
H,C : : CHy

72

The two isomers ware found to be stable Ln the crystallire
gtate, but intersonversible in solutioh having a half-life
of soaout one day at room temperature, The publication of
this communicatlen sparked off a whele seriey of
structural analyses of intexnally orowded naphthalené
derivativaes to explain thesagnitudas of rotational barriars
as well az the effects that tha pari-aubstituents have on
the naphthalene nucleus. H




An X-ray crystallographic study of 1,4,%,8-tetraphenyl-
naphthalene, 73, published by Evrard et al. (1972}
revealed a fairly warped structure for the naphthalene
molety. Thia study supported the idea that relief of the
#steric etress ie accomplished by splaying of the bhonds to
the peri-substituents as well as by surprisingly large in-
plane and out-of-plane deformabtions of the naphthalene
nnsleus. Relevant bond lengths, angles and non-bonded
distances are depicted in the drawing,

73
Clough et al. (1976) reported the synthesis, 1H NRR
spactrun ana crystal structure of peri-
diphenylacenaphthalene, T4, In thiz compound, the

overtrowding of the phenyl groups at the 1 and 8 positions
i# accompanied by =z pinthing together at the 4 and 6
ponitions, due to the bridging dthylens groups.

@
@

ROR®

Wahl &t al, (1984) reported the syntheses, mnolacular
structure and spectroscopic properties of three 1,8~
dipyrenyinaphthalenes 75 to 77.
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in order to establish kinetle paraneters for the
inturconveraion of stereoisomers 78 and 76 these authors
invoked the crystallographic result that 76 crystallises
in the chiral space group P2,. Thus, a separation of
énantiopers were possible by picking out single crystals.
By determining the decrease of ‘the optical rotations with
time the ~rate constante for the gis~trane tsomerisation
were measured at various temperabures, From these
neasurements an Arrhenius plot was obtained f£rom which the
activation energy Ea = 24.8 kcal/mol was derived, A few
structural features of these compounds need to be
enphagleed. In the projection of, 76, on the naphthalene
piane the peri-bonds C{1)-C(1') and C(B8)-C{1") are sgpread
by 13 degraes. Furthermore, theege bonds deviate £roa the
naphthalene plane by 7 and $ degrees in an opposite up=-
and-down fashion. bie to these deformations the bond
angleeg C{1')~C({1)-C(BA), C(1)-C(BAI-C{8) and C{BA)-C(B)~
C(i") are increased to 123.2, 128.,4 and 124.4 degrees
respectivaly. The pyrenyl groups are rotated against the
naphthalene plana at angles of 856 and 90 degrees,
regpactiveiy.
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In contrast to, 78, the spreading of the peri~bonds C(1)-
C(1') and C(8)-C(1") in, 76, occcurs mainly as an in-plane
bending of about 16 degrees. The out-of-plane daviations
of these bonds as well ag of C(1) and C{8) are negligible.
Tho bond anglas C{1'}-Cl)=C(BAJ, C(1)-C(BA)-C(8) and
C{BA)~C(1") are widened to 125.2, 125,3 and 124.5 degree:.
respectively. The pyrene plrues are both twisted against
the naphthalene plane by an angle of 75 degrees; the
inelination of the two pyrene planes towards each other is
6.2 degreesn.

7

The in-plane and out-of-plane deformations of the
naphthalens peri-bondes C{1)-C(1’'} and C(8)-C{1I"} of 7§ are
similar as 4n 735 (16 and 10 degrees, respectively). The
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anglea C{27)-C{1)~C(BA), C(1)~C(BA)-C(B), and C(BA)-C(8)~
C(2") are widened to 123.6, 126.2 and 126.3. The nost
interesting feature in the structu. of 77 is the £faot
that the pyrene planes are not nearly orthogenal -to the
naphthalene plane, but form torszional anglew of only 56
and 59 de¢grues respectively with the central nucleus.

7

Ibukd et al, {1982) described the preparsfion and
conformational propaerties of seversl 1,8~
diarylnaphthalenes, 78 to 83.

QO g©

78 79
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In addition, these authors daescyibe the characterisation
and Linterconversion ©f the stable gis and trane rotaners
of 1,8«di-~l-naphthylnaphthalene. Both these rotamers are
quite stable in gelution at room tenmperatiura for over two
weeks. The stability seems to ba remirkable as compared
with the half-life of anly about one day in solutisn with
respect %o the interconversion between gis and trans 1,8-
di-tolylnaphthalane at room temperature. Rach of the
other dlarylnaphthalenes, 78 to 80 and 82 to 83, proved
to be single substancas indlcating low energy barriers to
rotatlon of the two rings around the bonde at the peri-

pomitions.

A erystal struchture analyais and atrain energy
minimisation calculations on l.8-dimethylnaphthalene. 84,
have bwen performed by Bright and co-werkevs (1773). The
crystal structure ravealed that the ' most nmarked

O e e
.
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distortions occur at the junctions of the methyl groups
with the naphthalene nucleus. The inner angles, C(9)-
C(1)-C(1l) and €(9)-C{B)-C(12), are increased from the
ideal 120 degrees %o almost 125 degrees while the onter
angles, C(2)-C(1)=C{11) and C{7)-C(8)-C(12), are decresased

to 116 degrees.
GHy CH,

QO

84

Surprisingly. the carbon skeleton was found to be planar.
No carbon atem deviates from the best least-squares plane
throtigh the ring carbon atoms by »0.02 angstrom. One
might expect that substituent interaction could be reduced
by bending one methyl above and one Below the naphthalene
plane, but this was not observed. This is in contrast
with the situation in 1,4,5,8~tetrachloronaphthalene, B85,
reported by 6Gafner and Hewzbatedn (1962),  where the
chlorine atoms were found to be 0.2 angshtrom out of the
molecular plane, in additien, a significant buckling of
the naphthalene nucleus was observed. In 1,8~
diphenytnaphthalene the nucleus is planar, but the phenyl
carbon atoms attachedpthe nucleus are displaced by 0,06
angstrom above and below this plane (Ogilvie and Parkes,
1973). A buckling of the naphthalene nucleus was also
reported for 3-bromo-1,B-dimethylnaphthalena, B6, by
Jameson and Penfold (1965).

CH, CH,

QO

86

Br

The comparison between calculated and observed astryctures

were good. Their study has indicated that the gstsain

parameters of the Boyd force-field developed ; for
|

cyclophanes are 4indeed applicable to other systems, at
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least to provide an understanding of the gross effects of

overcrowded molecules.

in order te get a better understanding ot. peri-
interactions in phenyilnaphthalene derivatives, it was
necessary to do a literature survey encompasging mRany
different functional groups in the 1 and 8 positions of
naphthalene. Aaéierson of al. (1972) reported considerable
twisting in },8-di{~-t&xt-buty))naphthalene derivatives, 87
to 89, where the tert-butyl groups 4re found on oppoaike
sides of the mean plane of the aaphthslene xiny,

® 0L, OO0
©

87 88 89

The barrier to flipping of these groupw o give the
enantiomer conformation is greater than 24 kcal/mol.  The
same steric interactions give rise, In contrast, to a
particularly low barrier to rotation about the tert-
dutylnaphthalene bonds of about 6.5 kcal/mol. These
workers concluded by stating that steric interactions may
occasionally produce low rather than high barriezs of
rotation. Handal et al. (1977}, descrided the detalled
molecular structure of 4 gperi-di(tert-butyljnaphthalene,
90, as determined by ¥ sy oryatallegraphy and molecular
mechanics vcalculation. Both methods produced a highly
distorted non-planar framework.




It was convluded from the observation of disstereotopic
hydtogen atoms in  the NMR  spectrum of the
benzylnaphthalene that the aromatic framework was hon-
planar and chiral. Furthermore from coalescence studies,
it was determined that the free enerxgy of the barrier to
racenisation was greater than 20 hcal/mol. The tert-butyl
groups and the peri-carbon atoms must pass through the
mean plane of the molecule for racemisation to ocgur.
Roberts et al. (1874) determined the conformation of 1,6~
di(bromo-methy))naphthalene, $1. Inh the crystalline sbate
and they found that the molecule has essentially twofold
symmetry about the C(9)-C(10) bond with the bromine atoms
located above and balow the plane of the ring. The strain
in the molecule is largaly relieved both by in-plane and
out-of-plane bending of the peri bonds as well as some
skeletal distortion in the wing. They explained the
relief of steric strain in terms of a buttressing effact
exerted by the 2,7-hydrogen atoms which tends to favor
out-of-plane distortions.

Br Br

©@

91

Low-temperature proton NMR studies of, 91, and some

e
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related compounds showed no evidence of barriers to
rotation about the peri bonds, large enough to be
detectable.

Blount et al. (1980) published the X-ray structures
of 1,8-bis({trimethylgermyl)naphthalene, 92, and 1,8~
~is(tri-methyistannyl)naphthalens, 93.

(Me}_’z Z(Me)a Ge 92

z
Z=Sn 93
O Z=Si o4

Empiricel force-field calculations yvielded structures in
good agreemsnt with those obtained by X-ray diffraction:
cbeee calculations also predicted that the cgonformation of
the yet unknewn 1,8-bis(trimethylsilyl)naphthalene. 94,
Tesenmbles that of 92 and 93. The stersoviews of 97 and
93, below show the distortions.

92

a3

Fields and Regan (1971) presented the synthesis of 6~
substituted 2,5-diacetoxy-B-tert-butyl-(-2-pyridyl)-naph-
thalene, 95. Low-temperature NMR spectra of the N-methyl
quaternary salt of 9% indicated the existence of two
isomers and were interpreted in terms of skewing of the
naphthalene framework.




While the two conformational isomers were found to he in
rapid equilibrium above -50 degrees c¢elaius, the rate of

ring inversion slows sufficlently below this temperature
to allow the separate N-methyl resonances to be observed.
A value for the barrier of 12.0 kcal/mol was obtained.

Bgli. Wallia and Dunitz (1986) studisd the structure of
N,N-dimethyl~B-nitro-l-naphthaleneanine, 96, in seven

cryatailine environments. They found, in all seven
conformations, that the lane pair of the amino N-atom is
directed approximately teowards the nitro N-atom, which is
slightly pyramidalised towards the amino group. This
trend to clese-up rather than open-up the peri bonds on
the naphthalene ring 4s the exact opposite of all the
examples mentioned above. This point reconfirm the

importance of conformational analysis.

e, 124,40,
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House et  al. {1986) in their studies on 1,8~
dipheaylanthracene and lis derivatives. used the fact that
these compounds exist largely in conformations with the
two phenyl rings approximately parallel and approx.mately
parpendicular to the plane of the anthracene ring, as a
uzeful synthetle advantage. Such conformers possegs 2
molecular ocavity bounded on the bottom by the anthracene
ring and on the tuo sides by phenyl rings. This cavity is
of sufficlent aize to allow reagents to enter and engage
in chemical reactions at the bottom of the cavity, namely
the C{(9) position. Consideration of this geometry lead
them to the conclusion that 1,8~diarylanthracene
darivatives like, 97, with two unsymmetrically substituted
aryl rings, could exist as two geometrical isomars, a gis
form, 97a, and a trans form, 97b.

Furthermore, the trans form, 97b, would be composed of two

non-superimposable mirror images (enantiomers).

Resolution of an appropriate set of enantlomers possessing
a functional group at the €{(9) position would provide two
moiecutes, each with a chira) savity and a functional
group at the bottom of the cavity. Such molecules have
the potential to serve as "synthetic enzymes” that could
convert achiral substratee to chiral products or cousd
discriminate between the two enantiomers of a racemic
nixture, Te explore possibilities 1ike these, more
information about rotational barrlexs, rotamers  and
conformation is needed.

Studies on binaphthyl darivatives revealed sone




=111 -

interesting facts too. Korp et al. (1981) determined the
crystal atructure of (-)-8,8'-(2-thiatrimethylene)-1,1~
binaphthyl, 98. The molecules were found to have axlal
chirallty R{hellclty M), while each individual naphthalene
unit was twisted with P helicity. The angle between the
zain planes of tho naphthalene pairs ls 92.5 degrees and
they ars badly bucklead.

cO
=

98 '
Anderson and@ Hazlshurst (1980) reported x-study on the
hindered rotation in i-alkenyl-naphthalene analzcgues of

binaphthyl using DNHMR. The followirng vonpounds were
studied:

e & H

QO~ QO
H H

& T H

{Barriers are free energies of activation in kaal/mol).

Bn  analogous series with an ethyl group instead of an
igopropyl group attached to C(11), was also investigated.
The barrier to rotatlon for binaphthyl is 23.5 keal/mol
agcording to Cooke and Harvis (1967).




A theoratical study of configurational inveraion in 1,3'~
binaphthyl by molecular mechanics was done by Carter and
Liljefors (1976). Pathways connecting local winima were
caleulated using an spproach aimilar to that desoribed by
Wibery and Boyd, 1972. A one-fold torsional function was
used for the pivot bond C(1)-C(1')., The preferred pathway
wag found to be one on the aptl side of the molecule

involving one point of H...H non~bonded contact in sach of
two idenwical tranaition states, separated by a very
shallow ninimun. These low barriers to rotation for
congested molecules are undoubtedly due to the energy of
the ground atates of the molecules being raised relative
to the +transitlion states so as to make the energy gap
spaller. Therefore, it is necessary to explore compounds
that are less congested i{n the ground state, but possess
severe interaction between the parts of the molecule in
the transition state for rotation, t¢ make it poasible to
isolate atropisomera &t room temperature.

6.3 Confo tio alysis of 1.8-Di-ary)na alenes

by Tuo-dimenaional Mapping of Steric Energy

Introdugtion

It is gommonly assumed (Balasubramaiyan, 1966) that the
favoured conformation of 1,8-diplenylnaphthalene, 929

occures with its two paraliel phenyl rings perpendicular to
the plane of the naphtha.ene ring, .nd with substantial
energy barrier to rotation of the pheunyl rings.

©©
go

It was therefore surpriaing to €£in § +.e and DBaske,
1965) that gis and trang rotamers of 1.. Ji{ortho-or meta-
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substituted phenylj-naphthalelies could net be isclated,
and thig was ascribed (House, Campbell and Gall, 1970) to
a relatively low barrier to rotation which amounts to
about 9.6 kecal/mel for phenyl rings. Regolutjon.of 1,8~
di-o~tolylnaphthalene, 100, however, was subseguently
achieved by column chromatography.

Me ©© Me ©© Me

00 = OO

100
The trans isomer was found to be the more stable by 0.7
keal/nol. The barrier to interconversion was caloculated
to be 24 kcal/mol and a lower observed barrier of 9
kcal/mol was interpreted in terms of the £lipping of
aromatic rings f£rom side to side 'of the naphthalene
planes, These calculations were based on DNMR data. This
difference in opinion has never been resolved and the
actual structures of the relevant rotamers have neither
been determnined nor calculated. To settle the question
two-dimensianal steric energy surfacen have been
to mlucidate possible

“otaners.

calculated by molecular mechaniw
pathways of intervonversion betwee.

Results

In order to elucidate the mechanism of conformational
changes in di-arylnaphthalenss the confurmational energy
of l,8-di-phenylnaphthalene, 1,8-di-tolylnaghthalene and
1,8~di{n-methylphenyl)naphthalene was o¢alculated asg &
funotion o¢f aromatic ring rotations, wusing the default
force-field of the program MOLBLD3 (Boyd, 1968), An X-ray
single erystal analyelc on an analogous compound, l-tolyi=
naphthalene, OR44, g b»lso presented together with the
first results obtained from & corystal of gie-~1,8~
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aubstituted phenyl)-naphthalenes ocould not be isclated,
and this was ascribed (House, <Campbell and Gall, 1970} to
a relatively low barrier to rotation which amounts to
about 9.6 kcal/mol for phenyl rings. Regolution.of 1,8~
di-o~tolylnaphthalene, 100, however, was subseguantly
achieved by column chromutography.
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The &zans isomer was found to be the mors stable by i
keal/mol.  The barrier to interconversion was calc &

to be 24 koal/mol and a lower observed barries & ¢
kcal/mol was interpreted in terms of the . flipping of
aromatic rings from side to side of the naphthalead
planes. Thase calculations were based on DNMR data. This
difference in opinion has never been resnlved and the
actual setructures of the relevant rotamsrs have neither
been deternined nor calculated. To settle the guestion

two-dimensiconal <erie anergy surfaces have been
caloulated by wi i ‘oular mechanics to elusidate possible
pathways of interconversion between rotamewa.

Rosults

In order to elucidate the mechanigm «f conformational
shanges 4in di-arylnaphthalenes the coniegaational energy
of i,B-di-phenylnaphthalene, },B-di~t iyinaphthalens and
1,8~di{n-methylphanyl naphthalene was ~cisunlated as a
function of aromatic ring rotations, :pdng the default
force~field of the program MOLBLD3 (Boy+, :968). An X-ray
gingle orystal analysis on an analogoun ooppound, l-tolyl-
naphthalene, OR44, 45 also presented tugether with the
first results obtainag from a crystal of eig~1,8~
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di-tolylnaphthalune.

ORd4
The results are presented as two-dimensional surfaces and
calculated minimum energy conformations.

Fig,20. Stareoscopiu drawing of the minimum energy
rangement of 1,8% diphanylnAphthnlana obtalned
by no euular mechanics.
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Fig,29, Two dimensional contour mug of the conformational

enetgy of l,e-diphenglnaph halent: ag a function
of the rotation of the two phenyl =ings. Contour
intervals are 2 keal/mol.
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Fig.30. Sterocospopio drawing of the mininum enor
rie arrangemege © l,B-gi(meta-methylphen 1)gy
naphthalene obtained by molecular mechanias,
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Fig.31. Two dimensiona}l gontour map of the conformational
energy of l,8-di(meta-methylphenvi)naphthalene as
a fuhetion of the rotation of th two phenyl
rings. Contour intervals are 2 kcal/mol.
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Fig.52. Conformational gnergy of 1.8-di-tolyl-naphthalens
i & function of two phepyl 3ing ‘rotations.
Contours are drawn at 2 keal/mol.
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Fig.33. Stersgsgopic drawin
Sulaf mechani

It is  lmportant to note that a

to relleve the accumulating strain. For

rotats past each other, the systen

rotation that leads to severe steric clashing

two aryl rings rotate together from an
arrangement, a high-energy transition state,
to a flattened naphthalene nucleus is approached.

different, low-energy puckered conformation.

of the cis and trans
o£°1o8%4ik tolylnaph%halene 2458 2ineE 20

conplete

instance,

forms
mole-

energy
ninimisation was performed after mach rotational step (See
Chapter 5 for detailed discussion of this method).
therefore

Any

produces a gradual distortion of the naphthalene skeleton

when

energy-sinimum
corresponding
As bhey

relaxes into a

This type of




- 118 -~

pathway cccurs along the diagonals of the two-dimensional
steric energy maps. Although conformational flip between
enantiomeric configurations 1s therefore not explicitly
provided for 1in the calcuiation, it is produced
automatically by the facility %o minimise conformational
strain at all points on the surface. 1t followe that the
effects produced by the rotations of a given aryl ring
depend quite critically on the orientation of the second
aryl ring, during the course of the rotatioen. With the
second ring in a favourable orientation, the first can
slide past fairly easily and without distorting the
naphthalene nucleus. Another orientation of the second
ring however, may produce a high-energy enceunter that
causes skeletal distortion and eventually conformaticnal
£1ip. This accounts f£or the fact that the calculated
contour surfaces are not totally symmetrical.

The contour interxrval in Figure 29 is about 2 kecal/mol and
the Bteric energy surface dufines four pronounced minima,
corresponding to two pairs of epantiomeric conformations.
Chirality results from distortion of the naphthalene
nuclens  and offset of the aryl groups 4in opposits
directions with respect to the mean naphtaalene plane.
Reversal of the offset inverts the sense of the helix
defined by the bonds between the points of attachments on
the aryl rings. This corresponds te £1lipping between
enantiomers. Because of the ahsence of any substituents
on the phenyl rings however, nominal geometric isomers are
identical. The conformations marked T and C are
indistinguishable and the barrier to interconversion
simply represents the steric barrier to xotatleon of a
phenyl ring. The calculated value is about 9 kecal/mol, in
good agreement with previous estimates (House mnd Baske.
1968}, The interconversion to an enantiomeric
conformation {either T ar C') involves not only the
rotation of one or both rings, but also the conformational
£1ip, first described by Clough and Robexts (1975). This
transition requires ¢a, 185 kcal/mol, £from which the
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barrier to conformational f£lip is obtained as 5.9
kcal/mel., An upper limit of 8.8 koal/mol for £lipping and
a barrier to rotation of 16 keal/mol were measured before
(Clough and Roberts, 1975},

The results for 1,8-di(meta-methylphenyl)naphthalene is
depicted in Figure 31, The gontours were drawn also at
intervals of 2 kcal/mel. Four distinct minima can be
clearly identified, hamely at positigns of phi(l) and
phil2) of (90,908), (90.270), (270,90) and (270,270).
These positions are denoted by the symbols C,T,T° and <C°
on the map. The barrier % rotation of one phenyl ring is
calculated to be about 12 kcal/mol. This is ca. 3
kcal/mol higher than in the unsubstituted case of 1,6~
diphenylnaphthalene. The intercoaversion from C to C
involves not only the rotation of one or bath rimgs, but

xlge & -conformational £1lip, which was cat-alated to

require ca. 20 kcal/mocl, £rom which the b ~i af the
conformational £lip was obtained as ca. 6 ke 41 'These
barvier heights explain the experimental diffa .83 that

House and co-workers (1970) experienced in trying to
separate rotamers of [,8-meta-substituted phenyl

naphthalene derivatives,

The results for 1,B-di-tolylnaphthalens (Figure 32) are
equally interesting though more complicated due to the
presence of the o-methyl substituents.  The contour
interval in Figure 32 was kept the same as of Figures 29
and 31 to emphavise the incroased strain in the 1,8-di-
tolylnaphthalane system. Several modes of rotation nmust
now bs considered, depending on how the aromatic Tings
move past each other. Rotations that lead to direct
clashing of the methyl groups would encounter enoTmous
barriers, but the ocontour map shows that saddle points
exist and that, by avoiding any direet clash, the barrier
is reduced to about 16 keal/mol. The barrier to
enantiomer Lhversion with rotation now amounts to abouz 22
keal/mol, which is in good agreement with  the
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experimentally wmeasured wvalue of 24 kcal/mol reported
before (Clough and Roberts, 19758). The energy barrier to
flipping £follows as 6 kcal/mol, as for the previous two

cases.

Discussion

The 7Tesults are in total agreement with the measurements
of both House (1970) and Roberts (1975). There ars three
barriers to conformational change: a high barrier to
rotation with configurational £lip: a . l.¥ barrier without
£14p; and a simple configurational £1ip, without rotation.
House and co-workers (1970) observed the low barriers to
rotation (15 and 9.6 kcal/mol) at rsom temperature. These
account for the rither rapid interconversion of rotamers
ia solution at room temperature. Clough and Roberts
(1978) obiserved the high barriers (24 and 16 koal/mol) +to
rotation at 40 degrees celalus, interpreted to be in line
with the existence pf separable rotamers of dai-
tolylnaphthalene. Their observed low barrier (9 kcal/mol)
for thils compound was correctly interpreted in terms of
conformational f£lip.

House and so-workers (1965) observed the low rotational
barriers. The implications are clear. Interconversion
between geometric forms can occur with or without
enantiomaric £lip. The two types of barxrier differ by 6
keal/mol and whersas transition over the low barrier
occurs at room temperature, rotation with £lip is
activated only at somewhat higher temperatures. The lower
barrier Allows equilibration in room~temperature
solutions, but are sufficient to stabilise different
rotamexs in the solild state.

At the time this thesls was written the structure of one
of the rotamers of 1,8-di-tolylnaphthalene, npamely the
gig-vompound was determined by X-ray cxystallography
Only the space group and cell constants obtained are
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listed below, due to poor nature of the data brought about
by poor crystal guallty, decay and disorder in the crystal
leaving the obtained structure planar.

Space Group: P2, /e
Cell Constanta: a = 16,560 angstrom

b = 7.865 shgstrom
¢ = 15.382 angstrom
beta = 117.2]1 degrees
Work &s in progress in an attempt to resolve the dicerder
that seems to be present. The calculated structures are
in line with splaying of the bondsz to the peri
Bubstituents and some .deformation of the naphthalene
nucleus. Details of these distortions are summarised in
Table 49, in comparison with corresponding values.
previously measured {Evrard et al., 1972)
crystallographically in related structures. The agreement
ia good.
Table 49. g:lculateﬂ bond shramecern (angstxom and
grees) i~aryinaphthalenes and- the
correnpondi obaserved Erom tetra-
phenylnaphthalene. expected, the latter
st 8 more distorted but of the same
cogfg;sagﬁog:éureygat The numbering scheme is
Compounds
Paraneter* 1 2 3 4 Experimental
2=6 2.86 2.85 2.87 2.86 2,99
35 2,47 2.46 2.46 2.47 2.81
2-3-4 126.4 124,5 1256.4 125.0 123.2
3-4-5 123.3 123.2 123.4 123.3 122.6
4-5-6 125.83 124.4 1235.5 124.7 128.2
1234 19.4 76,1 83.8 ~81.5 ~52.0
2-3-4-8% 8.1 10.9 7.9 ~9.4 -19.6
3-4-5-6 8.9 12.3 6.2 -10,1 ~20.2
4-5-6-7 79.0 T4.6 84.7 -76.9 -51.7
e F;‘eﬁgénﬁs’ﬁg:;g)na nthslena
T di~ ~tolylnaphthal
- -tolylnaphcha!

4z
*

BEEH 1engths in angaerom and ang

les in degrees.
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The calculated orthogonal coordinates for structures in
this chapter, as well ‘as A full list of calculated bond
lengths and angles appear in Appendix I.

6.4 The Structure 1-(o-Nethyl hthalene

During the 4investigationd on the structure of 1,8-
diarylnapnthalene derivatives, an analegous compound 1i-
tolyl naphthalene,  OR4d, was also at hand in the

orystalline form.

OR44

e

The atructure of compound OR44 posed two interesting
guestions namely: (i) What is the orientation of the tolyl
group with respect to the naphthaleme nucleus; (ii) Would
this orientation cause any distortions in the framework of
the naphthalene skeleton. It ig claar from the diagram
below that if the torsion angle, phi lies in the region
between 0 and 90 degrees that the resulting structure
would conelst of two stereolsomers.

CH,
3“:

Crystallography

The orystal of OR44 was mounted in & Lindemann tube and
aligned on an Enraf Nonius CAD4 diffractometer equipped
with & graphite monochromator and Me~K({alpha) radiation.
{5ee Chapter B for detalls). Agourate cell constants were




- 123 ~

sbtained f£rom refinement of 25 high angle reflections

The necegsary crystal data and crystallographic parameters
appear in Table 50, The intensity data collected were
porrected for Lorentz and polarisation effects, bhut not

for absorption.

The strusture was sclved by dlrect methods using the TREF
routine in the prerelessed versioh of SHELXS86 (Sheldrick,
1985). The resulting E-map revealed all the non-hydrogen
atoms. The structure was refined with full patrix-least-
squares using the program SHELX76 (Sheldrick, 1978).
Some, but not all, of the hydrogen atom positions were
apparent on a difference Fourler map, and a riding model
was used for all hydrogen atons. The refined atomic
ecoordinates and bond length and angles appeax in Tables 51
and 52. Supplementary meterlal 1s listed in Appendis IX,

Disgussion

The molecular struchture of OR44 together with the
nunbering scheme (the hydrogen atows numbering follows

that of the carbon atoms they are bonded to) used, are

shown Ln Figure 34.

Flg.34. The molecular structure of OR44. '

The bond lengths and angles agree well with accopted

1 . =
- P R
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titevature valusre {Kennard et al., 1972). The wain
conformational f£u. uife ig orientation of the tolyl group
Tt has & toralo. -ngie of 90 degrees vrelative tg the
naphthalens f£ramewsr%, The packing Glagram (Figure 35)
shows no utusgual non-bonded contacts.

\ s

Fig.35. Packing diagram for OR44.

Simulated Structure of OR44

The unexpected result from the eérystal structure regarding
the orientatjon of the tolyl group (tolyl group orthogenal
with naphthalene ring) prompted an investigation Into the
aterecdynsunics of i-tolylnaphthalene by means of molecular
mechanies calculation. The xeason for this was to explore
possible other orientations of the solyl group which coutld
exlst posasibly in solution (e.g. a possible biphanyl-like
conformation of ca. 42 degrees).

Results

The minimum straln energy ostruvture obtained for 1=
tolylnaphthalens is depicted below (Geometric parameters
and coordinates appear in Appendix I}.




The two dimensional wonformational energy map with
contours drawn at 3 kcal/mol interval appear is Figure 36.

(6-5-11-12)/DEC.

149.00 209.00 269.00 329.00 383.00 443.00

f

t)

lf.ﬁﬂ 455.00 §38.00

Fig.36. Conform
g as caloc

£p
e

ionsl ensr na for l-tolylnaphthalene
ated by mc?gcu!gr machenics¥ e °

oo

The contour map shows that rotation of the nmethyl group
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has little effect on conformational enezgy during the
interconversion.  It,§hown that ea. 21 kcal/mol enezgy is
required for the methyl-sido of the tolyl group to pass
over the naphthalene rin~ whereas only about 18 kecal/mol
is requirsd by the ortho~. rogen side of the tolyl group.

P - A ol ir e
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CHAPIER 7

Conformational Analysis of Fulgides and Related Compounds

7v3  Introduobion: Litersture Survey

The derivatived of dimethylenesucciple anhydride are fknown
as "fulgides" (Stoube, 1905). The aromatic fulgides ars
gtrongly coloured, vyellow, orange or red when solid, and
give intense yellow solutions. This old eclass of
overcrowdad molecules has bean the point of focus of
thermal and photoshemiesl investigations, but never, as
5 far as we could assertain, has it been studled in any
depth. sbructurally. The only crystal structure that we
could £ina in the literature is that of di-p-
aniaylidenefulgide(di-p-anisylidanesuccinie anhydride),
101, published by Cohen and c¢o-workera in 1970. They
synthesised the tyans-trans, gis-gis and vhe gis-trans
isomers., The structure of the Lraps~trans isomer , 101,
is depicted below. The benzena rings are not parallel,
the angle betwsen the vectors normal to the planes of the
tWo ringg wera found to be 18.8 degrees.

Otey O\‘ﬁo
Z S
HyCO OCH,
101 \
Swoboda et al. (1987) eucceedsd to synthesise the

fulgldes 102 and 103, The assignment of gtereochemistry
was dona By NMR spectroscopy.
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102
In 1972, Hart and Heller suggested that the
stereochenistry of many bis-arylmethylenesuccinic

anhydrides reported in the literature 1s incorrect. They
wers able readily 'to obtaln stable algh melting
crystalline compounda, bis-diphenylmethylenesuccinic
anhydride, 106 , and big-fluorenylidenesuccdinic anhydride,
104,

A few 1,2~dihydronaphthalene gerivatives were also
isolated, including 106,

105
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06

(1979) showed that irradiation of (E,E)-
bis(benzylidene)suceinic anhydride, 108, in toluene gave
1-phenyl-1.4-dihydronaphthalene-2,3-dicarboxylic

Crescente ot al.

anhydride, 109.
O °. 0 o o 0
Q. B0
—_—
108 109

The synthesis, steresochemistry and isomerisation of alpha-
phenylethylideneasuccinic esters and related compounds were
studied by Heller and Szewcuzyk (1974).
fulgides studied was.,

one of the many

110,
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The aynthesis of 4-(2-thienyl)benzothiophen-5,66~
dicarbonylic anhydride, 111, was published by Abdel-Wahhab
et al. (1971).

The photochenical gis-irans isomerisation of substituted
dibenzylidene succinic anhydrides, 112 and 113, were
investigated by Brunow and Tylli (1968). The observed
downfield shift of the vinyl proton signals in the NKR P

spectra was attributed to the decreased conjugation in the

fulgide molecule. To get a rough theoretical estimate of
this effect, the pi-electron charge densities at the

carbon atoms bearing the vinyl hydrogen atoms were

caiculated by the Hlickel molecular orbital method,

R=CH,
R= COCH,
R= CH,0CH,

Titherley and Spencer {1904) obtained the disubstituted
annvdride 114,




The study of fulgide conformation and internal Yotation
was initiated by analysing the possible conformations of
the different subunits, that Appear in the fulgides.

To establish why planar aromatic mnslecules tend to
crystaliize in highly overlapped structures, Desiraju and
co-workers (1984) published the crystal structures of 3J,4-
methylenedioxycinnamic acid, 118, and that of 3,4-
dimethoxyelnnazmic asid, 116. Thelr aim was to do crystal
engineering via non-bonded interactions involving oxygen.

o COOH H,coj@/\/cooH
o: C HCO
115 16

8p varied and subtle are the factors governing the cryatal
structures of organic compounds that even a minor change
in the chemical Bstrusture can often result in a
considerably different crystal stTuctuxe. Many crystal
structure analyses on derivatives of ¢innamic acid were
Lnvestigated, namely, alpha-methyl-trans-cinnamic acid,
117,  (Bryan and White, 1982),  alpha-trapg- and p-
methoxyclnnanle acids., 118 and 119, (Bryan and Freyberg,
1975), 2-coumaric acid, 120, (Raghunathan et al., 1979),
and 3,4-dimethoxycinnamic acid, 121, {Desiraju and Sarma,
1983).

i AR

5 IR
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17 118

H,CO

The aim of looking at all these crystal gtrucstures in
terms of fulgide conformation was to daetermine whether the
cinnamic ackd framework is planar or not. In all cases
the fragment was found to '# plauar within & 3 to 4
degrees margin.

Since our work dealt with p-methoxyphenyl- and 3,4~
dimethoxyfulgides, 1t was thought appropriate to review
the poszible conformationa that methoxy groups can adapt
sn a benzene ring. A orystal structure eurvey of the
geometzry of the methoxyphenyl group appeared in the recent
literature {Nyburg and Faerman, 1986). The Canmbridge
Structural Database was used to retrieve the geometry of
the methoxyphenyl group as determined in 212 ecrystal
structure analyses hy X-ray dlffraction. The experimental
data were found te be in accord with recent STC-3G baois
MO  salculations in that the preferred conformation is
planax with a standard deviation of 5.0 degrees. The O
CHs and O-C(aromatic) bond lengths are 1.425 and 1,371
angstrom, respectively,
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Cosse-Barbi and Dubois {1986} dia a canformational
dynamics =atudy on the ocorrelated and non-correlated
Totations of methoxy groups in anomeric strudtures. They
suggested that the rotation of one ~OMe group induces a
similar rotation of the other dimtant rotor. Karle et al.
(1984) investigated the conformations of five tetra- and
pentamethoxylated phenyl derivatives. In three of the
compounds studied, the methyl carbon atoms wers placed

alternately above and below the plane of the aryl group in
a regular fashion, while in two very similar compounds
there were unexpected irregularities in the rotations
about the C(arcmatic)}-0 bonds and consaquent arowding of
adjacent methoxy groups. Preferred conformations of
methoxy groups on phenyl rings for mono-o-di-, "and o~
trimethoxy substitution are shown below:
i 1
| el
ey ~%
o7\ ]
H

A suzvey of monomethoxy- and o-dimethoxyphenyl structures
hayg been . published by Anderson et al, (1579).
Photoeleatron gpectroscopy and ab initvio 8T0~36

valoulations provided evidenae that o-dimethoxybenzene and
derivatives axiet in predominantly non-planar
coenformations in the gas phase, By contrast, the
preferred conformations of methoxybenzene and m- and p-
dimethoxybenzene are planar, and the non-planar structures
are significantly less stable. Partition ocoefficient,

dipole momant, and dielectric relaxation measurements on
o-dimethoxybenzene ars consistent with the presence of
non-planar gonformationz in solution. On the other hand,
the crystal atructures of compounds bearing o-dimethoxy
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gubstituants indicate a  preference for planar
conformations: of 32 examples studied by these authors in
the literature, only #un atructures contained a non-planar
methexy group. In the abaence ¢f sterlc hindrance,
gubstituents with lone pairs attached to aromatic rings
prefer planar conformatiohs over gauche or perpendicular
conformations. Optimisation of conjugation between the
subatituent p-type lone pair orbital and the aromatic

system is cammonly iavoked to account for this preference.

In view of the absence of structural data on fulgide
conformations it was decided alsze to look at examples of
strained anhydrides in the literature,. Empiricai force
field «calculations to evaluate the gem-dialkyl effect on
succinic anhydride derivatives, 1like 121, resulted in a
torslon angle of 25.8 degrees (Ivanov and Pojarlieff,

15845, Hsnce, in &nhydrides, substitutlon leads to a
twist around the C(2)-C(3} bond due to steric repulsion.
O,
Q. Q
H.

Jelinski and Kiefer (1976) discussed the enantiomerisation
barriers in some ocyelic vic-dlalkylidene conpoinds,
rendered chiral by restricted rotation about the sp@-sp*
single bond. Compounds 122 to 123 possess temperature-
dependent NMR sepectra which snabled these authors to
caloulate free energy of activation.

122 123

i
The helical structure of some fulgides make them in a way

:,w’

these

-
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similar to the conformatlons of the helicenes. The
helicenes are characterised by a chiral structure made up
of ortho-condensed aromatic. rings, by the presence of a
powerful inherently ochiral chromephore -, and by  the
gosgibility of interactions (e.g. electronic interactions)
between overlapping aromatic rings (Martin, 1974).

Rates of racemisation of several Me~substituted helicenes
ilave been ‘aeasured, like the barvier of 43.8 keal/mel
reported for 1,l4-dimethylhexahelicene, 124. From an
analysis by these authors {Berkent and Laarhoven, 1976), a
suggestion was made that the conformatlon of highest
energy during rucemisation of 124 {s that of which the
terminal rings in an orthogonal position.

O

0@

M Me
124
The rotational energy barrier in the l-aryl derivative of

benz(hlinidazo[l,5~alquinoline, 188, was determined by
computer ling-shape analysis by Schmidt et al. {1977) to
be 11.8 kcal/mol., They postulated that it is likely that,
a4 suggested by & Drejding model, the aryl substituent
¢annot underygo 3460 degrees rotatlion but rather changes
tonformationa by a rocking motion
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This could be the value for a heliclty reversal rather
than a ring rotation.

The 4,5~disubstituted phenanthrenes are known to exist in
chiral. non~planar conformation. It i3 therefore possible
to study the rates of racemisation by dintrodusing an
appropriate substituent. Chirallty and oconformational
changes in 4,5-diaryltriphenylenes were studied by
Tinnemans and Laarhoven (1979). Ths barrier for the
Tokatian of the phenyl substituents in. 126, wae

CH,

determined 23 12.4 kcal/mol.

128

In a regent paper concernlng the chiralisy and
conformatisnal ochanges in L-phenylbenzeofc)phenanthrene,
127, Laurh%{%ﬂ et 4l. (1978) demonatrated that
rotation of , phenyl g¢roup can occur independently of
racemi .tion. The rotation of the phenyl group is
hindered by a barzier of 13.0 koal/mol. During
racemigation the phenyl group turns a}nund the opposite
end of the benzofc]phenanthrene skaeleton in a rotatory
movemant. This is accompanied by a sBimultaneous inversion
of hellical conformation. For this process a barrier of
ga. 16 keal/mol was reported.

127
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This could be the value for a helicity reversal rather
than a ring rotation.

The 4,5-disubstituted phenanthrenes are known to exist in
chiral, non-planar conformation. It is therefore possible
to study #the rated of racemisation by intreducing an
appropriate substituent. Chirality and conformational
changes in 4.5-dlaryltriphenylenes were atudled by
Tinnemans and Laarhoven (1979). The barrier for the
rotatioen of the phenyl subatituenta in. 126, wag
determined as 13.4 keal/mol.

@
o

CH,

QL.

'3

126
In a recent paper ceoncerning the chirality and
conformational changes in l-phenylbenzofc]phenanthrene,
127, Laarhoyen et al. (1978) demonstrated that

the
rotation of , phenyl group can ocour independently of
racemisation. The rotation of the phenyl group isa
hindered by a  barrier of 13.0 koal/mol, During

racemisation the phenyl group turns around the opposite
end of the benzo(c]phenanthrene skeleton in a rotatery
novement. This ies accompanied by a sipultaneous inversion
of helical conformation. For thie process a barvier of
ca. 16 kcal/mol was reportsd.
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Previously a similar study has been described for N-methyl
and N,N'-dimathylpyridinium derivatives derived from
13,14~ki8{2-pyridyl }pentathene, 128, (Fields et al,.
1971a). It was shown that rotational and Llnversional
barriers ¢an be sepasrated, The ekchange processes Ln
these dompounds were ascribed to an unexpectedly faclle
pentaphene ring lnversion, accompanied by a synchronous
rotation of both pyridinium rings.

128
In 1971b, Flelds and Regan published a paper on a new
¢lass of sterically hindered compounds, namely the 4,5~
bis(2-pyridyl)phenanthrens~-3,6~diols, 129, which if
completely planar would have the two pyridyl rings
occupying the same space.

Obviously considerable altering of normal bond lengths and
angles ls necesaary to have even the minimum allowed ca., 3
angetron separation between the pyridyl rings. The nature
and extent of the deviations have been clarified through a
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single-crystal X-ray analysis of a representative member
130 (Smith and Barret:, 1971), and a brief qualitative
description of the results is warranted here. No mnajor
segnent of the molecule 1s truly planax; yeat all
in&ividual rings are approximately planax. The pyridyl
rings have a =stair-step relationship to one another
(Figure 47) and are almost paraliel, being inclined 11
degrees to wach other.

Fig.37. View of 130 along the twofold symmetry axes.

Under such steric constraint it seems reasonabla that the
pyridines would suffer restricted rotation, making
possible two diastereomers other than that known from the
X~ray study. The three isomers would differ solely in the
srientation of the pyridines with respect to one another.
These authors found no experluuntal evidence suggesting
tha presence of the latter two poseibilities.

7.2 Stereochemintry and Conformstiona] Analyeis of Bis-

4-3imet ensylidene) Succinig Anhydrides by X-

ray € tallegr. d eoular Meo 1a

7.2.% Introduction

The dicarboxylic acid derivative, 181, presents one with
an interesting stereochemical problem when one has teo
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The conformations of other possible rotamers were
sirulated by molecular mechanics, using an empirical
force-field based on the observed structure of the E,E-
rotamer, degscribed here. Furthermore, two additional
crystal structures, that of OR1l and OR34, will also be
discussed because they possess analogous functional groups
which alded us in our investigations.

0.
Me fo) 0
MeO O 0 OMe
B OAc
MeO ORn ORa34 OCH;
7.2.2 Exploratory Studiss CH3

7.2.2.1 7ZThe Strugture of E-veratrylidene-succinic
Anhydyide

Crystallography

34 suitable needle-like c¢rystal of OR34 was selected for
data gollestion and sealed in a 0.3 mm Lindemann capillary
(Boeyens, Denmner and Perold, 1987b). The crystal system
and approximate cell dimensions ware determined
photographically. Accurate cell paramaters were
deternined and vefiection data collected on . an Enraf
Noniua CAD4 diffractometer (See Chapter 8 for operational
details). Reflections , were maasured using graphite
monechromated Mo-K(alpha) radiation, Table 53 contains
the necessary crystallographic information. The data were
corrected for Lorentz and polarisation factors and also
for absorption.

The struuture was solved by direct methods SHELXS86
“7lgldrick. 1985) which gave the positiong of all the non-
wre.ngen  atoms. The structure was refined isotropically
by full-matrix least-sqguares using the program SHELX76
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(Sheldrick, 1978). An isotropic refinemsnt followed by a
difference aynthesis gave the positions of three
atoms. The tsst of the hydrogen atoms were
caloulated positions.
given 4n Table 54.

hydrogen
plased in
The final atomic coordinates are
The molecular structure of OR34
atomic numbering is given in Figure 38.
and angles ars iisted in Table 55.
thermal parameters,

and
The bend lengths
Tables of anigotrepic
hydrogen aton coordinates and

and obsexved and calculated structure
factors appear in Appencix II.

temperature factors,

Fig.38. Molecular structure of OR34.

Disguseion

The

resson for determining the structure of
wasg at hand, was  to
relationship between
ring. This

OR34, which
eataplish the conformational
the anhydride moiety and tha aryl
agpect was explored by calculating the best
planes through the phenyl ring and the fragment consisting

of the atoms C(1), C(2), O{2) and O{4) respectively.

inclined by an
vonfirming that the

paraliel alignment.
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7.2.2.2 Crystal Struc s_and solute Confilquration of
=3-0-Acetyl-6-Bromo-3" 4’ 8" ,T-tetra-0~

met epicatechi

Experimental

The title compound, OR1l, crystallises in the orthorhombie
space group P2,2,2. which is uniguely defined by the
systematic absence of hgg, ¢ké, and ¢pl. reflections for
h, k. 1. # 2n. (Boeyens, Denner st al., 1986). Intensity

data were measured at room temperature with an Enraf
Nonius CADA single-c¢rystal diffractometer with an incident
beam graphite-crystal momachromator (Ses Chapter 8 for
operational conditions). The crystal data and

crystallographic detalls appear Ln Table 56, For the
structure salution an orthorhombic data set was recorded.

and in order to determine the absolute configuration the »
Friedel opposite reflsctions at negative hkl were measured !

directly after each reflection of positive index. Data

Taduction consisted of correction for background, Lorentz

polarisation. and absorption

Regsulty znd Diggusaion

The structure was solved by Patterson methods and refined

by the full-matrix least-squares Gtechnique, using the
program SHELXTS (Sheldrick, 1978). In view of the fairly

widespread practice (Jones. 1984) of basing enantiomer
refinement on data sets not containing Friedel opposites,
without applying absorption ¢orrecticns and using unit
weights, the importance of these fachors was ruiterated

during refinement of this structure. It wae found that o

twe modes of refinement indicated different enantiomers as
the nost likely absolute configuratlen, A standard data
set, consisting of 1025 reflactions, not including Frisdel

opposites and not corrected for absoxptien. refined to
unit weight R indices of 0.07 and 0.08 for the (25,38)-
and  (2R,3R) confornatiohs respectively. This difference
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is highly significant in terms of a Hamilton test
(Hamilton, 1965). The R indices in refinement with a full
data set of 2410 reflectlons corrected for absorption and
using a weighting scheme based on counting statistics, are

shown below:

(25.35)  (2R.9K)
R 0,084 0.062
Ru 0.057 0.036
Ra 0.049 0.022

(R definitions - SHELX76 (Sheldrick, 1978))

There ig an evan more significant difference, but now
favouring the opposite (2R.3R)-isomer. We accapt the more
detalled refinement as conclusive and as dramatic
vindication of the cautionary measures advocated by Jones
(1984} for the refinement of absolute strusture. Some of
the methyl hydrogen atoms that could not be located by
qifference synthesis were placed in calculated positions
and the methyl groups were refined as rxotating tetrahedra,
using a common isotropic temperature facter for atl
hydrogen atoms, Anisotrople temperature thermal
parameters were refined for all non-hydrogen atoms. The
refined coordinates are in Table 57, listed in texms of
the atemic numbering scheme defined in Figure 39. The
numbering of hydrogen atoms follows the carbon atnm
numbers. Anisotropic temperature factors, hydrogen atom
coordinates and observed and caloulated structure factors
are listed in Appendix II. All caleulated bond lengths
and angles (Table 5B) compared well with accepted
literature standards (Kennard et al., 1972), The puckered
ring has the symmetrical half-chalr conformation Z2Hs, in
terms of the crystallographio carbon atom numbering and as
specified by its coordinates of pucker (Boeyens, 1978):
phi = 270 degrees, theta = 126 degrees, and amplitude iz

0,5 angstrom.

o
13



Fig.39. Molecular strycture of ORI1l.

One aspsct ef particular dinterest +o us was the
conformation of methoxy groups in relaticn to the phenyl
ringé. The methoxy groups bonded to €(12) and C(13) 1lie
in the plane of the phenyl ring. However., the presence of
the bulky Br-atom attached to C(7) forces the two adjacent
wethoxy groups to lie above and below the plane of the
aromatic system. Only one is significantly rotated out

of the plane of the benzene ring.

7.2.3 Crystallographic Analvsis of ] A-3)~methoxy~

benzylidene) Succinig Anhvdxides
Grystal Dats

Single crystals were examined by standard optical and
photographle X-ray methods. Cryatals of OR02 (Stobbe and
Leuner, 1911:; Boshoff and Percld, 1988a and 1986b) were
well deveioped ruby hexagonal prisms and diffraction : :
quality arystals were readily aelectad. Fulgide OR0§ Y
crystallised in well-formed orange plates ur flat needles L;

| 1

of good quallty in ordinary light but atowipng extenslive
poly-crystalline domain structure in polarigsed light and %
by X-ray diffraction. Igolated crystals, guitabls for




erystallographic work could be selescted on tWwo occaslons
from recrystallised material. BRBoth orystals were found to
correspond bto the Z,%-isomer OR06. Crystala of OROB were
small but weli-developed platelets. The crystals were of
relatively low guality., but suitable for crystallographic
characterisation. The identity of poly-~crystalline ORO6,
and single orxystal thereof, was established by X-way
powder diffraction, Single oryetals of OR02 cbtained from
adetonitrile were shown orystallographically to be
solvated, To distingulish between the solvated and
unsolvated OR0Z, the code OR41 was assigned to the
solvated form.

Cryptallogra

Crystal data and details of the single-crystal anslyses of
compounds OR02Z, OR06, ORO8 and ORAl are given in Tables 59
%6 62+ All measurémentc were made on an Enraf Nonius CAD4
diffractometer with an incident beam graphite orystal
monochromator using Mo-K({alpha) radiation (See Chapter 8
for operational details). The cell oconstants were
determined by least-sguares refinement, based on 25
aceurately measured high theta values.

Data reduction consisted of correction for background., Lp
and absorption, but no decay correction. The structures
were solved by direct methods using the program SHELXSE86
{Sheldrick, 1985) and refined by full-matrix least-sguares
using the program SHELX76 (Sheldrick, 1978), and a
welghting soheme based on counting statistics. Structure
QROB, by all criteria, did not refine ag Well as the
others, because of the poorer guality orystal, but

gonverged «onvineingly to ap arrangement, completely
commensurate with other svidence, +t¢ firmly establish the
molecular structure. No hydrogen atom positione were
calgulated £or OROS. In the other structures, hydrogen
atoms Were placed in galculated positions. The xrefined
€ractional coordinates of the four compounds are in Tables
63 to 66, acoording to the atomic numbering schemes in
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£igure A, Hydrogen atomic numbering follows the numbering
of their assoclated heavy atoms. Ligts of bond lengths
and angles appear in Tables 67 to 70.  Final obssrved and
caleulatsd structure factors, atom thermisl parametexs and
hydrogen atem coordinatas are listed in Appendix II.

To wastablish the jdentity Of the selected single orystal
from vrecrystsilised OR06 and the bulk of the naterial a
powdsr diffraction pattern was generated by computer
methoeds (Yeon et al., 1977) £rom the slrgle-crvstal
structure £or comparison with the observed powder pattern
of the bulk of OROS. The observed pattern, racorded on a
Rigaku diffractemeter, using Cu-K(alpha) radiation. agreed
in detail with the caleulated, confirming the identitiss
of the single~crystal and the bulk of ths material.

Rasults and Discugsions

Twe of the symmetrical forms were studied in detail by X-
ray diffraction. In both structures, OHO2 and ORO6, a
two-fiold axis through 0(1) and bisewting the C(2) - C(2'),
relates the two halves of the molecule. The  other
symmetrical structure. OR41l, does not have a two-fold
axes, this is probably due to the grasence of the

acetonitrila  salvent molecule. In  addition the
dehydrogenation product ORO8 arising from the E.k-form has
also been studied. Stereoscoplc drawings of the four X-
ray structure are shown in Figurs 40 to 43. .

Figure A. Atomic numbérinq schena.

3
f

[ — e e ot s 8l
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Molecular structure of ORO2.

Fig.40.

Holecular structure of OROG6.

Fig.4l.

Moleeular gtructure of ORO8.

Fig.42.
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Fig.43. Molecular structure of OR4l.

Comparigson of the anhydride conformations in the three
formg provide an Interesting measure of the relative
steric straih for each case. B comparidon, both in terms
of puckering parameters (Cremer and Pople, 1975) and
endocyclic torsion angles is made in Table 71. It clearly
indicates CR0O2 (and OR4l)} as the sterically most strained
fiorm, The strain originates from thé gclipsing of the
aryl vrings. In the Z,Z-form, OR06. the non-bonded
repuision is eliminated by separation of the rings and in
OR0& by the formation of the naplthalene structure. The

observed difference in density of the two forms probably

Bl S

relates to the gclipsed and opsn nature of structures ORO2
g BRI I e
and OROS, FeSPSERe anglye’ phlars sndooysiic vorsion 3
d egrees Chi and @ represant puak er ng

Table 71. Comph and um {itude 1In degrees and angstrom

the resgacti el

The angles phL “are ehdooycliic torsidn angles

in degraes. Chi and @ represant puckering

mode and litude in degrees and angstrom
respactively
Compound ooz ORO6 OR0B i
PRLLO(1)=C(1)] “4.8 “1.1 -2,2 S
PRL{C(1)~C(2)) 12,4 2.8 5.7 =
PRiC(2)-C(2')]  ~14.6 3,0 ~1.6
Chi 90.0 9G.0 94.8
Q 0.14 0.06 0.08
Conformation 2Ty *Ta *Tq
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Ne unusual bead lengths wire obsarved, but the bond angles
at the olefinic trigonal . irbon atoms, a8 shown in Flgire

44, are w

Fig.d4.

In order to keep C{1)-C{2)-C(2') close to the 108 dagrees

required
cr2)-¢(3)

the angle 0(2)~C{1)-C(2) is found toc be 13} degrses.’

opening
obvious

orth nothing.

Ar

Some botid angles for ORO2.

for a planar pantagon, the éxternal angle

opens up to 137 degisds. For the uame

of C(2)-C(3}-C(4) to 134 degrees occurs for

reasons.

It

is noted that the reason

why

c{2' )~
resson
The
less
the

0(2)=C{1) and C(3)}=C(2) do hot bisect the
is dot entlrely of steric origin.

bonds etternal

ring angles,
T.2.4 glecular Mechanigc 4-di-mathoxy~
penzylidene) Sugcinic Anhvdrides

The crystallographic study on OROZ revealed that it is the

mest =trained of the fulgide siyuctures studied here, It

was decided to perform a thorough conformational study on

ORO2 in search for any other possible rotamers. NMR B
1nestroseopy Lndicated the aexistence in selution of s
another symmetrleal lsomer like 132, accessible by 3(§_
rotation around single bonds which was beat monitorad by “

molewular mechanica. :




H,CO\f(if @ ~OCH, @

HCO OCH,

bcH, OCH,

QRrRO2 132
The reliahi. ..y of molecular mechanics predictions of

configuratio.. 'depends on the relevance of the force-
field, rather than ite theoretical basis. A force-field
defined from first chemical principles wculd thus be less
appropriate than an #mplrical force-field adupted to the
game type of structure. In the present ap:lication an
empirical force-£field was parameterised against the
aritexion of sorrectly predicting the crystallographic
structure of OR0Z.  However, trial values of harxmonic
force gonsstants and atrain-free bond parametera [k,po]
were adopted within chemical reason and should be rélevant
to the interpretation of electronic bond orders (nerens,
Cotton and Han, 1988). Numerical detall of the force-
£ield is listed 4in Appendix I. Currently accepted
{Boayens, Cotton and Han, 1985) non-bonded potentials were
used without modification,

Fres rotations that could produce different rotamers of
OR0Z are poseible around the aingle bonds C{3)-C(4) and
{3 )~C{4") only. Whereae these rotations do no% preserve
the two-fold symmetry of OR02, a lilmited rotation or
£lipping around C(2)~C(2') does. It is ono%ed that
symmetrical rotamers obtalned by the C(2)-C(2') fllp ure
alse accessible by rotations around both C(3)-C(4) and
€(3*)=Cl4’ ) but compared to C(2)-C(2') £lip thies latter
node is less convenient for the sampling of all
symmetrical forms. The conflgurational £lip with
nongervation of symmetry reguires simultaneous rotations
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around the bonds C(3)+C(4), €(2)-C(2') and C(3")-C(4" ).
The corresponding torsian angles in the ohaerved structure
are =10, -40 and -10 degrees, respectively. If it £lips
to an enantiomeric arrangement at 10, 40, 10 degrees over
a transition state of =90, 0, ~-90 degrees. rotations of -~
160, 80 and 160 degrees respectively are involved. The
first rotation should therefore be driven at twice the
rate of ths second and in an opposite sense.  Symmetrical

ORG6, 2.7 and unsymmetrical (precursor to OROB), E.Z open

structures arise from forced rotations around C(2) = C(3)
double bonds. These rotations have not been examined by
wolecular mechanics. Barriers to single-bond rotation
were calculated by replacing the atandard torsional
parameter by an artificial incremental parameter (Boyd.
1966) to drive the rotatien around the bond, sampling and

refining the steric straln at each position.
Resulps and Discussions: Simulated Structures

Crystallographic and  moclecular mechanics results
established the number of pmssible isomers at five, viz.
three symmetrical [B.E(OR02): Z,Z(OR06); E.E + f£lip (132)]
and two asymmetrical fcrms [E,Z{QR08); &,E «+ 1 phenyl
(133) group rotated through 180 . degrees]. The

unsyammetrical open form howaver, is unstable and readily

dehydrogenates to farm & naphthalen -ajrusture.

The empirical forca-flsld adapted to reproduce strudture
OR02 was assumed to be appropriate for all rotamers of
thiz compound and for modelling barriers to rotation.
Steric energy as a function of an aryl ring rotation is
shown in Figure 45. A barrier of about 15.5 kcal/mol
yeparates OROZ from an energetically almest equivalent.
kut unsymmetrical, form 133, reached after rotation
. through 180  degrees. This  structure, ahown
atereoscopically in Figure 46, has not bean uhserved in the
csurse of these experiments. This is interpreted to
indivate that rotation is restricted by this baritex in
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. through 180 degrees. This strusture, shown
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around the bonds C(3)-Q(4), C(2)-C(2') amd C(3')-C(4’).
The corresponding taorsion angles in the observed structure
are =10, -40 and -10 degrees, rTespectively. If it £iips
to an enantiomeric arrangement at 10, 40, 10 degrees over
a transition state of =90, 0, -90 degrees, rotations of -
160, BO and 160 degrees respectively are involved. The
£ivst rotation should therefore be driven at twice the
rate of the second and in an opposite sense. Symmetrical
OR06. 4.Z and unsymmatrical (precursor tc OR08), E,Z open
structures arise from £orced rotabisns avound C(2) = C{3)
double bonds. These rotations have not been examined by
wolecular mechanics. Barriers to single-bond rotation
wsve calculated by replacing the standard ‘torsional
payrameter by an artificial ‘incremental parameter (RBoyd,
1968) to drive the rotatlion around the bond, sanpling and
refining the steric strain at each position.

Results and Discussions: Simulated Stilctures

Qrystallographic and  moiecular nmechanics results
astablished the number of possible isomers at five, wiz.
three symmetrical [E,E{OR02); Z,Z(QR06); B,E + flip (132)]
and two asymmetrical forms {B,Z({OR08); E.E + 1 phenyl
(133) group rotated through 160 degraes]. The
unsymmetrical open form however, 48 unstable and readily
dehydrogenates to form a naphthalene structure.

The empirical force-field adapted to reproduce structure
OR0Z was assumed to be appropriate for all rotamers -of
this compound and for modelling barriers to rotation.
Steric energy as a funstion 9f an aryl ring rotation ia
shown ia FPlgure 45. A barrier of about 15.5 keal/mol
separates OROZ from an energetically almost eguivalent,

but  unsymmetrical, form 133, reached after robation

atereoscopically in Figu.e 46 has nat been observed in the
course of these experiments. This Ls interpreted to
indicate thab rotation is restricted by this barrier in
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the experimental temperature  range. The refined
coordinates, bond lengths and angles of 133 appear in
Appendix 1. 4
m
®

o
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n

Fig.46.
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bond,
profile
rotatio
in Figu
Figure
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Calculated structure for compound 133

ly other posaible rotation is around
opposite the furyl oxygen atom. The
for this with
ns around the C{3)-C(4) single bonds,
re 47. This structure is shown stere
48. Mininum energy arrangements ar
of about -20 and 45 degrees of the

rotation coupled

the central
ateric energy
appropriate
is presented
oscopleally in
e predicted at

tersion angle
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phi (3-23-2'-3'}, with & maxinum neer 30 degrees. The
potential barrier is about 4.8 kecalsmol, low enough to
ailow interconversion between ORO2 and 132
Orthogonalised atomic coordinates, bond lengths and angles
for the simulated structure of 132 appear in Appendix I.
It is suggested that a zimilar interconversion between the
unsymmetrical structure and its enantiomer is possible.

» B

2 F o

Stevin rargy Babimol)

@

TN T W W % @ %
Bibugkat oghy COCRITANCE) Wagraee)

Fig.47. Steric energy of OROZ as a functien of £lip ar.
wo aryl ring rotations

Fig.48. Culeoulated structure of compound 132.

The mnozt interesting feature of structure 132, is the
nearly equivalent dispositions of the nethoxy groups, with
respect to the eclipsing benzene rings, It is of further
interest to note that rotamer 132 is calculated 5o be more
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-of wmolecule that should pack together more smoothly than
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stable than ORO2 by about 4.8 kcal/mol, although only QRO2
seems to odcour in the crystalline state. These two
factors are probakly related. In the erystal.,
neighbouring molecules pack in a head-~to-tail fashion with
major intermolecuiar contact batween the parallel aryl
rings. as shown in the packing diagram of ORO2. The
intermolecular pl-interactiohs benefit from the way in
which the methoxy groups lie on the outside af the

overlapping aromatic minge. If, because of its different
conformation, this efficient mode af packing is not
possible between molecules cf 132, it could explain why
crystals of ORGZ have the lowar lattice energy. The major
conformational difference Shat could affect the packing is
in the torasion angles C(2)-C{3)-C{4)-C(5), calculated at
ca, ~-30 and ca., 115 degrees for isolated molecules of OROZ
and 8 raspactively. The former represents a f£latter type

the more angular type of moletule 132, mhich in turn has
its aryl rings more closely in parallel allgnment. The
r&jor  NMR solution signal could therefore quite possibly
represent moleculel32, which on crystallisaticn transforas
into ORGZ.

Fig.4%. Packing diagram for OROZ,

Some features of the force f£ield required for the
simulatlon of the eolipsed structures deserve comment.
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Accepted values of bond lengthe and angles are not
adequate everywhere, particularly not around the double
bonds to the five-mambered ring.  Although no adjustment
of force constants was attempted during parameterisatien,
the reference valuss for bonds and angles in this vicinity
clearly indlcate extensive delocalisation around the
conjugsted system C(4-3-2-2'-3'-4') and 0(2)-C(1)-C(2)
stc. The 0(2)-C(1)-C(2) bond angle of 131 degrees
however, results fron a simple steric effect. One
important consequence of the delocallsation would be
lowering of the barrier to rotation around the formal
double bonds, thus promoting conversion to E.Z and Z.%Z-
isomers. The methoxy groups were modelled to be cp-§1ana:
with the aromatic rings, a3’ suggested by Ande p et xl.
(1979}, and as observed for all the structiures

here, and elsewhere (Karle ek al., 1984). i

7.3 Stereocchepistry and Conformabional Analysis of Bis-
(p-methoxybenzilidene) Suseinic Anhvdyides by X-ray,
rvatallegraph tiolgoular Mechanicd,

7.3.1 ZIntroduction

In analogy to the previous section of thin Chapks;. and
based on the interesting conformational features
that emerged from that study, we also investigated the
possible products that could be formed on ring cleosure of
blg-p-mathoxybenzylidenesucoinic aeid, 134, %o  foim
corvesponding anhydrides (Boeyens, Denner and ‘Perold,
1987¢),

Again, relative rotatlional f£raedom about the thres single
bonds alpha, beta and gamma can lead to a variety of

o0
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products., Furthermore, the conformational analysis of
products resulting £rom this anrhydride-~formation is
complicated by the fairly low barrier to rotation around

the HeO-phenyl (indicated ag delta) bonds. Cohen et al.
¢1970) published the struecture of 135, one possible

product from this reaction. o O,

g
\ 135
E CHg
Tw “tion to compound 135, we performed “tray
crystallographic analyses on two additional . arys -.1%ne
compounds obtained from the above-mentioned reaction.

7,3.2 The Qrystal Strustures of Two Bis{p-nethoxybenzy-

ltdene) Sugginic Anhydiides

Ceyatailography

The single cxrystal structures of Z,%i~bis{p-nethoxy-

benzylidene) succinic anhydride, OR37, and a rotameric

form of E,E-bis(p-wethoxybenzylidene) suecinic anhydrige,

OR38, ware determinad.

e s e ks

sl
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The gquality of crystals selected were analysed by standard
oscillation and Welssenbery photographs. Alshough
crystals of ORB7 ware very small and fibrous, compared to
those of OR38. 4t still gave & reasonable diffraction
pattern. The orystals were transferred onto an Enraf
Nonius CAD& diffractometer equipped with graphite
meonochrowated Mo~K(alpha) vadiation (See Chapter 8 for
opersational details). Agocurate cell parameter were
obtained from lesst-squares refinement of 25 high-order
theta reflections, which were sufficiently dpread through
reciprocal space. The necessary arystal data and detalls
of the crystallographlc analyses appear in Tables 72 angd
13. No erystallegraphic molecular symmetry was found,
despite the fact that molecular two-£fold axes could pass
through the oxygen atons of the anhydride rings. The data
were gcor¥ected for background, Lp, and in the case of
OR38, for isctropic decay.

The structures were solved by direct metheds wusing the
progran SHELYESS (Sheldrick, 1988). All of the non-
Aydrogen ateoms were appavrent on the first E-maps. The
etruckuraes were refihed, firat isohropivally and then
anisotropically for the pon~hydrogen atoms. by full-matrix
least-gquares using the program SHELX76 (Sheldrick, 1978).
Hyarogen atoms wers treated uniformly by placing them 4in
calculated¢ positions and by refining them with common
isotropic temperature factars, The £inal atomic
fractional coordinates for OR3? and OR3D appear in Tables
74 and 75, respectively., The bord lengths and angles for
OR37 and OR38 are 1.sted in Tablea 76 and 77. An
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isotropie¢ thermal parameters for non-hydrogen atomns,
£ractional atomic goordinates for hydrogen atoms and
observed and calculated sfructure amplitudes for OR3I7 and
OR36 appear in Appendix II.

Results and Discusaion

Sterecscopic drawings of the moleoular structures obtained
for OR37 and OR3B, together with the numbering schemes
used (Hydrogen atom numbers follow the corresponding heavy
atomg they are bonded too) are depicted in Figures 49 and
Bl.

Fig.B0. Molecuilar Structure of OR3T.

Fig.Bl. Molecular Structure of OR3E.

By G T
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The observed bond paramaters agree well with accepted
literature values (Cohen et al., 1979; Kennard et al.,
1972). The paoking dlagrama for OR37 and OR38 are shown

in Figures 52 and 53. : s

e

T,
Sk

T

TR

Fig.62. Paoking diagram for OR37,

: 5
ks N i
.

Fig.53. Packing diagram for OR38.

The most interssting feature that emexged E£rom the
struoture determination of OR37 is its uhexpaoted
conformation, viz. A instead of B or C,

O™ N0




< o]

C/Ha \C‘*a :

Furthermore ths two aryl rings alszo do not have tha s=ame K
orientation with respest to the anhydride ring. This is
probakly a combined effeqt resulting £rom the fairly aopen
structure and Telatively free rotation about the Heo-
phenyl bonds. )

The observed structure for ORJB its a remarkable result.
To our knowledge, this is the first time that a rotamer of
tiie sort has been isolated and the structure determined
{See Cehsnoet: al., 19703},

) O o)

0\ O—CH;  HC~ OmCH,
CHy

The 4incraxsed barrier to rdtation around the MNeO-phenyl
bond, brought about by the lnoreased steric demand 5f thae
eclipged aryl groups 1o apparently enough Yo enable
isolation of rotamer. In a recent paper by Steger (19853,
he studied the steric interaction in E.E-bis{p-methoxy)-
benzylidene succinic anhydride by means of variable
temperature NHR spectroscopy in deuterated acetone in the
temperature range 28 teo -90 degrees celsius. The internal
rotatlon of the p~mehhoxy groups were found to be Erozen
at ~90 daegrees gcelalus. A barrier height of 10.04
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kcal/mol was calculated using the cdalescence method.

A further interestinyg feature of the molecular structure
of OR38 1is that it ls much less strained than that of
QRO2. This can be seen £rom the values of the torsion
angle C(3-2~2'-3) which is '~ degrees for ORDZ and 18
degrees for OR38. It is interesting to note that the
methoxy groups in both OR37 and OR38 again lie in the same
plane as the benzene rings (within 5 degreus),

7.8.3 ole; chand E- ~{p-mat. 9. il
lidens) Succiniec Anhydride

In view of the experimental svidencve of rotameric foras
obtained for OR38, 1t was decided to model this congested
systei by moans of molecular mechanics in an effort to map
its conformational transmission, and to look for any other
possible rotamers in particular ¢ompound C, which was not

opserved experimentally. o

d
et i

The Force Field

The program used was that of Boyd (1968) together with the
force fleld that was developed for 3,4-dimethokyfulglden
in Sevtion 7.2 of thias chapter. The relevant parameters
are listed 4in Appendix I. It was decided to perform a
two-driver stersodynamical calculation using the jmproved
driver version of Boyd's program (Allenspach, Wasser,
Boovyens and Denner, 1987}, The two torsion angles MeO-

NE B R
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phenyl were driven through 360 degrwes in 18 asteps of 20
degrees. This method is desaeribed in detail in Chapter 5.

The starting ceordinates were obtainad by orthogonalising
the fractional ateomic coordinates of the crystal structure

of QOR38.

Results and Dissusgions

The map of conformational ateric energy is shoéwn in

Figure 54.
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Fig.54. Steri ustace foy E,E-bis(p-metl
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The thres regions of interest to us on this steric energy
surface are the positions for {phi(1), phi(2)] of (0,0),
(0.180) or (180,160) degrees respectively. The crystal
structuze of OR38 represents the position at (0,0)

degrees, whereas the published structure by Cohen et al,


















































































































































































































































































































































































































































































