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SUMMARY

This thesis is divided mainly into three sections (see ou’ciine):
the first section is a brief description of the theory and methods of
x-ray crystal structure analysis, the second section describes the
crystal structures of four o-halogeno-aroyl compounds and the
third one includes the structure of a palmarin derivative, There
are two appendices in the thesis., The first one is a brief accourﬁ:
of the unsuccessful attempt to solve the structure of phorbol and the
second being the improvement of the existing apparatus for
Nonius Weissenberg cameras to collect photographic data at low
temperature. |

Section I is divided under nine broad headings giving a short
review of the crystal geometry, theory and methods of x-ray crystal
structure analysis, refinement of atomic parameters and evaluation
of the accuracy of the final results,

There are five chapters in Section II. The crystal structures
of o-chlorobenzoylacetylene and o-bromobenzoylacetylene are
described in the Chapters 1 and 2 respectively, Intramolecular

overcrowding and intermolecular ethynyl hydrogen bonds are present




in both the structures. Chapter 3 contains the structure of
g—ﬂuorobenzbic acid and that of 2-chloro-1, 8-phthaloylnaphthalene

is describéd in Chapter 4. The detailed findings of the character-
istic features of the conformation, intermolecular hydrogen bonding
and intramolecular overcrowding in different o-halogeno-aroyl
compounds are discussed in Chapter 5.

The crystal structure analysis of p-bromophenacyl
derivative of palmarin is describgd in Section III, The confirmation
of the ﬁ-epoxidé configuration of the palmarin derivative has decided
the configuration of the epoxide in a series of Colombo root bitter
principleshaving composition C20H2207 (palmarin, jateorin and
chasmanthin), The structure analysis has also revealed the special
distortion of the molecule,

A brief account of the unfruitful attempt to solve the
structure of phorbol, a natural product, using three different
solvate derivatives is given in Appendix A, The short description

of the arrangement for taking photographs in the cold nitrogen

atmosphere .can be seen in Appendix B.
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SECTION I

SOME METHODS OF X~-RAY CRYSTAL

STRUCTURE ANALYSIS



1.1 INTRODUCTION

The early crystallography dates back to the beginning of
the seventeenth century, when Johannes Kepler, the great astronomer,
being inspired by the beautiful regular shaped snowflakes conceived
the idea that this regularity might be inherent in some minute
fundamental identical units. In 1890, E.S. Fedorov and
A.Schoenflies derived the 230 space groups. Further progress was
awaiting the discovery of x-rays by Wilhelm Conrad Ré')ntgen(in 1895).
Bragg (1913) gave the physical concept of x-ray diffraction discovered
by von Laue (1912), and had opened the door to the new horizon of
x-ray crystallography.

The fundamental object of x-ray crystal structure analysis
is to study the diffraction pattern of an x-ray beam scattered by the
cloud of electrons surrounding the atomic nuclei, and to infer the
geometry of the electron density distribution. Because of the
enormous calculations involved and the limited knowledge of the
techniques for determining the phases of the diffracted patterns, it
was once a difficult task to solve even a small simple structure;
with the application of the electronic cofnputer and through the advent
of new methods of overcoming the crystallographic "phase problem”

more and more complex structures are being solved.



1.2 GEOMETRY OF X-RAY DIFFRACTION

1.2.1 Crystal lattice

Crystals are composed of identical groups of atoms
arranged in a regular manner in three dimensions. An array

of such identical points is called a crystal lattice,

1.2.2 Laue equations

If we assume that each lattice point is the site of an

electron, then its position can be expressed in terms of a vector,

R, as

R=ma + nb + pc (1)

where m, n, p are integers and 3, b, c are the primitive trans-

lations of the lattice.

FIG. 1.1



Let a parallel beam of x-rays of wavelength A\, falling in
the direction of the vector Eo on two lattice points P and Q, separ-
ated by a vector distance, R, be diffracted in a way parallel to the
vector s (Fig. 1.1). If AP and BQ indicate the directions of incid-
ent and diffracted wave fronts respectively and the magnitude of
both the vectors, s and 5 be 1/ X,the path 'difference between the

incident and diffracted beam will be

PB-AQ

MR.s - Res )

i

MR.(s-s)

AR.S (2)

where S=5s =~ s
- - ~o
In order to have phase agreement in the diffraction R.S must be an

integer. Hence putting the value of R from eqn. (1) in eqn. (2)

(ma + nb + pc).S = Integer

3
—~—

Since m, n, p are integers,

a.S = Integer
b.S = Integer (3)
c.S = Integer j



let h, k and 4 be the values of these integers; therefore eqns. (3)

can be re-written as

a5 = h
c.S = 4

These are called the Laue equations.

1.2.3 Bragg equation

The Laue equations (4) can be written in the form

a/h.S8=b/k.S=¢c/4.5=1 (5)

ices (@/h-b/k).S5=0 (6)

It means that the vector S is perpendicular to(a / h -b / k).




Similarly it can be shown that S is also perpendicular to h/k ~</2
i.e. Sis perpendicular to the plane ABC (Fig. 1.2), which has inter-
cepts a/h, b/k, and ¢/4 on the unit cell axes; i.e. S is perpendicular
to the plane having Miller indices h, k, 4. This is the major con-
tribution of Bragg (1913) to identify h, k, 4 of the Laue equations
with Miller indices.,

The distance, d, from the origin, O, to the plane ABC
(Fig. 1.2) is the projection of a/h, b/k and ¢/ 4 on the unit vector

in the direction S.

ie. d = a/h., S
| §
From eqn. (5)
a/h,S=1
) 1
R A | @

From Fig. l.1it can be shown that

I _S_‘ - 2 s;\ne (8)
Therefore from (7) and (8) : , )
A = 2d sin § (9)

This is the Bragg equation which allows the x- ray



diffraction by a crystal to be considered in terms of the simple

concept of optical diffraction (Bragg, 1913).

1,2.4 Reciprocal lattice

Eqn. (5) shows that for a particular value of h the pro-
jection of S on a is constant i.e. the end of the vector S lies on a
plane perpendicular to a; corresponding to different values of h
(= 0, 1, 2 etc,) an array of such planes of constant spacing is set
up. In a similar manner, corresponding to the increasing valueé
of k and 4 there will be other two groups of planes. The inter-
sections of these three sets of planes represent the end points of
the vectors which satisfy the three Laue equations (4) simultan-
eously, and give the required solutions. The points of inter-
sections of these sets of planes form an array, called the reciprocal
lattice. The unlt cell of this lattice is defined by the three vectors

B x B .
a’, b" and ¢, which can be represented as

a¥ = bxc (10)
\2



b £ F2 (11)
Vv

Cq‘ = a2 X _]_3_ (12)
A\

where V =a. bxc=b., cxa=c. ng=Volume of the unit cell

of space lattice.

1.3 FACTORS AFFECTING INTENSITY

l.3.1 Atomic scattering factor

The maximum scattering power (f) of an atom is defined

as the total scattering ability of all its electrons and is equal to Z,

the atomic number (see eqn. 32). fis also a function of sin §/A,

where 0 is the scattering angle and M\ is the wave-length of the
X-TayS. Due to the uncertainty of the knowledge of the exact
density functions of all the atoms (except the hydrogen atom),
scattering factors calculated by different methods for various atoms

cannot be expected to be absolutely accurate; the extent of the

accuracy depends upon the reliability of the electron density functions



employed. A list of the scattering factors for various chemical
atoms and an appropriate concise bibliography can be seen in

Int, Tables, Vol. III (1962).

A further complication in the calculation of the atomic
scattering factor arises if the bound-electron scattering of the high
energy x-ray photon is considered, as a result of which the atomic

scattering factor becomes a complex quantity,
f= fo + Aft AL (13)

where Af' and Af" are the real and imaginary correction terms for
the anomalous scattering, Values of Af' and Af" for various
elements corresponding to different wave-lengths are given in Int,
Tables, Vol, III (1962), These correction terms are often small
enough to be ignored.

If the frequency of the primary x-rays is just above that
corresponding to an absorption edge of the scattering atom, the term
Af" may be a reasonable qﬁantity and can lead to a means of testing
for the centrosymmetry of a structure and distinguishing enantio-

morphic structures (Lipsonand Cochran, 1966); to some extent,



it may also assist direct structure analysis (Herzenberg and Lau,

1967).

1.3.2 Temperature factor

Thermal effects cause the spreading out of the electron
distribution of an atom resulting a decrease in the intensity of the
scattered radiation, If fo be the scattering factor calculated

for an atom at rest, the corrected value, £, is given by

' . 2
£ = f exp- B(sin8/,) (14).

or f= fo exp - 8172 U (sin e/)\) 2 (15)

where B is the Debye factor, which can be measured from the
fundamental constants and heat capacity data (Debye, 1914), U is
the mean square displacement of atom at right angles to the reflect-
ing plane and is equal to B/Snz, B is the scattering angle and \is
the wave-length of the radiation,  The expression (15) may lead
to a fair approximation(on the assumption of spreading of the
electrons in a spherical manner i, e'. isotropic thermal vibration).

However, due to the thermal vibration, each atom undergoes a



motion such that its electron density is spread over a small aniso-
tropic volume, usually regarded as the triaxial ellipsoid in the
generél case, Each non-equivalent atom not only has a different
ellipsoid, but these are also differently oriented, and hence the
correction term becomes more complicated; it may be represented

as {(Cruickshank, 1964 and 1965 a)

2 2 42 2. 52 2 42 %k
f=1£ exp [-27 (Uuh a®" + U kb + Uyl c™ 4 2U23kzb c’ +

2U, 4hc*a™ + 2U__hka*b™)] (16)

31 12

. . . B3 £ B3
where U.. are with reference to the reciprocal axes a™, b" and c”.
1

1.3.3, Lorentz, polarisation and rotation factors

The total energy, E(hk{), of the x-ray beam reflected
from a set of planes, having Miller indices h, k, £ of an ideé.lly

imperfect small crystal rotating with a uniform velocity can be

represented as

E(hk4) = K L(hks) p(hks) |F(hkt)|
K(nk®) = B L\nkg) Pk |rnkd) | (17)



where K = constant,

L(hk4) = Lorentz factor,
p(hk4) = polarisation factor,
]F(hk!,)l = structure amplitude.

The constant of the experiment, K, is given by (Buerger, 1960)

o . LNN 4
w m2c4 - (18)
where

IO = intensity of the incident beam,

N = wave-length of x-rays,
N = number of unit cells per unit volume,
dV = small volume of the crystal irradiated,
w = angular velocity of the crystal,
e = electronic charge,
m = mass of an electron,
¢ = velocity of light.

Lorentz factor, L(hk4), depends on the specific rotation of the

crystal and is also dependent on the experimental method used.



The velocity of the upper layer planes is not the same as that of

the equatorial layer, and allowances for rotation correction is also

necessary in the calculation of the Lorentz factor for higher layer
intensities. According to Tunnel (1939), the expression for the
calculation of the Lorentz factor with due consideration of the

rotation correction for the equi-inclination method of Weissenberg

photography is

(NI

L(hk4) = 1/[2 cos § (cos p-cos® 8) Z] | (19)

where p is the angle between the incident beam and the plane per-

pendicular to the rotation axis.

Polarisation factor, p(hk4), is an outcome of the polar-

isation of the reflected x-ray beam. Itis a simple function of the

angle of incidence and can be written as

hk4t = 1+ cos29
P( ) .____2.___. (20‘)

The energy of the diffracted beam is proportional to its
intensity, I(hk4), which can be measured by photographic methods

or counter techniques and hence from eqn. (17) it can be represented




as

I(hk?) =< L(hk4) p(hk4) ]VF(hkz) |2 (21)

1.3.4 Absorption

The intensity, I, of a transmitted x-ray beam can be

represented as
I=1Is exp(~ut) B (22)

where Io is the intensity of the incident beam, p is the linear
absorption coefficient for material of the crystal depending on the
wave=-length of the x-radiation used, and t is the thickness of the
matter through which the beam passes.

Unless the crystal is spherical or cylindrical, the absorp-
tion correction is rather complicated. If the size of the crystal is
very small and the linear absorption coefficient is not high then the
error due to the absorption becomes an insignificant quantity which
may be ignored., Different ways and means of absorption correction
applied in various methods have been dealt with by Rogers and Moffet

(1956), Frasson and Bezzi (1959), Wells (1960), de Meulenaer and

Tompa (1965) etc.




1.3.5 Extinction

- This is the case of attenuation of the primary x-ray
beam when the crystal is in a diffracting position so as.to
reduc-e the intensity of the diffracted beam. Darwin (1922)
subdivided this effect into two categories, viz. ;'primal;y
extinction" and "secondary extinction". Accountsof thes'e

effects have also been given by Lonsdale (1947).

1.4 STRUCTURE FACTOR AND STRUCTURE AMPLITUDE
Let  there be N atoms per unit cell of a crystal,
situated at points having fractional co-ordinates (xn, LS zn) )

referred to the crystallographic axes, a, b and ¢ (Fig. 1.3).

..,{ . ..?
c ax L CZ
- 7= T
/ K
Ab .
) by
. ;_
0 a

FIG. 1.3




The position of the nth atom in the unit cell can there-

fore be represented by the vector _E_{n

where R =x a+y b+z ¢C (23)
. —n n— n— n— : : :
From eqn. (2), the path difference between the waves scattered
by these atoms will be AR .S. = Hence the contribution of the
= _ .

complete wave scattered by the crystal is

N

F= 3 fn exp 21i )\B_n.§
1 A
N

or F = £ exp2miR .S (24)
1
Substituting R_ from (23)

-n

N .
= s i . . .
F LlJ fn exp Zﬂl(xn_E_L S+ ynb S+ z ¢ S) (25)

Substituting the values of a.S, b.S and c.S
from the eqn. (4)
N .
F= Ei: fn exp 271 (hxn + kyn + LG) | (26)
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On expansion by Euler's series (ele = cosf+isinb)
N
F = [}1: f cos ZTT(hxn +ky + lazn)] +

N
. . P
il § £ stTr(th1 +ky + zn)] (27)

The quantity F is, therefore, a function of the Miller indices, -
(h, k, 4)and is called the structure factor and its modulu.s is known
as the structure amplitude,

Substituting A and B for the terms in the two parentheses -
of the eqn. (27), the expression for the structure factor, F(hk4),

and the structure amplitude, |F(hk4)|, may be written as

F(hkt) =A +iB . ‘ (28)

and |F (hkt) | = (A2 + Bz)% - (29)

The corresponding phase angle will be

a(hk?) = tan! B/A (30)

Thus it is further evident that the structure factor is
a complex quantity whereas the structure amplitude is a real
number and is proportional to the intensity of the x-ray beam

which itself is a measureable quantity (see eqn.21).

To derive the expression (27), the fundamental




assumption was to consider a point atom as the source of
diffraction, but it is in fact the electron cluster around the
atomic nucleus which is responsible for the diffraction of x-ray
beams. If p(xyz) is assumed to be the electron density at a
‘point (%, v, z), the amount of scattering matter in the volume
element Vdxdydz is pVdxdydz and hence the equation for the

structure factor will be

111
F(hkt) = ”X Vo(xyz) exp 2Ti (hx + ky + 4z) dxdydz (31)
Qo

Since p(xyz) is expressed in electronic units, the
structure amplitude, 1F(hk!/)t, becomes a simple ratio of the
contribution. due to all the electrons in the unit cell to that which
could be received if the contents of the unit cell were replaced
by a single classical electron; hence lF(hkL)\ is a pure number,

The zero term of the series (31) becomes

111
F(000) =V gﬂp(xyz)dxdydz =z (32)

0090
where Z is the total number of electrons per unit cell and for a

particular compound this is a constant quantity.




1.5 FOURIER SERIES AND ITS APPLICATION.

IN CRYSTALLOGRAPHY

The application of Fourier series in a crystal, having
’its periodicity in three dimensions, was first suggested by
Bragg (1915).

Allotting the integral indices h', k', ' to eacﬁ Fourier

coefficient, K, the series can be written as

p(xyz) = };%:;K(h'k‘z) exp 2mi(h'x + k'y + £'z) (33)
}.,: ,

se values in eqn.(31)

111
F(nks) = V ] [Ehzg_x(h'k' 4') exp 2mi(h'x + k'y + £'z)
oQo K .
—oQ
exp 2mi(hx + ky + £z) dxdydz (34)

The exponential functions are both periodic and the
integral of their product over a single complete period is zero in
general; onlyifh = -h, k= -k' and 4 = - 4', is it not zero.
Under these conditions

11!
F(hky ) = v§ ] SK(h‘k'L') dxdydz - (35)
® 0

e, F(aks) = VKGRI (36)
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The Fourier coefficient, K, is therefore directly
related to the corresponding structure factor and hence the ‘
expression for the electron density dinstribution can be written

from eqn. (33)

<l—-‘

g Plxyz) = —-—————}&ggl“(hkz) exp [-2mi(hx + ky + 4z) ] (37)

This apparently shows that the calculation of electron-
density-distribution throughout the unit cell of a crystal may not
be at all difficult, but due to the complex nature of the aibsolute
value of F(hkt) (see eqn. 31) the computation for the eqn, (37) is

not an easy task,

1.6 PHASE PROBLEM AND METHODS OF SOLUTICN
Equation (37) can be re-written in the form

Plyz) = -%—%oin(hkﬂ)l cos [27 (x + Ky + 42)-a(nks)]  (38)

-

The phase angle a(hkt) is the same as shown in egn. (30). No
experimental method can record the value of a(hks). ;I'he.great
difficulty in detérmining its value has caused crystallog.raphers to
call this trouble "the phase problem". The following are some

of the important techniques of determining the unknown phases.



l.6.1 Trial and error method

The basic idea of this method is to postulate a certain
atomic arrangement that conforms to the space group symmetry
and to calculate the corresponding structure amph'tudes,. ‘Fc1’
and to compare these with the observed values, lf‘ol, s0 as to
decide whether the structure will be acceptable or not,

It has been found useful to express the overall agree-
ment in terms of the mean discrepancy, the so called "residual",

DAL

R =

ZlFol

where the summation is to be taken over all the reflections

(39)

(Booth, 1945). If the agreement be reasonable (say R<0.45),
the structure may be considered as a promising one and the
adjustment may be continued until the correct result is 'obtained.

The trial structures are arrived at by various methods viz.
consideration of symmetry and atomic radii, evidence from various
physical properties (morphology and cleavage, infra-red absoi'bption,
optical and magnetic properties etc. ), distribution of x-ray

intensities, experience gained from other similar crystals and soon,



To minimise the calculations, use of the Foub,‘ri.er
transform of a set of atoms,is found helpful, In this method
holes representing the atomic locations in projection of the pro-
posed structure and the atomic types are punched on a mask,
The diffraction in parallel light represents the required Fourier
transform and this can be compared with the corresponding
weighted reciprocal lattice, In this way probable structures
can be quickly tested and hence the number of possibilities may

be reduced to a manageable quantity.

1,6.2 Patterson function

Patterson (1935) showed that important information
. 2 '
can be derived from the phaseless quantltles,lFl . He set out
to solve the function, P(uvw), called the Patterson function, where

11
J' o(xyz) P(x+u, y+v, z+w) dxdydz (40)
J .

o

Pluvw) = V

0Oy

Substituting in this expression the value of p(xyz) from eqn. (37)
and considering the same reasoning as was applied to obtain eqn. (35)

from that of (34) it can be shown that

o0

Plavw) = 1 Y53| F(nke )|? exp 2i(hu+kv+ 4w) )
V hkt 4 _

s
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Z]F(hkz)] 2 cos 2m (hu +kv + &w) - (42)

or Pluvw) =—1_ }
v €

h

87?(\18

In this equation |F(hk4)|” is the product of F(hkt) and
its complex conjugate F (1:1{(2) and the function P(uvw) is "r.eal for
all values of u,v,w., Egn. (37)represents the peaks in the
atomic locations whereas eqn. (42) has its peaks at the _él;lgisof the
vectors between atomic locations, The height of every péak is
proportional to the product of the atomic numbersof atoms involved
in the vector. The structure amplitudes are derived directly
from the measureable quantity, the intensity data. Thei'efore,
the Patterson synthesis can be computed without much £foub1e
and hence simple structures having a limited number of a‘toms,
may be solved directly from the Patterson function. Siﬁce there
are N(N-1) distinct interatomic vectors (corresponding to the
N atoms per unit cell), which are also revealed in the Paf‘cérson
synthesis, it is very difficult to obtain the positions of a;ll: the atoms
- of even a moderatly complicated structure by inspection of the
Patterson function alone. |

It was Harker (1936), who for the first time correlated

the Patterson function with the electron density distribution,




He pointed out that certain symmetry related planes or linés
(called Harker sections or Harker lines) in the three d;imevnsional
Patterson synthesis contain more useful information about the
structure. Buerger (1951), in his minimum function _method
showed that if two Patterson maps are superimposed and a third
map is drawn over the minimum contoursof the coincident peaks,

it may reveal the identity of the molecule.

1.6.3 Heavy atom method

If the crystal asymmetric unit contains a few heavy atoms
whose scattering power dominates the intensity, it may control some
or all the phases, The positions of heavy atoms, if not too
many, can easily be obtained from the Patterson function and hence
the phases due to the heavy atoms can be calculated. = Taking these
as the actual phases due to the whole contents of the cell, an electron
density distribution can be computed which may reveal some of the
light atoms. Inclusion of these new atoms in a subsequent structure
factor calculation will yield improved phase angles which can be

used with the observed structure amplitudes to give a still better




electron vdensity distribution, Through several cycles of such
calculations, it may be possible to elucidate a complicated structure.
The first successful application of the heavy atom method was by
Robertson and Woodward (1940) in solving the structure of platinum
phthalocyanine,

Though this is a very powerful method, it also has its
limitations., If the heavy atom.is too heavy, light atoms may not
be revealed in the electron density distributions based on only the
heavy atom phases. In such circumstances, if the light atoms are
revealed at all, their positions will be rather uncertain. On the
other hand, if the heavy atom is not heavy enough then the phase
contributions from it may not be able to show the positions of the
light atoms at all. A.reasonable compromise is achieved when the
‘sum of the squares of the atomic numbers of the heavy atoms is
~ equal to that of the lighter atoms (Lipson and Cochran, 1966).  Sim
(1961) has shown the proportion of correct signs in the heavy atom

method in terms of 7 defined as

2
f
Y = _Z_EZ_ (43)
N




where fH and fL are the scattering factors of the heav;r_ and light
atoms respectively.,

In the heavy atom method, further compli'c-::ations
arise when the heavy atom is situated in a special poSition such
that it makes little or no contribution to a proportion of the structure
factors. The ensuing electron density distribution balls'ed on heavy
atom phases is then complicated by pseudosymmetry and its inter-

pretations may be difficult.

1.6.4 Isomorphous replacement method

Another powerful method of solving the phasve_.problem,
first used by Cork (1927), is to compare the x-ray intensities frvom
a series of isomorphous compounds in which one atom Iis replaced
by another, The first successful application of this technique in -
a large organic compound, phthalocyanine, was by Robertson (1935,
1936). The popularity of this method grew rapidly being very
useful in the structure elucidation of penicillin (Crowfoot' et al. 1949).

In this method, unlike the heavy atom technique, the size of the
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replaceable atom is immaterial, The only consideration is to
have all sets of intensity data on the same scale (Beevers and
Cochran, 1947).

Let the compositions of two isomorphous C§mpounds be
PR and QR where P and Q are the replaceable atoms arlld Ris the

remainder of the molecule,

Then F(PR) - F(QR) = F(P) - F(Q) = &F ""i‘ . (44)

For centro-symmetric crystals structure factors, _I:_‘,,.‘a're real
quantities which are either positive or negative and _A__]_?‘ls equal to
the difference in the scattering powers of the two repl#@eable atoms;
and hence it is not difficult to determine the signs of,:E(_P_li) and

F(QR), especially, if the replaceable atoms are situated at a

symmetry centre,

In the non-centro-symmetric case the F's are complex
quantities whose magnitudes are known but not the phases,
Corresponding to a particular value of AF one pair of solutions for

F(PR), F(QR) having the same magnitude but opposite phase are

obtained (Fig, 1.4 ).




FIG. 1.4

To decide the final result, further information is necessary which
can be made available through double isomorphous replacement as
suggested by Bokhoven et al, (1951) and is further elaborated by

Harker (1956). The multiple isomorphous replacement method

has been used with great success in determining the structures of

proteins (Avey et al. 1967).

1,6.5 Direct methods

A number of direct methods of phase determination have

been suggested by different authors. Of these, Harker and Kasper's

(1947, 1948) method of inequalities deals with the relation between




structure factors, while Sayre's (1952) sign relation method is
based on the novel idea of a squared atom. Karle and Hauptman
(1950, also Hauptman and Karle, 1950) have introduced a powerful
statistical method which was successful in solving the structure of
ps p' ~dimethoxybenzophenone (Karle et al. 1958)., The symbolic
addition procedure for obtaining phases directly from the structure
factor magnitudes has also been applied by Karle and Karle (1966)

to the structure determination of Alkaloid Panamine,

1,7 STRUCTURE REFINEMENT

The methods of solving a structure, so far discussed,
can onlyleadto the approximate atomic parameters. The next
task is to refine the parameters so that the discrepancy between the

observed and calculated structure amplitudes becomes a minimums,

'1,7.1 Fourier methods

1,7.1.1 Successive electron density distribution

The method of successive structure factor calculation.

and computation of electron density distribution can be applied for
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refining a crude structure, In this technique, solution and
refinement both may go hand in haLnd, especially, in the heavy-atom
method, where gradual inclusion of recognisable atomic parameters
improves the resultant electron density distributions, After the
full structure is solved, the process is repeated until the changes
in atomic parameters are insignificant,

The major drawback of this method is the series termin~
ation error which is due to the inclusion of only a limited number of
Fourier terms in the calculation of the electron density distribution,
To minimise this error, co-ordinates for each atom are obtained
from the two electron density distributions —— one with Fo as
Fourier coefficients and the other with FC. The corrected

co~ordinates can be calculated from the expression (Booth 1946b)

= - X (45
Xcorr Xold + XF Fc ( )
o
where X = corrected co-ordinate,
. corr
old = old co-ordinate,
XFO = co-ordinate from Fo map,
XF = co-ordinate from F, map.
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The correction for series termination error is appreciable

o
and may amount to 0,0l to 0,04 A (Burger, 1960),

1,7.1.2 Difference synthesis

The full difference synthesis (Fo - Fc) was first suggested
as a device for refinement by Booth (1948b).  If the proposed
structure is quite close to the actual one, in the difference map
flat topography is expected, except some undulatory characteristics
due to random error. In this process refinement of both the
positional and thermal parameters is possible, This method is
free from the error due to the series termination effect and can
be used for checking the types of thermal vibration and drastic error
in the atomic positions, and may also be used to obtain the approx-
imate positions of the lighter atoms which are»not revealed in the
ordinary electron density distribution.

In order to achieve better results from the Fourier method
and to generalise the difference synthesis Cruickshank (1952) has
introduced a modified technique which is almost identical to the least

squares methods, In this process an attempt is made to minimise




the quantity, D, where

po_1_ hgz ( [Fol - }Fcy)cos [2(hx +ky + £z) - a(hk4)] (46)

1,7.2 Least squares methods

The refinement of atomic parameters with the help of the
least squares methodswas first suggested by Hughes (1941) « The
basic idea of this method is to establish sets of normal equations
and find the parameters P; which minimise the quantity

2 (47)

R=2wA
where W = weight allotted to the observation,

and A = lFol - ]FC] , and the sum is taken over all the

independent structure amplitudes.
For R to be the minimum

BR_ =0 wherej=0, 1, 20000e0ss n parameters in
3P '
the determination of FC.

slr |
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If pj be close to the correct value and I’i is a small change in the

parameter P; then it can be shown that

: [ZwalFC] alFC%: 5w L o|®| (49)
izl Lhke OP; 9P hk4 °P

for each valueof j=0, 1, ........ n, n equations may be set up to

determine the n unknown quantities, @ They may be written out as

ZW(@T 4 +2W(QI_E_IJ(AF_’ J foree -gwadlr]
0Py op;/\oP, P

w|RIEL felial) W{)_}_F_IZ ) +"““"=2WA?E
: (apl)(aszf“z (apz} 2 (50)

POEPEY a . * 8w « v @ o v o

These are called the normal equations of least squares.
For structure refinement, these simultaneous equations are solved
to adjust the parameters so that the corrections become small in
comparison with the estimated standard deviations. Thus
positional, thermal and scale parameters may be improved,

The main advantage of j:he least squares methodsof

structure refinement is that in this process weight may be assigned




to the reflections according to their reliability and the method is

free from series termination errors.

1.7.3 Minimum residual method

Refinement of a crystal structure by direct calculation
of the minimum residual was first introduced by Bhuiya and
Stanley (1963). In this method, the parameter to be refined is
varied in turn from P + nAp‘j to pj - nApj in 2n + 1 steps of Apj
and the accepted refined value is that which gives the minimum

IFol - Fell .
value of the residual, R,where R = SIF } . This method
A Sallfe}

was used in the refinement of the structure of 2-chloro-1, 8-

phthaloylnaphthalene in the (100) projection (section II, chapter 4).

1.7.4 Other methods

There are some other methods of refining the atomic
 parameters. In the process of differential synthesis (Booth, 1946 a)

it is assumed that at the point of maximum electron density

3p . ap . °F _g | (51)
y oz

0x —é




with this basic concept, differential equations are set up for
obtaining the improved atomic parameters, In the method of
_steepest descents (Booth, 1947b and 1949) an attempt is made

to minimise the figure of merit, R, where

R () - D
R' = F, - F )2

© (52)
R - (lFol _ chl )2
A e




1.8 EVALUATION OF ACCURACY

1,8.1 Residual

(

The extent of accuracy of a structure is usually judged

by the value of the residual,

R _ 3| 7| -[Fc‘l | ~ (53)
|7

In the refinement by the least squares methods

R = 1 5w (54)
22
where a = scale factor of ‘Fo‘
w = weight allotted to the observation
A = |
c

a [FOI - IF




It is normally expected that the smaller the value of R, the

better is th-e structure determination. . Hamilton (1965) has given

a thorough analysis of the R factor and the accuracy of the structure,
Cruickshank (1964) has introduced another index of comparing the

degree of refinement

R' = N , ' (55)
w(a |[F|)

1.8.2 Standard deviations of parameters

Another criterion of judging the accuracy of the structure
determination, is to calculate the standard deviations of the para-
meters which can be derived from least squares residual by

application of the equation

where m and n are the numbers of independent observations and

parameters to be refined.




1.8.3 Standard deviations of bond lengths

The standard deviation of the bond length PQ may be

defined as
i) = gi®) + gHQ) (57)

2
where g (P) and O‘Z(Q) are the variance of P and Q in the direction
of PQ. If the atoms are related by a mirror plane or a centre of

symmetry

ai¢)=2q(P) | (58)

1.8.4 Standard deviations of bond angles

Ifp be the angle subtended at Q by the three independent

atoms P, Q and R, then the variance

2, _ 0XP) + 2 1 - 2cosf 4 1 +d’2§R)' (59)
g ® =55z 9 QI 72 55,08 or? QR

In the above expressiong 2(P) and O’Z(R) are the variance of P and

. 2 .
R in the plane PQR and perpendicular to PQ and QR, and d “(Q) is
the variance of Q in the direction tangential to the circle PQR

(Darlow, 1960).
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1.8.5 Calculated mean planes andPX_2 test

Another method of judging the accuracy of a structure is
to calculate a series of mean planes through the atoms (Schomaker
et al.,1959) which are expected to be coPIanaf and to decide the
merit of the results, In this respect the 7(.2 test may be used to
decide the goodness of the fit of the experimental result to their
theoretical values,

Let Dj be the deviation (in X) of jth atom from the
calculated mean plane through n atoms and ¢ is the mean deviation

(o]
(in A) in the positional parameters of the atoms, then

-2 n 2
Y = (ﬂ) | (60)
1 a

The probability of the deviation from the planarity due to
the random experimental error can then be examined from the Xz
tables (Fisher and Yates, 1953). If the probability that the plane

is a good fit be less than 1% it is usually safe to assume that the

atoms are non-planar.




‘1. 9 COMPUTATION

The many calculations were performed on the Glasgow

University KDF-9 computer,

authors are given below:~

PROGRAM

Intensity correction (I to lFoi )

Isotropic structure factor
and
Fourier

Fourier search

Least squares refinement

Bond length and bond angle

Data sharpening for Patterson
function

Minimum residual refinement
Hydrogen placing

Mean plane

Some details of programs and

AUTHOR
A, A, Hook
R, Truter

and
Mn Wells

J. G. Sime

D. McGregor

D.W.J . Cruickshank
. . and

J. G. F, Smith

K., W Muir

K, W, Muir

K, W, Muir
G. Ferguson

W, Oberhansli




PROGRAM -~ contd. AUTHOR -~ contd,
Standard deviations of bond W. S, Macdonald

lengths and bond angles
Sim weight K, W. Muir
and
D. R. Pollard
It was necessary to modify some of the programs to

suit specific examples and to write small programs for various

calculations and data handling.



SECTION 1II

CRYSTAL STRUCTURES OF

SOME gHALOGENO-AROYLVCOMPOUNDS



2. INTRODUCTION

The steric effects occasioned by the close proximity
of a halogen atom and a neighbouring group are susceptible to
investigations by a variety of physical methods eege i.Te, U.V.,
n.m,r,., diffraction methods etc,  Only diffraction methods
allow precise determination of intramolecular distances iﬁ anything
other than the small molecules and in addition, in monohalogeno
compound the halogen atom normally provides a means of over-
coming the crystallographic "phase problem",

Ferguson and Sim have investigated a number of o-mono-
halogeno benzoic acids [g—chlorobenzoic acid(Ferguson and Sim,
1961), o-bromobenzoic acid (Ferguson and Sirﬁ, 1962‘a) and
2-chloro-5-nitrobenzoic acid (Ferguson and Sim, 1962 b_)]. . All
these structures showed significant non-planarity and distortions
of bond angles, which might be the outcome of the intramolecular
overcrowding., Another interesting feature in the structures, was

the presence of intermolecular hydrogen bonds.
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Thé first x-ray study of the hydrogen bond was done by
Bernal and Fowler (1933). Since then crystallographers have
done much work in this field. Fuller (1959), Baur (1965),
Speakman (1967) and others have reviewed some of these works,
Normally, the hydrogen bond (A-H...B) is assumed to
be linear and in a large number of compounds (Hamilton, 1962),
the AZH,..B angle is found to be near to 180°. The existence
of deviations from linearity indicates that the energy required to
bend the hydrogen bond is not large and can be compared to the
energy of the van der Waals interactions in the crystal, The
hydrogen bond is thus more readily distorted by packing forces
than any covalent bond, The major characteristics of the
hydrogen bond are decided by the type and chemical environment
of the donor and acceptor atoms. Because ofits small bond
energy (only about 5 K, cal./mole) and the small activation energy
involved in its formation and rupture, the hydrogen bond is especially
suited to play an important role in reactions occurring at normal
temperature. For this reason it has been extensively studied by

different methods (Pimental and McClellan, 1960).



Various hydrogen bonds of the type OH...O, NH...O,
OH...N, NH...N etc. have been investigated thoroughly (Fuller,
1959; Baur, 1965), but there has been very little systematic study
of CH...O or CH...N hydrogen bonds in the solid state, The
apparent unusually short intermolecular CH,..O contact of 3,0 Z,
in the crystal structure of 1, 3, 7, 9-tetramethyluric acid (Sutor,
1963 a) prompted Sutor (1963 b) to review crystallographic works on
structures having short CH...O contacts, In her review, she
could not find any structures having intermolecular ethynyl hydro-
gen bonds. Tyrrell (1963) carried out investigations of ethynyl

hydrogen bonds in benzoylacetylenes and phenylacetylenes by various

methods,

The main purpose of the following investigations of the
four mono-halogene-aroyl compounds (o-chlorobenzoylacetylene,
g-broﬁobenzoylacetylene, o-fluorobenzoic acid and 2-chloro-1, 8-
phthaloylnaphthalene) was to extend the number of the members of
the series investigated, and to examine the common features of
conformation, intermolecular hydrogen bonds and intramolecular
overcrowding in the family of o-halogeno-aroyl compounds. The

detailed findings are discussed in Chapter 5.




CHAPTER 1

0-CHLOROBENZOYLACETYLENE




2.1 INTRODUCTION

During i'xis investigations of ethynyl hydrogen bonds by
various means, Tyrrell (1963) prepared o-chloro- and o-bromo-
benzoylacetylenes, These were prepared in two stages; the
first being the synthesis of halogeno-benzoylcarbinol and the second,
the oxidation of the carbinol.

In the infra-red absorption spectrum of o-chlorobenzoyl-
acetylene, a maximum corresponding to the ethynyl hydrogen
stretching frequency occurs at 3304 cm, -l.in cyclohexane solution
and at 3235 cm. -1 in the solid state, It was inferred from this
(Tyrrell, 1963) that there is some additional bonding involving this
group in the solid state which is not present in solution, The
characteristic studies show that the hydrogen bonding in the benzoyl-
acetylene is surprisingly strong (Brand, Eglinton and Tyrrell, 1965).

This is confirmed by the following crystal structure analysis (Ferguson

and Islam, 1966a).




- 45 .

2,1.1 Crystal data

©o-Chlorobenzoylacetylene, C HSOCI, M = 164.5,

9 .
0 .
a=3.97+0.02, b=12.35+0.04, ¢ =15.87 + 0.04 A, B = 98.4 +
o . 93
0.27, U=769.8A7, Dm = 1,40 gm/cc. (by flotation), Z = 4,
Dc =1.42 gm/cc., F(000) = 336, space group PZl/c (Cgh, No, 14,
Int, Tables, Vol, I, 1965); linear absorption coefficient for x-rays
N -1
(N=1,542 A), p =43 cm. .
o~Chlorobenzoyl acetylene crystalises from methanol and
water mixture as needles elongated along the a-axis. The unit cell

dimensions were measured from the oscillation and equatorial layer

Weissenberg photographs, and hk0 and hO4 precession photographs.

2.1.2 Space group

Ok4 — 3k& Weissenberg photographs and precession photo-
graphs of the hk0 and h04 reciprocal lattice nets were examined and
it was found that the h04 spectra were absent when 4 = 2n + 1 and that

the Ok0 spectra were absent when k = 2n + 1, but there was no

" restriction for the general reflections., The monoclinic

character of the crystal was already established. The




- 46 =

5

space group is therefore, P21/c (CZh’

Int, Tables, Vol, I, 1965)

having the general equivalent positions

X, Vs Ze ] (1)
- X, =Y, =Z. : - (2)
-% 347 5 -z ' - (3)

x,%-y§%+z.‘ (4)

2.1.3 Intensity data

Since the crystals sublimed readily on exposure to the
atmosphere, a small needle crystal enclosed in a2 Lindemann
glass capillary was used for collecting intensity data. The
intensities of reflections of the reciprocal lattice nets 0k{ to 3k4
were recorded on equatorial and equi-inclination Weissenberg photo-
graphs using Cu Ka radiation (A = 1,542 X) . The multiple film
techniéue of Robertson (1943) was employed. For the 0Okg and
k4 ‘reciprocal lattice nets two sets of photographs (each of a four:
film-pack) were taken, one of a long exposure and the another of
a short exposure, so as to fgcilitate the visual estimation of a wide

range of intensities. The 2kt and 3kt nets were photographed
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" on one pack of four films. The visual estimation of 772
independent reflections was carried out using a calibrated intensity
step wedge; a further 332 "unobserved" reflections were included
in all calculations with a value one half of the minimum locally
observable, Initially, all the intensities were placed on approx-
- imately the same scale by comparing the times of exposure, The
intensities were corrected for appropriate Lorentz, polarisation

and rotation factors (See Sec. I, 1.3.3). The absorption

corrections were ignored.,

The ratio of the square of the atomic number of the heavy

atom to the sum of the squares of the atomic numbers of the rest of

the atoms per asymmetric unit is

y = _H = 0,74 o (5)

which showed that the heavy atom method for phase determination

might be favourable (Lipson and Cochran, 1966).




2.1.4 Structure determination and refinement in the (100) projection

Because of the short a axis (3.97 X) it was expected that
there would be good resolution of the atoms in the (100) projection;
while the full three dimensional data collection was in progress, the
structure was solved and refined in the (100) projection using the
230 Ok% data.,

The plane group of P21/vc in the (100) projection is pgg

(Int, Tables, Vol. I, 1965) having the equivalent positions

Y, =z (6)
-y, -z (7)
Ty, z-2 | (8)
T-y, Ttz (9)

This shows that in the (100) projection of the Patterson synthesis

peaks corresponding to the vectors between the heavy atoms will be

at (2y, 2z), (% - 2y, %) and (3, 3 - 23). In the (100) Patterson

projection (Fig. l.1) peaks "A", "B" and "C" correspond to the

above interpretation and were confirmed to be Cl - Cl vector peaks.
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Two maps of the Patterson projection were prepared on tracing
paper using two contrasting coloursr The general Cl1 - Cl
vector peak "A" of one was then superimposed on the origin of
the other, The minimum function map (Fig. 1.2) was then
prepared (Buerger, 1951), It clearly revealed the positions of
all the non-hydrogen atoms,

An approximate scale factor and overall thermal para=-
meters for the atoms were then found from a Wilson plot (Wilson,
1942). Two cycles of Ifefinement by successive electron density
calculations were then followed by the correction for the series
termination error (See Sec. I, 1.7.1.1). The least squares

refinement for adjustment of positional and isotropic thermal para-

meters converged at R = 0,09, Using the refined scale factor the

0k4 data were then placed on the absolute scale,

2.1.5 Structure determination in three dimentions

From equivalent positions (1) and (3) of the space group

le/c it is evident that the end locations of some of the interatomic

vectors will be at (2x, % 1 +2z). This indicates that the Harker

1,6.2) at v = % should contain a Cl- Cl vector

section (See Sec. I,




peak, In the Harker section (Fig., 1.3) one peak was seen to
be dominating, The z co-ordinate of this peak agreed quite
well with that of the Cl atom found in the projection work, This
decided the unknown x co-ordinate for the chlorine atom; accurate
y and z co-ordinates for the rest of the non-hydrogen atoms were
already known., The x co-ordinates for the carbon atoms of the
benzene ring and C(7) of the carbonyl group were derived from the
geometrical considerations, paying due regard to the tilt of the
benzene ring as given by the (100) projection.

Structure factors were computed with all 1104 reflections
using calculated x and refined y and z co-ordinates for C(1) — C(7)
and Cl atoms., The overall R factor became 0,388 and for Ok4
planes alone the residual was 0,424, The exclusion of two
acetylenic carbons [C(8) and C(9)] and one carbonyl oxygen was the
cause of such a high R factor. The first electron density
distribution was then computed with all the data; the 230 Ok planes
were correctly phased from the projection work and the rest were
phased from the eight atoms structure factor calculation as mentioned

earlier. In the map the improved locations of the eight atoms were




seen to be accompanied by the clear peaks of the remaining atoms
[C(8), C(9) and O]. The peak positions for all the eleven non-
hydrogen atoms were then calculated from this electron density
distribution by Booth's method (Booth, 1948a). At this stage
the residual, R, was 0,18, The course of the structure solution

is shown in Table l.1.

2.1,6 Structure refinement

Two cycles of Fourier refinement were carried out at
the end of which no appreciable change in the atomic parameéters
were noticed, In a Fourier synthesis using (FO - FC) as co=-
efficients, peaks attributed to hydrogen atoms and anisotropic
characteristics of the other atoms were noticed; the absence of any
other significant peaks confirmed the correctness of the structure,
The R factor was 0,176, The appropriate correction for the

error due to the series termination effect, which is inherent in the

normal refinement by Fourier method, was then applied (See Sec. I,

1.7.1,1).




In the structure factor calculations the Uiso values from
the projection refinement were used, At the conclusion of
Fourier refinement the intensity data for the individual layers were
then scaled so that K 2 [FO, = ZIFc} . No later alteration of
these layer scale factors was found necessary; only an overall scale
factor was subsequently refined,

Altogether twelve cycles of least squares refinement were
required to adjust the atomic parameters and scale factor, The
progress of least squares refinement is shown in Table 1.2, At
the end of the twelfth cycle, parameter shifts were all less than one
third of their estimated standard deviations, indicating the converg-
ence of the refinement, The final R factor was 0,092. The
calculated structure factors,at the end of refinement, are shown in
Table 1. 3.

In the first three cycles of full matrix least squares
refinement, adjustments were made to the positional and isotropic
thermal parameters for all non-hydrogen atoms and the overall scale
' The individual layer séales (K) and residuals (R) for each

factor.

of the four layers, 0kt ~ 3kyg, were calculated by making KZ(FOJ= Z[FC,




but no significant difference in individual layer scales was noticed.
The positions of the four benzene ring hydrogens and one acetylenic
hydrogen were calculated from geometrical considerations using
the standard bond length of an aromatic C-H, 1,084 and an acetyl-
enic C-H, 1,06 X respectively, These hydrogen co-ordinates
were then introduced in the subsequent structure factor calculations
but were not refined. The same isotropic temperature factor,
Uiso = 0,044, was used for all the hydrogen atoms, In the
remaining cycles of refinement, anisotropic thermal vibrations for
the eleven non-hydrogen atoms were allowed and a block diagonal
approximation for the normal equations was used. In all stages

of refinement, the weighting scheme applied, was that of Cruickshank

et al, (1961).

L
2

(10)

% = Y, +Fl+ pfE)

Up to the seventh cycle of refinement, the values of the constants,

Py and p,, were chosen to be 2 IF) min., and Z/]Fl max. respectively,
A correct choice of weighting scheme should give approximately the

same mean value of }'w AZ for all batches of data grouped in the
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order of increasing [FOJ and sine/)\. From such an examination
a change of the value of the constant, P; from 4 to 6 was found
necessary. After one further cycle of refinement, while R was
0.11, the agreement of the whole sets of (FOI and {Fcl were
thoroughly checked and twelve low order high intensities were found
to have very bad agreement, After independently remeasuring
the intensities of these planes and allowing for approximate spot
shape corrections, the planes were again introduced into the refine-
ment cycles, Further adjustment of the weighting scheme was
~ found necessary and consequently, the value of p; was changed to 8,
The hydrogen positions were then picked out from a three dimensional
(Fo - Flc) Fourier synthesis, (where F'C represents the calculated
structure factors for non-hydrogen atoms only) and were included
in the last three cycles of refinement but no attempt was made to
refine their parameters.

At the end of the twelfth cycle of the least squares refine-
ment, the parameter shifts were quite negligible in comparison with

the appropriate estimated standard deviations indicating the




convergence of the refinement, - Once again structure factors
were calculated for non-hydrogen atoms and a difference synthesis
was computed, In the map well resolved hydrogen peaks were
observed in the expected locations but no other significant features
were noticed, The relevant sections for the hydrogen positions
of the difference synthesis are shown in Fig, 1,4, superimposed
on the sections of the third three dimensional electron density
distribution,

In all the structure factor calculations, atomic scattering

curves used were those of Int, Tables, Vol. III (1962).

2.1,7 Final atomic parameters, molecular dimensions etc,

The Patterson projection, the minimum function map and

the Harker section are shown in Figures 1.1, 1.2 and 1.3 respect-

ively. The final three dimensional electron density distribution:

of the atoms and the hydrogen locations from the last difference

synthesis are presented in Fig. 1.4, as superimposed contour

sections drawn parallel to (100). The arrangement of the mole-

cules viewed along the short a-axis is shown in Fig. 1.5. Bond

lengths and angles are in Fig. l.6. This also contains the
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numbering scheme for identifying the atoms of a molecule. The
distances and angles involved in the intermolecular hydrogen
bonding is presented in Fig. 1.7.

The course of the structure solution, progress of refine-
ment and the structure factor agreements are shown in Tables 1.1,
1.2 and 1.3 respectively. The final fractional co-ordinates and
estimated standard deviations of the non.-hydrogen atoms, are in
Table 1. 4. In the Table 1.5, there are the fractional co-ordinates
of hydrogen atoms calculated from the last difference synthesis,
The orthogonal co-ordinates of the atoms, referred to the axes
parallel to a*, b and ¢, and the corresponding estimated standard
deviations (in A(i) are shown in Table 1,6, The anisotropic
temperature factors are in Table 1.7. These are the values of
U.. (See Sec. I, 1.3.2.). The principal values and the direction
cosines of the vibration tensors with reference to the orthogonal
axes parallel to a®, b and c are presented in Table 1.8.  Some

intramolecular and intermolecular short distances can be seen in

Table 1. 9. Deviations of atoms from various mean planes are

given in Table 1.10.




The average estimated standard deviations, .derived
from the least squares normal equations, of bond lengths are,
Carbon-Carbon (0,009), Carbon-Oxygen (0.007) and Carbon-
Chlorine (0,006 X) . The average estimated standard deviation

of bond angles is 0, 6°,




DIAGRAMS AND TABLES



FIG, 1.1

. The Patterson projection on to (100), Contours are at

arbitrary intervals,




FIG. 1.2

The minimum function in projection on (100) obtained from super~-

imposition of the Cl-Cl vectors in (100) Patterson synthesis and its

interpretation,




FIG, 1.3

The Harker section atv = 0,5, Contours are at arbitrary

intervals,




FIG. 1.4

The third electron density distribution (solid contours) shown by means of

superimposed contour sections parallel to (100).  Also shown are the hydro-

e difference Fourier synthesis, com-

gen peaks (broken contours) found in th
Contour levels are at 0,1 e/A

puted at the conclusion of the refinement.
for other -atoms

around the hydrogen atoms starting at the 0.6~ electron level,

contour levels are-at 1e/A3 except around Cl (26/A starting at one electron

level,
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FIG. 1.5

- The arrangement of the molecules viewed down the a-axis;

intermolecular =C-H, ., bonds (.~.~.) and other short

contacts (vsas)e



FIG., 1.6

The molecular diagram showing the intramolecular bonded distances
0 .
(in A), valency angles (in degrees) and the numbering scheme used

for the non-hydrogen atoms (hydrogen atoms have the same numbers

as the carbon atoms to which they are bonded). The C-H bond-

lengths are based on the hydrogen positions obtained from the last

difference synthesis.



FIG. 1.7

Distances and angles associated with atoms involved in hydrogen

bonding.



TABLE 1.1

COURSE OF THE STRUCTURE SOLUTION

Operation

1) Using Okf data only

2)

a)

-b)

d)

Patterson projection
Minimum function

Structure factor
calculation

Refinement by least
squares methods

Using Ok& to 3k{ data

From Harker section
at v=1/2 and infer-
ence from tilt of
benzene ring

Structure factor
calculatilon

Calc. of electron
density distribution

Structure factor
calculation

Atoms found R factor
Cl -
All non-hydrogen
atoms
0.19
"'DO" 0009
C1,C(1) to C(T)
0.39
All non-H atoms
0.18



TABLE 1.2

PROGRESS OF THE LEAST SQUARESREFINEMENT

Cycle R factor saw® | RQZWE/EW}FOE
1« 0.176 399 0.070
2 0.161 302 - 0.055
3 0.158 . 284 0.053
b 0.158 283 0.052
5 0.124 181 0.034
6 0.116 156 0,030
7 0.113 | 145 0.028

8 0.110 37 0.027
g 0.096 : 111 0.022

10 0.094 67 0.017

11 0.093 67 0.017

12 0.092 67 ‘ 0.017

®) Isotropic full matrix , ) anisotropic block diagonal
and hydrogen atoms introduced , ¢) changes in weighting
scheme , &) independent re-estimation of a few planes

with bad agreements and changes in weighting scheme .



TABLE 1,

OBSERVED AND CALCULATED STRUCTURE FACTORS
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ATOM
Cl

c(1)
c(2)
C(3)
c(L)
c(5)
c(6)
c(7)
c(8)
c(9)

TABLE 1.4

- FRACTIONAL COORDINATES AND E.S.D.S.

x/a
-0.1763
0.2402
0.1105
-0.0687
-0.1872
-0.1226
0.0630
0.1721
0.2491
0.3961
0.5336

I+ 0+ 0+ 0+ 1+ 1+ 1+ I+

1+

v/ b

4 0.0756
14 0.2103
13 0.2752
13 0.1859
15 0.1848
16 0.2678
16 0.3568
14 0.3601
13 0.2830
14 0.3849
18 0.4666
TABLE 1.5

I+ 1+ 1+ I+ I+

I+

I+ I+ 1+ [+
(R R = IR T NEREC B ~ S S

I+

1 1
cC c ¢ ¢c c c©
[ ] L] L]
cC Cc ¢c c N C
O F F 3 N Y
A O C N = O
=N U 0 0w C
I+ 1+ 1+ 1+ 1+ I+

1
C C C C
L]
N — C C
C (o) no (o)
C O 4= n
(0] C W C
I+ 1+ 1+ 1+
F O W R O WoW

C
*
N
N
N
Az}
1+

FRACTIONAL CO-ORDINATES OF THE HYDROGEN ATOMS
OBTAINED FROM THE LAST DIFFERENCE SYNTHESIS

Q
U
e
L]
L]
L
L]
L]
L]
L]
.
°

x/a

-0.333 -

-0.215
0.121

0.310
0.656

¥/b

0.116
0.265
0.423
0.431
0.539

z/c
-0.074
-0.164
-0.103

0.051

0.251



TABLE 1.6

‘ (o]
ORTHOGONALISED COORDINATES AND E.S.D.S.( in A ) referred
TO THE AXES PARALLEL TO a*,b and ¢

ATOM X Y Z -

Cl -0.692 + 2 0.934 + 1 1.673 + 2
o 0.943 + 5 2.598 + 4 3.372 + 4
c(1) 0.434 + 5 3.399 + 5 1.171 + 5
c(2) ~0.270 + 5 2.297 + 5 0.687 + 6
C(3) -0.735 + 6 2.283 + 6 -0.630 + 6
c(4) -0.481 + 6 3.308 + 7 -1.464 + 6
c(5) 0.247 + 6 4L.408 + 6 -1.020 + 6
c(6) 0.675 + 6 L.448 + 6 0.285 + 6
c(7) 0.978 + 5 3.496 + 5 2,537+ 5
c(8) 1.554 + 5 4.755 + 6 2.956 + 6
c(9) 2.094 + 7 5.763 + T 3.301 + 7



ANISOTROPIC TEMPERATURE FACTORS AND E.S.D.S.

ATOM

Cl

U

- 0.0563

11

0.1133
38

0.0350
30

0.0311
31

0.0460
36

0.0546
39

0.0615
Lo

0.0492
36

0.04u2
34

0.0786
48

TABLE 1.7

Ue2
0.0529
8
0.0570
24
0.0470

26

0.0472
26

0.0689
36

0.0906
45

0.0680
0.0563
30

0.0552
29

0.0590
31

0.0654
38

o2

(in 4 )

U33

.0798

12

L0472

26

LO0Uh2

30

.0605

36

.0581

38

L0409

34

L0460

34

L0484

33

.0363

29

. 0466

33

L0651

L4

2uz23
0.0063
14

0.0132
40

-0.0139
L4

0.0014
48

.=0.0333

59

-0.0082
61

0.0128
56

0.0132
51

-0.0065
45

-0.,0075
50

-0.0432
65

2U31

0.0083
15

-0.0014
49

0.0083
4

0.0122
b5

-0.0048
51

—0 00038
51

0.0164
53

0.0205
49

0.0091
42

0.0014
b7

-0.0060
67

auie
-0.0216
B =

-0.0165
48

0.0196
4o

0.0189
Lo

0.0265
53

0.0269
62

0.0181

0.0045
L7

0.0153
Ly
0.0158
u7
-0.0369
66




TABLE 1.8

PRINCIPAL VALUES AND DIRECTION COSINES OF VIBRATION
TENSORS REFERRED TO THE ORTHOGONAL AXES PARALLEL TO
a*¥ , band ¢

o2
ATOM U A D1 D2 D3
Cl 0.0837 -0.2327 0.2283 0.9454
0.0436 -0.6439  -0.7647 0.0262
0.0634 0.7289  -0.6026 0.3249
0 0.1195 -0.9522 0.1587 0.2611
0.0438 0.1735 -0.4225 0.8896
0.0580 0.2515 0.8923 0.3748
c(1) 0.0575 -0.3571 -0.7658 0.5348
0.0287 -0.8062 0.5419 0.2376
0.0405 -0.4717  -0.3463 -0.8109
c(2) 0.0267 -0.9068 0.4187 0.0501
0.0608 0.0468  -0.0183 0.9987
0.0516 0.4191 0.9080  ~0.0030
c(3) 0.0901 -0.3434 -0.7343 0.5856
0.0399 0.9231 -0.3787 0.0664
0.0460 0.1730 0.5633 0.8079
c(4) 0.0966 -0.3369 -0.9259 0.1706
0.0376 0.5276  -0.0356 0.8487
0.0545 -0.7798 0.3760 0.5005
c(5) 0.0749 0.5506 0.8245 0.1306
o.ouhb2 0.1889  -0.2754 0.9426
0.0563 0.8131 -0.494L  -0.3074
c(6) 0.0606 0.2901 0.8341 0.4691
0.0436 -0.3254  -0.3750 0.8681
0.0487 0.9000  =0.4045 0.1626
c(7) 0.0601 _0.4443  -0.8729  0.2016
0.0357 - 0.0374 0.2068 0.9777
0.0403 -0.8951 04419  -0.0592
c(8) 0.0651 ~0.hok6  -0.8301 0.3836
0.0387 0.8836  -0.2468 0.3979
0.0470 -0.2356 0.5000 0.8334
c(9) 0.0353 0.4776 0.6604 0.5795
0.0917 -0.8528 0.5071 0.1249
0.0861 -0.2114 -0.5539 0.8053




TABLE 1.

9

o

INTERATOMIC DISTANCES ( < 4 A )

Intramolecular distances

Atom A Atom B

Intermolecular distances

A-B
2.398
2.419
2.419
2.506
2.756
2.790
3.589
2.384
2.386
2.533
2.763
2,962
3.810
2.373

Atom A Atom B A-B

C(3) C1l 2.669
C(3) c(6) 2.741
Cc(3) c(7) 3.799
c(4)  c¢(6) 2.387
c(5) c(7) 3.744
c(6) c(7) 2.463
c(6) c(8) 2.828
c(6)  ¢(9) 3.583
c(6) 0 3.609
c(7) c(9) 2.641
c(7) o1 3.178
c(8) 0 2.280
c(9) 8] 3.367
0 c1 2.886

c(1) 0

c(1) c(5)
c(1) C(3)
c(1) c(8)
c(1) Cl

c(1) c(4)
c(1) c(9)
c(2) c(6)
c(2) C(4)
c(2) c(7)
c(2) c(5)
c(2) 0

c(2) c(8)
c(3) c(5)
Atom A Atom B
c(1) c(2)
c(1) c1

c(1) c(3)

E.P.*

1
1
1

1
1
1

Cel;**
O‘ 0
0o 0
0O O

A-B
3.567
3.731
3.809




TABLE 1.9 Cont.

Atom A Atom B E.P.* Cellx* A-B
c(2) Cl 1 1 0 0 3.780
c(3) Cl 3 0O 0 0 3.670
c(4) C(3) 1 1 0 0 3.819
c(5) c(4) 1 1 0 0 3.532
c(5) c(3) 1 1.0 0 3.634
c(5) c(6) 3 0O 1 0 3.691
c(6) c(3) - 1 1.0 0, 3.640
c(6) c(2) 1 1 0 0 3.679
c(6) c(6) 3 0O 1 © 3.754
c(6) C(4) 1 1 0 0O 3.793
c(6) c(1) 1 1 00 3.841
c(r) Cl 1 1.0 0 3.706
c(7) c(z2) 1 1 0 0 3.810
c(8) c(7) it 1 00 3.714
c(9) 0 4 1 1 1 3.212
c(9) | c1 4 0 1 1 3.543
c(9) c(8) 1 1 0 0 3.651
c(9) clL 4 11 3.720
c(9) c(7) 1 1 0 0 3.852
0 c(L) 2 o 0 0 3.421




TABLE 1.9 Cont.

Atom A Atom B E.P.* Cell** A-B
0 c(4) 2 1 0 0O - 3.559
0 Cl 1 1 0 0 3.635
8 c(5) 2 0 0 0 3.704

Integers under this column refer to the equivalent

*

positions

1) xX,¥,2;

2) x,1/2-y,1/2+z;
3) =x , =y , =2 3

4y -x , -1/2+y , -1/2 -z .

** PFor any dilstance the triple set of integers given
~under this column indicate the unit-cell translation
that must be added to the appropriate equivalent
position to derive the co-ordinatesof the atom under

the column Atom B from those given in Table 1.4 .




TABLE 1.10

Deviations ( X ) of the atoms from the mean planes through
a) all atoms '
b) benzene ring atoms C(1) to C(6)
c) ¢(1) , ¢(7) , ¢(8) , ¢(9) and O .

(a) (o) (c)
Cleeececenceessansses =0.106 -0.030 -
O veeseccecccnsaasas 0.161 0.160 0.001
C(1) eevseecesaceesss 0,013 -0.005 0.001
C(2) weevrnnne ceeesse =0.015 0.012 -
C(3) eeeeeenenacacess =0.044 -0.008 -
C(U) weveenne cereeess =0.005 -0.004 -
C(5) veeeeennnocsenns 0.057 0.012 -
C(6) wevevevenannsess 0,046 ~0.008 -
C(7) weveennenenssees 0.062 0.033 0.010
C(B) veveeeenoesonses =0.066 -0.143 ~0.025
C(9) vevnvenevneanens =0.103  =0.220 0.014




2.1.8 Discussion

In o-chlorobenzolacetylene the Cl...O and Cl...C(7)
intramolecular separations are 2,886 + 0,005 and 3.178 + 0, 0062
respectively, which are shorter than the sums of the normal
van der Waals' radii (3.20 and 3,80 X respectively). The
corresponding distances in o-chlorobenzoic acid (Ferguson and
Sim, 1961) are 2,892 and 3,217 X respecively, The molecule
is therefore expected to be subject to some strain,

The best plane through all the atoms in the molecule,

calculated by the method of Schomaker et al., has the equation

0.8694X'- 0,4062Y - 0,2813Z' +1.3455 =0 (11)

o
where X!, Y and Z' (in A) are referred to the orthogonal axes

parallel to a*, b and c. The root mean square (r.m,s.)
o
distance of the atoms from this mean plane is 0,08 A, The

a’PPI'OPI‘iate')Cz test (See Sec. I, 1.8.5) shows the significant

non-planarity of the molecule. The displacements of different

atoms from this mean plane can be seen in Table 1.10(a); the

deviations of Cl,C(9) and O appear to be significant,
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The equation of the mean plane through the carbon

atoms of the benzene ring is
0.8542X" - 0.4371Y - 0,2817Z' +1,4401 = 0 (12)

The r.m.s. distance (0,009 Pc:) of the atoms C(1) to C(6) and the
insignificant deviations of the individual aromatic atoms| Table 1.10[b)]
indicate the planarity of the benzene ring, The a.ppr0pria,te)(2
tests also support this view,

From the Table 1.10 (byand Fig, 1.6 it is evident that
C(2) - Cland C(1) - C(7) bonds are bent in opposite directions out
of the aromatic plane by about 1.40 in each case. This bending,
although small, might be significant in relieving overcrowding in
the regions of Cl... .C(7) and Cl...O.

The mean plane of best fit through C(1), C(7), C(8),

C(9) and O atoms, has the equation

0.8881X! - 0,3261Y - 0,3240Z' +1,1033 = 0 (13)

(o]

The r.m.s. distance of these atoms from the mean plane is 0,013 A,
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Deviations of the atoms from this mean plane are given
in Table 1.10(c). The dihedral angle between this planeAand
the aromatic plane (12) is 7.1°, The corresponding angle in
o-chlorobenzoic acid (Ferguson and Sim, 1961) is 13.7°. This
decrease might be due to the intermolecular hydrogen bonding
from the acetylenic carbon, C(9), and the carbonyl oxygen of the
neighbouring molecule. The rotation of the ethynyl carbonyl
group about the C(1) - C(7) bond has significantly relieved the
strain of intramolecular overcrowding. Further relief is
afforded by significant inplane splaying out of the C(1) - C(7) and
C(2) - C1 bonds away from one another (See Fig, 1.6). The |
strain of overcrowding in the molecule is, therefore, relieved
mainly in three different ways.

(i) The ethynyl-carbonyl group is rotated about C(1) -
C(7) bond through 7.1° to increase the distance from Cl to O,

(iij The chlorine and the exocyclic carbon,C(7), are
displaced out of the aromatic plane in opposite directions so as to
increase the intramolecular distances from the Cl atom to the other

affected atoms.,
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(iii) Distortion of the valency angles G(l) - c/(;) -Gl
P .
and C(1) - C(7) - O has increased the intramolecular separations
between Cl to C(7) and Cl to oxygen.

The carbon-chlorine bond length of 1,734 ! 0.006 X is
similar to 1.737 ?X obtained in _g—chlorogenzoic acid (Ferguson and
Sim, 1961) and 1.739 X in 2-chloro-1, 8-phthaloylnaphthalene
(See Chapter IV), _

The average of the C-C bond lengths in the benzene ring
is 1,383 : 0,009 .Z . Since the molecular librations were not
applied to the atomic co-ordinates, it is quite probable that for some
of the atoms of the benzene ring, the true atomic centres are not
at the apparent centres of electron density, with a consequent
decrease in the observed bond lengths., Thus in one bond, C(3) -
C(4), which appears surprisingly short (1,346 .&), the thermal para-
meters indicate a high degree of anisotropy.

The exocyclic C(1) - C(7) bond length (1.474 : 0.009 X)
is quite in agreement with 1,479 X estimated by Dewar and Schmeising

(1959) for single bond distance between carbon atoms in the sp -

state of hybridisation. In butadiene, (Marais, Sheppard and
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Stodicheff, 1962) the length of the identical bond is 1,476 + O, 0lA.
: )
The carbon-oxygen double bond (1.227 ! 0.007 A)is near to the
o
accepted value of 1,23 To.o1a (Int. Tables, Vol, IIL,1962), The
o
bond length,C(7) - C(8),is 1.447 To. 009 A and is about the expected
value for a single bond between sp and sz - hybridised carbon
, o
atoms.  The triple bond, C(8) - C(9), (1.195 ¥ 0.09 A) does not
o
differ significantly from the agreed value of 1,206 ! 0.005 A
(Tables of Interatomic Distances 1958, 1965), The atoms C(7),
N
C(8) and C(9) are not colinear. The angle C(7) - C(8) - C(9)
is 176.6°, Electron factors and the intermolecular packing
force involved in the ethynyl hydrogen bonding might be responsible
for this bending.
. o
The shortest intermolecular contact (3.212 - 0,007 A)

occurs with the ethynyl hydrogen bond. The locations of the

hydrogen atoms were not determined accurately. If the ethynyl
S

o o
carbon hydrogen distance (1,06 A) and angle C- C-H (1807) are

assumed (Tables of Interatomic Distances 1958, 1965) then the
o)

intermolecular H.,.O separation becomes only 2.2 A, much less

than the corresponding van der Waals contact distance of 2.4
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to 2.6 13?. Details of the distances and angles associated with
the atoms involved in the intermolecular ethynyl hydrogen bonding
can be seen in Fig. 1.7. Further discussion of the = CH...O
bonding is carried out in Chapter 5 of this section. All other
intermolecular contacts (Table 1.9) correspond to normal

van der Waals interactions.




CHAPTER 2

O0-BROMOBENZOYLACETYLENE




2.2 INTRODUCTION

o-Bromobenzoylacetylene is not isomorphous with
o-chlorobenzoylacetylene, Unlike the latter, it crystallises in -
the orthorhombic system. |

In the infra-red absorption spectrum ofo-bromobenzoyl-
acetylene, a maximum corresponding to the ethynyl hydrogen
stretching frequency occurs in cyclohexane solution at 3304 cm, ,
and at 3222 cm, -1 in the solid state, This has been attributed
to intermolecular hydrogen bonding between the ethynyl = CH groups
and the carbonyl oxygen atoms (Tyrrell, 1963). In view of the
presence of the relatively acidic ethynyl hydrogen and the basic
carbonyl oxygen, such intermolecular hydrogen bonding is also
ususally expected, |

A preliminary analysis of the structure, with limited
data, has already been done by Ferguson and Tyrrell (1965). The

object of the present work was to complete the refinement using more

three dimensional data.




2.2,1 Crystal data

9

Mepe = 460C, orthorhombic, a = 3,94 + 0,02, b = 7,30 + 0,03,
& o
c=27.,43 + 0,054, U=189 A3, Dm =1.74 gm./cc, (by flotation),

o-Bromobenzoylacetylene, C H50Br, M =208.9,

Z =4, Dc =1,76 gm,/cc., F(000) = 408, space group P21212.l
(D{ZJC, No, 19, Int. Tables, Vol. I, 1965); absorption coefficient for

N -1
x-rays of wave length 1,542 A, = 54,4 cm, .

2,2,2 Intensity data

Out of the 721 observed planes, used for refinement, 160
were 3 k4 spectr%, estimated visually from equi-inclination
Weissenberg photograph; 561 planes were of the Ok4-2k4
reciprocal nets, collected and estimated visually by Ferguson in the
same way, The infensity data were corrected for appropriate
Lorentz, polarisation and rotation factors (See Sec. I, 1.3.3); but

the absorption corrections were ignored.

The ratio of the square of the atomic number of the heavy

atom to the sum of the squares of the atomic numbers of the rest of




- 66 -
the atoms per asymmetric unit is
Y = ———=3.12 (1)

This shows the dominating influence of the heavy atom

(See Sec. I, 1.6.3).

2.2.3 Least squares refinement of the structure

Starting with Ferguson's atomic parameters, the structure
was refined in ten cycles of full matrix least squares. The
progress of the refinement of the structure can be seen in Table 2.1,

The initial job in the refinement of the structure was to
place the two sets of data on the same absolute scale, The first
cycle of full matrix least squares refinement with isotropic temper-
ature factor was done to get suitable individual layer scale factors.
In this cycle, the s;:ale factor for each of the layers was initially
chosen to be unity and unit weight was applied to all the data. At

the end of this cycle, the layer scale factors for Ok4 to 2k4 spectra

were fbund to be near to one, while that of the 3k4 planes was almost
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halved. In the next cycle no appreciable change of the individual
layer scales was noticed. The data were then rescaled using the
refined scale factors and the full matrix least squares refinement
of the positional and isotropic thermal parameters and layer scale
factors was continued. Henceforth the weighting séheme used

was of the type suggested by Cruickshank et al, (1961), i.e.

W =1/(1;>l +|F|+ P?}Ff + p3}F13)% - (2)

up to the fourth cycle of refinement, the values of the constants

used were

b, =2lF = & Py - 2fiF|_,, = 0-0133 and p, = 0.

At every stage of major change in the mode of the refinement, the
values of these constants were adjusted so as to be sure that the
mean L wal for all groups of planes batched in the order of
increasing structure amplitudes (lF]) and sine/l was roughly
constant, |

At the end of three cycle‘s of isotropic least squares

refinement, the residual, R, was 0,115 a:nd no appreciable change
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in the atomic parameters was noticed. A three dimensional
difference synthesis was then computed. In the resultant
electron density distribution, peaks were noticed in the probable
hydrogen positions, the anisotropic vibrational characteristics of
the atoms were also revealed, The absence of any other-
significant peaks, showed the correctness of the structure.

Before switching over to the refinement of anisotropic
thermal parameters, all the structure amplitudeswere rescaled
again with the refined individual layer scale factors, Thence-
forth a single overall scale factor was refined.

Due to the dominating influence of the heavy atom (Br),
the hydrogen locations revealed in the difference map, could not
be expected to be accurate and hence on the assumption of standard
bond lengths and.angles, these were calculated and were introduced
into the subsequent cycles of least squares refinement but not
refined,

After one cycle of full matrix anisotropic least squares

2 .
refinement, it was found that the average ¥ wA was high for strong
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planes, which were subject to extinction, Therefore, the value
of p; was changed to 0.0003 and the refinement was continued.
In the ninth cycle, the weighting scheme (2) was slightly adjusted
again (pl =6, P, = 0, 0133 and P; = 0.0004). In the next cycle,
the parameter shifts were less than one third of the corresponding
estimated standard deviations indicating that the refinement had
converged. In the weighting analysis, all the batches of data
were seen to possess similar average ¢ WAZ which is evident from
Table 2.2, A three dimensional difference synthesis was then
computed using the phases calculated from the positions of the
non-hydrogen atoms only. In this map, the hydrogen locations
were clearly revealed. The appropriate sections of this syn-
thesis are shown in Fig. 2.l., superimposed on the final three
dimensional electron density distribution. No other significant
features were noticed in this map. The R factor at this stage
is 0.073. The final values of the measured and calculated
structure amplitudes are shown in Table 2.3

In the structure factor calculations, the atomic scattering

curves used, were those of Int. Tables, Vol. III (1962) .




2.2.4 Final atomic parameters, molecular dimensions etc.

The final three.dimensio.nal electron density distribution
of the heavier atoms and the hydrogen positions from the last
difference synthesis are shown in Fig 2,1 as superimposed con-
tour sections drawn parallel to (100). ' The arrangement of the
molecules, viewed along the short a axis, is presented in Fig, 2.2,
Bond lengths and angles are in Fig, 2.3 which also contains the
numbering scheme used for identifying the atoms of a molecule,
The distances and angles involved in the intermolecular ethynyl
hydrogen bond are presented in Fig. 2.4.

The progress of the refinement, the final weighting
analysis and the structure factor agreements are shown in Tables
2.1, 2.2 and 2.3 respectively., The fractional co-ordinates and
estimated standard deviations of the non-hydrogen atoms are in
Table 2.4 and the corresponding orthogonal co-ordinates with
reference to the crystallographic axes and estimated standard
deviation (in X) are in Table 2.5, Table 2,6 contains the

calculated fractional co-ordinates of the hydrogen atoms.




Anisotropic thermal vibrations and estimated standard deviations
are in Table 2.74. These are the values of Uij which are defined
by the eqn. 16 (Sec. I). Some short intramolecular and inter-
molecular distances are presented in Table 2.8 and the displace-
ments of atoms from various mean planes are sho‘wn in Table 2.9.
The average estimated standard deviatioﬁs of the bond
lengths are, carbon-carbon (0,02 X), carbon-oxygen (0, 02 X) and

o
carbon-bromine (0,013 A).. The average estimated standard

deviation of the valency angles is 1.4°,




DIAGRAMS AND TABLES



FIG. 2.1

The composite final electron density synthesis (solid contours) for

the non-hydrogen atoms, viewed down a-axis and the hydrogca peaks

(broken contours) obtained from the difference synthesis computed at
)

3
the end of the refinement. Contour levels are at 0.1e/A” around the

hydrogen atoms startizg at the 0.3 -electron level, For other atoms

o o3 .
contour levels are at Ie/A3 except around Br (4e/A”) starting at one

electron level,




FIG. 2.2

The molecular packing viewed down a-axis.




FIG. 2.3

the intramolecular bonded dist
used for

Thg molecular diagram showing ances
(in A), valency angles (in degrees
: rogen atoms have the same
bonded.

) and the numbering scheme
th .
e non-hydrogen atoms (the hyd numbers as

the carbon atoms to which they are



o) C7

FIG, 2.4

:The distances and angles associated with the atoms involved in the

intermolecular =C-H...O bonding.



TABLE 2.1

PROGRESS Uf THE REFINEMENT

Cycle R factor 5w R=rwi /ZwiFo\2
&1 0.290 29764 0.078
2 . 0.140° 275 0.037
b3 0.135 258 0.032
T 0.114 201 0.022
¢s5 0.115 189 0.022
dg 0.078 80 0.011
7 0.075 75 0.010
8 0.073 72 0.009
€9 0.073 71 0.009
10 0.073 71 0.009

a) Refinement of individual layer scales , isotropic
thermal and positional parameters using unit weight
for all data .

b) Scaled|(Fo|and the refinement 1s continued using a
specific weighting scheme .

c) Difference synthesis, scaled |Fo,hydrogen locations
introduced; refinement of overall scale factor,
positional and anisotropic thermal parameters.

d) Adjustment of weighting scheme.

e) Further adjustment of weighting scheme.




TABLE 2,2

WEIGHTING ANALYSIS

Sin 6 /»x
[F|Obs. | 0.0-0.4 | 0.2-0.4 ]0.4-0.6 |0.6-0.8 | Totals
0-6 0.358/2 | 0.000/0 |0.100/18 |0.078/20 | 0.102/40
6-13 | 0.000/0 | 0.101/21 |0.091/149 | 0.095/33 | 0.093/203
13 - 25 | 0.007/3 | 0.083/79 {0.103/200 | 0.200/5 0.098/287
25 - 51 0.089/16 | 0.126/84 |0.094/41 |0.000/0 0.112/141
51 = 102| 0.078/15 | 0.086/32 |0.000/0 0.000/0 0.084/47
102 - up| 0.041/3 | 0.000/0 |0.000/0 0.000/0 0.041/3
Totals | 0.089/39 | 0.102/216|0.098/408 | 0.099/58 | 0.098/721

Figures on the two sides of the

( Average YwA in the group )/ (

2

strokes indicate

Total planes in the batch ).
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TABLE 2.4

FRACTIONAL COORDINATES AND E.S.D.S.

x/a

0.0527
0.1814
0.0126

I+

5
39
31
39
~0.2230 + 37

I+

I+

-0.0647

I+

-0.2904 + 44
-0.2231 + 51

~0.0L45 + hb

0.1736 + 44
0.3000 + 49
0.4206 + 50

y/b

0.3529
0.3212
0.6135
0.5769
0.7041
0.8769
0.9209
0.7895
0.4767
0.5580
0.6097

I+ 1+ 1+ 1+ 1+ I+ 1+ I+t

I+

16
16
18
21
22
21
21
23
2k

21

0551
.1618
. 1354
.0855
.0568
L0748
.1218

I+ 1+ I+ I+ 1+ I+

CcC Cc ¢ Cc Cc ¢Cc cCc c
1+

.1520
0.1687

1+

0.2147 +
0.2509 +

1+




TABLE 2.5

o

ORTHOGONALISED COORDINATES AND E.S.D.S. (A)
REFERRED TO THE CRYSTALLOGRAPHIC AXES

ATOM X
Br 0.207
0 0.715
c(1) 0.049
c(2) -0.255
C(3) -0.879
C(4) -1.144
c(5) -0.879
c(6) ~0.175
c(7) 0.68L
c(8) 1.182
c(9) 1.657

I+ I+ I+ I+ I+ I+ I+ 1+ I+ I+

I+

15
12
15
15
17
20
17
17
20
20

Y
2.576
2.344
L.479
4,212
5.140
6.401
6.722
5.763
3.480
4,073
4451

TABLE 2.6

I+ 1+ 1+ 1+ I+ 1+ 1+ i+ I+ I+

I+

12
12
13
15
16
16
15
17
18
15

1.512
h.a37
3.714
2.345
1.557
2.052
3.341
L.168
4,629

I+ 1+ 1+ 1+ 1+ I+ I+ I+

I+

5.890
6.882

1+

I+

ASSUMED FRACTIONAL CO-ORDINATES OF THE HYDROGEN
ATOMS AND ISOTROPIC TEMPERATURE FACTORS

ATOM x/a
H(3) -0.296
H(4) -0.399
H(5) -0.309
H(6) 0.041
H(9) 0.530

y/b
0.669
0.979
1.050
0.828
0.657

z/c
0.020
0.050
0.137
0.188
0.284

Uiso
0.04
0.05
0.05
0.04
0.05

12

10

12
12
15
15
12
15
12
15



ANISOTROPIC TEMPERATURE FACTORS AND E.S.D.S.

ATOM

Br

Ull

0.0483
11

0.1192
95

0.0087
71

0.0250
81

0.0293
87

0.0399
99

0.0627
116

0.0321
96

0.0364
111

0.0593
118

0.0530
124

TABLE 2.7

u22

0.0603
10

0. 0464
86

68

0.0416
70

0.0605
90

0.0555
101

0.0394
88

0.0596
86

0.0505
98

104

0.0636
101

02

(in A )

U33
0.0437

61

0.0347
50

0.0390
58

0.0277
54

0.0483
67

0.0505
75

0.0294
53

0.0474
76

0.0235
56

0.0479
72

2u23

.0223

13

L0024

97

L0066

86

.0088

119

L0354

143

.0030

126

0101

101

L0163

131

.0153

119

L0013

143

2U31
-0.0066
12

-0.0855
159

-0.0073
86
-0.0015
113

0.0150
115

—0.0T 1""'
126

-0.0087
156

-0.0025
118

—O ] 0358
136

"O 002“'5
123

-0.0142
169

2u12
0.0069
14

0.0048
156

-0.0067
92

‘000153
118

-0.0058
17

0.0131
146

0.0185
143

0.0033
137

"000353
131

-0.0180
168

-0.0196
191




TABLE 2.8

SOME SHORT INTERATOMIC DISTANCES

o
Intramolecular distances (<3.44)

(¢]

Atom A Atom B A - B (A) Atom A Atom B A - B (A)
Br C(3) 2.784 c(2) C(4) 2.382
Br c(1) 2.914 c(2) c(6) 2.395
Br 0 2.978 c(2) C(7) © 2.575
Br c(7) 3.280 c(2) c(5) 2.772
0 c(8) 2.306 c(3) . c(5) 2.384
0 c(1) 2.350 C(3) c(6) 2.775
8] c(2) 2.967 C(L4) c(6) 2.414
0 c(9) 3.362 C(6) c(7) 2.482
c(1) c(3) 2.439 c(6) c(8) 2.768
c(1) c(5) 2.457 c(7) c(9) 2.640
c(1) c(8) 2.486 c(1) c(4) 2.808

o
Intermolecular distances (<3.8A)

Atom A Atom B E.P.* Cell** A - B(X)
Br c(4) 1 0-1 0 3.767
G c(9) 2 1 -1 0 3.253
0 c(5) 1 0O-1 0 3.504
0 c(9) 2 0 -1 0 3.708

P L] T L ] D L]




TABLE 2.8 Cont.

o)

Atom A Atom B E.P.* Cell** A - B (A)
c(1) c(7) 1 -1 0 0 3.572
c(1) c(8) 1 -1 0 0 3.575
c(1) c(u) 1 1 0 O 3.742
c(1) c(3) 1 1 0 0 3.763 .
c(1) c(5) 1 1 0 0 3,774
c(a) - c(3) 1 1 0 0 3.533
c(2) C(4) 1 1 0 0 3.767
c(4) c(6) 1 -1 0 0 3.703
c(5) c(6) 1 -1 0 0O 3.475
c(6) c(8) 1 -1 0 0 3.534
c(6) c(9) 1 -1 0 0 3.678
c(7) c(8) 1 -1 0 0 3.714
c(8) c(9) 2 1-1 0 3.579
c(8) c(9) 1 -1 0 0 3.623
c(9) c(9) 2 1 0 0 3.704

* Integers refer to the following equivalent positions
1 X, ¥ 5 23
2 -x, 1/2 +y , 1/2 - z .

** Por any distance the triple set of integers given
under this column indicate the unit-cell translation
that must be added to the appropriate equivalent
position to derive the co-ordinatesof the atom under
the column Atom B from those given in Table 2.4 .




TABLE 2.9

o
Displacements ( in A ) of atoms from the mean

planes through
(a) all atoms ;
(b) aromatic carbon atoms, C(1) to C(6) ;
(¢) c(1) , ¢(7) , C(8) and O .

Atom (a) (Db) - (e)

Br 0.262 0.154 0.873
0 -0.360 -0.344 -0.008
c(1) -0.071 -0.035 -0.005
c(2) 0.050 - 0.017 0.300
c(3) | 0.047 -0.007 - 0.216
c(4) 0.009 ©0.014 -0.079
c(5) ~0.103 -0.031 -0.377
c(6) C _0.085 0.042 ~0.243
c(7) -0.116 -0.062 0.024
c(8) 0.070 0.198 -0.020

c(9) 0.264 0.448 0.008
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2.2.5 Discussion

In o-bromobenzoylacetylene, the intramolecular distances
of Br...0O (2.978 + 0.012) and Br...C(7) (3.279 + 0.013 2) are
both considerably shorter than the appropriate sums of the normal
van der Waals' radii (3.35 and 3.95 A fespectively) . The
corresponding distances in o-bromobenzoic acid are; 3.00 and
3.275 X respectively. This shows that like o-bromobenzoic acid,
the molecules of o-bromobenzoylacetylene are under strain from
intramolecular overcrowding.

The equation of the mean plane through all the non-hydrogen

atoms of the molecule, calculated by the method of Schomaker et al.
(1959) is
0.8909X + 0.2970Y - 0.3438Z - 0.1678 = 0 (3)

where X, Y and Z (in X) are the orthogonal co-ordinates referred
to the crystallographic axes. The root mean square distance
of the atoms from this plane is 0.16 X The corresponding X 2
test (See Sec. I, 1.8.5) shows that the molecule is significantly
non-planar. The distances of the atoms from the mean plane

are shown in Table 2. 9(a) Br and C(9) are displaced in the same




direction to the same extent whereas the displacement of the
carbonyl oxygen in the opposite direction is prominent,
The mean plane through the atoms of the benzene ring has

the equation

0.8975X + 0.3229Y - 0.3003Z - 0.4100 = 0 ‘ (4)

The root mean square distance of the atoms, C(1) to
C(6), from this plane is 6. 027 X . The appropfiate x2 test
shows that, within experimental error, the benzene ring is planar,
The displacements of atoms from the pléne are in Table 2.9(b).
Br and the exocyclic carbon, C(7), are displaced out of this plane
in opposite directions by 0,154 and -0, 062 Ao respectively, This
’corresPonds to the angular displacement of valency bonds C(2) - Br
and C(1) - C(7) out of the plane by 4.6 and -2,4° respectively.
This displacement must help to relieve fhe strain of intramolecular
6vercrowding.

The equation ‘of the best plane through the oxygen and C(1),

C(7), C(8), C(9) atoms is

0.8866X + 0,1270Y - 0,4447Z +1,0342 = 0 (5)




Displacements of various atoms from this plane
[Table 1.9({)] and the appropriate X 2 test show that all these
five atoms are coplanar. The dihedral angle between this plane
and the mean plane through the atoms of the benzene ring is 13.60
compared with 7.1° in the case of o-chlorobenzoylacetylene
(described in the last chapter). This shows that the extent of
rotation of the ethynyl carbonyl plane around.the exocyclic C(1)~ C(7)
bond has increased with the increase in size of the halogen substituent.
Had there been no such rotation, the intramolecular separations of
Br...C(7) and Br...O would have been unacceptably short.

Further relief of strain of the intramolecular overcrowding is

secured through the inplane splaying out of C(2) - Br, C(1) - C(7)

and C(7) - O bonds causing the distortion of valency angles C(1) - C@) -
~ AN

Br, C(2)-C(1) -C(7) and C(1) - C(7) - O.

In the molecule of o-bromobenzoylacetylene, the carbon-
bromine bond length is 1,893 + 0.013 X. The corresponding value
~in o-bromobenzoic acid (Ferguson and Sim, 1962 a) is 1.885 +
0. 014 Z. These values appear to be slightly higher than the

o
standard C - Br distance of 1,85 + 0.0l A quoted in Int. Tables, Vol.




III (1962), but similar values have been found in related compounds.

In the structure of 4-bromo-3-nitrobenzoic acid, Gemmel (1966)

o
obtained a C-Br distance of 1,91 A. Cammerman et al. (1965)

' o
got an average carbon-bromine bond length of 1,92 A in 2-o0-(p-

bromobenzenesulphonyl) -1, 4:3, 6~-dianhydro~D-glucitol-5-nitrate,

The average carbon-carbon bond length in the benzene

[0}
ring,1.394 A,is in agreement with the mean standard value of 1,395 +

o
0.003 A (Int. Tables, Vol. III, 1962). The exocyclic C(1) - C(7)
o o
bond length,1,495 A,is similar to 1.487 A in o-bromobenzoic acid

(Ferguson and Sim, 1962 a). In benzoic acid (Sim, Robertson and
o
Goodwin, 1955) the corresponding bond length is 1,48 A,
o
The carbon-oxygen double bond 1,152 + 0,02 A is not
o

significantly different from 1.20 + 0,02 A in o-bromobenzoic acid.
The bond linking the carbonyl carbon to the ethynyl carbon [C(7) -
C(8)], 1.481+ 0,02 X,is similar to that of 1,45 + 0, 02 X in vinyl
acetylene (Tables of Interatomic Distances). The carbon-carbon
triple bond, C(8) - C(9), 1,163 X,is near to 1,18 .Z found for a

similar bond in propargyl 2-bromo-3-nitrobenzoate (Calabrese,

McPhail and Sim, 1967). The corresponding value in o-chloro-
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benzoylacetylene (described earlier) is 1,195 X. The atoms
C('?), C(8) and C(9) are not co-linear; the bond angle C(7) - CE;) -
C(9) is 1740. In o-chlorobenzoylacetylene, a similar bending
(176.60) is also noticed.

The shortest intermolecular distance is between the
ethynyl carbon atom, C(9), and the carbonyl oxygen atom (3.25 +
0.02 X) . Due to the dominating influence of the heavy atom,
determination of accurate co-ordinates for hydrogen atom (by x-ray
diffraction method) is not possible. Therefore, assuming the
ethynyl carbon hydrogen distaﬁce of 1,06 X (Tables of Interatomic
Distances) and C —-/C\-H angle 180°, the -H...O separation was

O .
calculated to be 2.22 A which is less than the sum of the correspond-

ing normal van der Waals' radii (2.6 X), (Pauling, 1960) and hence
the prediction of intermolecular ethynyl hydrogen bonds in the
structure of o-bromobenzoylacetylene, based on i.r. studies (Tyrvrell,
1963) v}as confirmed. - Distances and angles associated with atoms
involved in the hydrogen bond are shown in Fig. 2.4.

No other intermolecular separation is less than the normal

van der Waals contact distance (Table 2.8).



CHAPTER 3

o0 -FLUOROBENZOIC ACID
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2,3 INTRODUCTION

The structure of o-fluorobenzoic acid was solved and

refined by Krausse and Dunken (1966). While preparing a paper
on the correlation of x-ray crystal structure analysis and infra-red
absorption spectra for o-halogeno-aroyl compounds (Eglinton,
Ferguson, Islam and Glasby, 1967), the tilt of aromatic plane with
carbonyl group plane in o-fluorobenzoic acid (210), was found to be
inconsistent with those of o-~chlorobenzoic acid, 13,7° (Ferguson
and Sim, 1961) and o-bromobenzoic acid, 18.30, (Ferguson and Sim,
1962a). On further scrutiny it was found that Krausse and
Dunken's co-ordinateé for the atoms do not refer to the same molecule
but an appropriate transformation, and recalcula.tion of the mean
plangs by the method of Schomaker et al. (1959), the dihedral angle
between these two mean planes was found to be 6. 7° (Ferguson and
Isla.in, 1966b).,

In view of the fact that Krausse and Dunken had only 365

independent data at their disposal for the analysis of the structure and

inadequate facilities for refinement, their estimated standard




deviations are optimistic.

These factors prompted a new data collection and

refinement of structures.
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2.3.1 Crystal data

_Q_-Fluorob‘enzoic acid crystallised from a mixture of
acetone and petroleum into beautiful transparent lath shaped crystals
elongated along the b axis.

While an attempt was being made to set a crystal on the
linear diffractometer, it became obvious that there was an error in
Krausse and Dunken's cell dimensions, especially in a, ¢ and 8.

In order to measure these cell constants accurately, a long exposure
equatorial Weissenberg photograph was taken with the crystal rotating
about the needle axis b. The crystal was then replaced by a fine
Al wire and under identical conditions it was exposed to the x-ray
~beam for a period of 36 hours in order to record all the high order

Al powder lines on the same film. The resulting photog;‘aph was then
examined and 12 high order diffraction spots (0,755 < sin§ < 0, 935),
on or near either side of the high order Al powder lines were indexed.
The distances of these spots from the nearest Al lines were fneasured
and from a knowledge of the standard sing values of the Al lines,
corresponding values for all these twelve planes were calculated Aa.nd

hence the cell constants (a, ¢, and B) were computed,




o-Fluorobenzoic acid, C7H502F, M.pe = 12.60C.,
M =140, a = 6,553 + 0,002, b = 3,813 + 0.005, c = 24,754 + 0,007 X,
B =100.71 + 0.03°, D_ =1.51 gm./cc.,(by flotation), Z = 4,
'Dc =1,53 gm./cc., F(QOO) =288, U = 608 23, monoclinic crystals,
space group le/c [Cgh’ No.1l4, (Int. Tables Vol., I, 1965)];

' o -
absorption coefficient for Cu Ka (A = 1,542 A), p =12 cm, l,

2¢3.2 Intensity data

Intensity data were collected on equi-inclination
Weissenberg photographs of the Ok% to 3k#4 reciprocal lattice nets,
using the multiple film technique (Robertson, 1943). The crystal
was rotated about the needle axis b and was exposed to Ni-filtered
Cu Ka radiation (M = 1,542 X) . Due to the inherent subliming
-nature of the crystal, a fresh one was used for each layer and the
exposure time for each layer was limited to 3 days.

The original idea of collecting the data on the linear
diffractometer had to be abandoned because the crystal would have

disappeared in a matter of a few days while data were being collected

from it.




The visual estimation of 821 independent reflections was
carried out by comparing them with a standard calibrated step wedge.
An additional 165 unobserved reflections, each assigned a value of
half the minimum intensity locally observable, were used in all
stages of calculations, The 986 independent intensiﬁes were then
corrected for the appropriate Lorentz, polarisation and rotation

factors (See Sec. I, 1.3.3). The absorption corrections were

ignored.

2.3.3 Structure refinement by the least squares methods

Since the intensity data were collected with four different
crystals, the first job in the structure refinement was to scale each
of the four layers of data on to an appropriate absolute scale.

Hence, structure factors were calculated with all the 986 planes of
h04 to h34 spectra, using Krausse and Dunken's (1966) atomic para-
meters, »and an initial adjustment of the scale was made so that

K ElFo' = Z‘Fcl , for each of the layefs. A three dimensional
electron density distribution was then computed and the improved

atomic locations were picked up using the Fourier Search program




(McGregor, 1966). Further re;finement was by the least squares
methods. Altogether thirteen cycles of least squares refinement
were computed using full matrix methods, The progress of the
refinement is shown in Table 3.1,

In the first cycle of least squares refinement adjustment
of the individual layer scale factors, isotropic temperature factors
and positional parameters was done imparting unit weight to all the
data. The intensity data were then scaled with these refined
scale factors and the refinement was continued, The weighting

scheme used, was that of Cruickshank et al,(1961).

VW = 1/(p1 +|Fl+ pZ!Ffz + p3'Ff3)% (1)

up to the eighth cycle of refinement, the values of the constants Py
P, and p, were chosen to be ZxFlmin.’ Z/IF!max. and 0 i.e., 0.5,
0.0224 and O; 0 respectively, At the end of the fourth cycle of
refinement no appreciable change in the atomic parametsrs was
noticed. A three dimensional difference synthesis was then

computed using (FO - FC) as Fourier coefficients. In the




resultant map, no significant features were revealed, except for

the hydrogen peaks and the anisotropic "vibrational characteristics

of the atoms., Instead of calculating the hydrogen positions from
this map, these were computed from a consideration of the standard
yaiues of the bond lengths and the geometry involved and were
introduced in all subsequent cycles of refinement but not refined.
The isotropic temperature factors, assigned to the hydrogen atoms,
were those of the carbor'1 atoms to which these were bonded. The
intensity data were then scaled again with the refined individual layer
scale factors and thereafter only an overall scale factor, anisotropic
thermal vibrations and the positional parameters were adjusted.

In the seventh cycle, the agreement of the observed and
calculated structure amplitudes of the individual planes were checked
~and it was found that a few high order reflections \;vere' showing bad
agreement, | On thorough examination of the Weissenberg photo-
graphs, the misindexing of all these three planes was rectified,

Oﬁe further cycle of least squares refinement was carried out,

In a correct choice of weighting scheme a constql}t

average of y WAZ for groups of reflections with increasing values of
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structure amplitudes ( iFol ) and sin§/\ should be obtained.

From such a scrutiny the values of the constants Pp P, and Py of

the weighting scheme (1) were adjusted to 1.5, 0.0122 and 0,0008
respectively. At the end of the next cycle, the weighting analysis
was again checked and it was found that the data were sin® dependent
and the weighting scheme (1), so far being used, would not be adequate
to tackle such a problem and hence a new weighting scheme
(Macdonald, 1966) was used in the subsequent cycles. Finally the

constants of the weighting scheme

1
2

S o= {1 explpy(ain/NG /{140, |Flrg P 4r P )]
(2)

adjusted were P = 4, P, = 0.3, Py = 0.001 and Py = 0.0.

At the end of a further two cycles of least squares refine-
ment, the parameter shifts were less than one third of the correspond-
ing estimated %tandard deviations indicating the convergence of the
- refinement, The residual, R, was 0,106, | The structure

factors,F! were calculated for the non-hydrogen atoms and the three




dimensional electron density distribution was then computed with
(FO - F;) as Fourier coefficients, In the resulting difference map,
hydrogen peaks were clearly revealed and no other significant
features were noticed and hence the convergence of thé structure
refinement was assumed. The relevant sections of the differnece
map containing the hydrogen peaks are shown in Fig. 3.1, with the
final three dimensional electron density distribution, The agree-
ment of the observed and calculated structure factors can be seen in
Table 3.2,

In the structure factor calculations, the atomic scattering

curves used, were those of Int, Tables, Vol, III (1962).

2.3.4 Final atomic parameters, molecular dimensions etc.

The arrangement of the molecules, viewed down the short
b axis, can be seen in Fig. 3.2 and the centrosymmetric dimer for-
mations (through intermolecular hydrogen bonds)are shown in Fig. 3.3.
The bond lengths, bond angles and the numbering scheme are given in

Fig, 3.4.
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The final fractional co-ordinates and corresponding
estimated standard deviations of the non-hydrogen atoms are shown
in Table 3.3 and the fractional co~-ordinates of the hydrogen atoms,
calculated from the last difference synthesis, are in Table 3.4.

The co-ordinates of the heavier atoms referred to the orthogonal
axes parallel to a*, b and ¢ are given in Table 3.5, while Table 3.6
contains the anisotropic temperature factors and their estimated
standard deviations., The principal values and direction cosines
of anisotropic vibration tensors with reference to the orthogonal axes
parallel to a*, b and ¢ are presented in Table 3.7, Some intra-
molecular and intermolecular short distances are in Table 3.8 and
the displacements of atoms from various mean planes are shown in
Table 3.9. |

The final estimated standard deviations of the average
valency bonds between carbon~-carbon, carbon-oxygen and carbon-
fluorine are 0,006, 0,005 and 0,004 A res'pectively.-' The average

. . s . o
estimated standard deviation of the valency angles is 0.4 .




DIAGRAMS AND TABLES



Fige. 3.1

The superimposed sections of the final three dimensional electron density
synthesis through the atomic centres of the non-hdrogen atoms (solid con-
tours) parallel to (010). Also shown are the hydrogen peaks (broken
contours) obtained from the three dimensional difference synthesis com-
puted at the conclusion of the refinement, Contour intervals are at 0.1
electron per cubic Angstrom around the hydrogen atoms starting at the 0.4
electron level. For other atoms contour intervals are at one clectron per
cubic Angstrom starting at one electron level.




FIG. 3.2

The molecular arrangement viewed dewn the short b-axis




FIG. 3.3

The hydrogen contours from the final three dimensional difference

o
synthesis (contour intervals are at 0.1e/A3 starting at the 0,4
electron level) and the independent dimer formation through the inter-

molecular O-H,..O bonds.
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TABLE 3.1
PROGRESS OF THE REFINEMENT

Cycle R factor WA Rezw £/ Zw[Fo|2
pe 0.234 769.9 0.168
2t 0.214 577.3 0.104
3 ©.188 373.7 0.076
y° 0.188 342.8 0.074
54 0.180 303.4 . 0.064
6 0.163 232.0 0.057
T7¢ 0.161 228.3 0.057
g/ 0.119 117.8 0.031
9 0.109 96.8 0.026
10¢ 0.107 57.2 0.020
11!” 0.106 113.3 0.021
12 0.106 110.0 0.021
13 0.106 109.0 0.020

%)

e )
o)

e)
£)
t)

Refimement of individual layer scale factors,
isotropic thermal vibrations and positional
parameters using unit wt. for all data .

Scaled Intensity data and refinement continued
using a specific weighting scheme .

Difference synthesis computed and H atoms introduced.
Scaled intensity data and refinement of an over all
scale factor , positional parameters and anlsotropic
thermal vibrations started .

Indexing error corrected .

Values of the constants of weighting scheme adjusted .

New weighting scheme used .

Welghting scheme further adjusted .
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Aftom

o(1)
o(2)
c(1)
c(2)
C(3)
c(4)
c(5)
c(6)
c(7)

TABLE 3.3

FRACTIONAL COORDINATES AND E.S.D.S.

x/a
0.0475 +
0.0339 +

~0.2195 +
-0.2358 +
-0.1453 +

-0.4448 +
-0.5391 *
-0.4355 +
-0.1297 +

O O 1 00O 0O O O O U

TABLE 3.4

y/b
0.1049 + 12

-0.0263
0.2188
0.2481
0.2252
0.3266
0.4523
0.4769
0.3760
0.1363

10

I+

12

1+

10
13
14
13
13
12

=+ 1+ 1+ 1+ 1+

I+

11

I+

z/¢
0.1718
0.0678'

I+

1+

0.0107

1+

0.1026 .
0.1571-
0.1978.
0.1839.

i+ I+

i+

0.1302

I+

0.0902

I+ I+
(VI (VI VIR VI VI VI

0.0585

i+

FRACTIONAL CO-ORDINATES OF THE HYDROGEN ATOMS
OBTAINED FROM THE LAST DIFFERENCE SYNTHESIS

Atom
H(3)
H(4)
H(5)
H(6)
H{(02)

x/a
-0.194
-0.514
-0.662
-0.483
-0.154

¥/ o
0.369
0.537
0.611
0.386

0.414

. z/c

0.230
0.213
0.125
0.055
-0.012




TABLE 3.5

ORTHOGONALISED COORDINATES REFERRED TO THE

(o]
AXES PARALLEL TO a*,b,c AND E.S.D.S.(in A)

Atom

o(1)
0(2)
c(1)
c(2)
c(3)
c(4)
c(5)
c(6)
c(7)

0.306

0.218
-1.413
-1.518
-0.936
-1.584
-2.864
-3.471
-2,804
-0.835

*

*

I+ 1+ I+ 4+ I+ 1+ 0+

I+

0.400
-0.100
0.834
0.946
0.858
1.245
1.724
1.818
1.434
0.520

+ 1+ I+ 1+ 1+ 1+ 1+ 1+ I+

i+

FEREEC TR SRR T REC N NG R = =

FOE U W OE O W W oW




TABLE 3.6

ANISOTROPIC TEMPERATURE FACTORS AND E.S.D.S.

o2
(in A )

ATOM Ul U22 U33 2U23 2u31 2ui2
F 0.0636 0.1171 0.0535 0.0207 0.0043 0.0219
14 29 13 32 22 34

o(1) 0.0653 0.0652 0.0576 0.0086 0.0202 0.0519
17 23 15 30 25 33

0(2) 0.0769 0.0945 0.0500 0.0078 0.0181 0.0610
20 31 15 34 27 4o

c(1) 0.0557 0.0218 0.0500 0.,0068 0.0165 -0.0105
- 19 21 17 30 29 32

c(2) 0.0570 - 0.0426 0.0488 0.0094 0.0114 -0.0017
20 26 18 34 30 37

c(3) 0.0808 0.0494 0.0532 -0.0077 0©.0249 -0.0239
28 30 20 39 38 48

c(4)  0.0859 0.0314 0.0736 -0.0113 0.0666 -0.0093
: 30 27 26 4o 46 4y
c(5) 0.0642 0.0350 0.0772 =0.0014 00,0440 0.0094
23 27 26 41 40 4o

c(6) 0.0559 0.0340 0.0621 0,0171 0.0177 0.0124
20 25 21 36 32 37

c(7) 0.0568 0.0280 0.0469 -0.0006 0.0086 0.0112

19 23 17 30 28 34




TABLE 3.7

PRINCIPAL VALUES AND DIRECTION COSINES GOF
. VIBRATION TENSORS REFERRED TO THE AXES

ATOM

o(1)

0(2)

c(1)

c(2)

c(3)

Cc(4)

c(5)

c(6)

PARALLEL TO a¥*,

0.0340
0.0803
0.0587

0.0305
0.0648
0.0575

0.0269
0.0613
0.0455

b and ¢
D1 D2
0.1721 0.9795
0.5969 =-0.1882
0.7836 -0.0718
-0.7075 -0.7045
0.7067 -0.7052
-0.0016 0.0800
-0.6025 =0.7951
04526  -0.2685
-0.6574 0.5438
-0.1379 =0.9812
-0.9040 0.1805
-0.4047  -0.0687
-0.8370 0.1846
0.0930 =-0.8797
0.5393 0.4382
-0.9470 0.3154
0.3199 0.9068
0.0309 0.2797
0.8544  -0.0985
0.0480 0.9926
-0.5174  =0.0705
-0.1816 0.9796
0.5413 0.0264
0.8210 0.1993
0.2445  -0.9418
-0.0061 0.2366
-0.9696  -0.2390
-0.1827 0.9831
-0.8688 -0.1653
04603 0.0782




Atom A A

Wo"ooo

- 0(1)
o(1)
o(1)
o(2)
o(2)
c(1)

Atom A
F

F

o(1)
o(1)

TABLE 3.8

’ 0
INTERATOMIC DISTANCES( <3.5 A )

Intramolecular distances

tom B A-B Atom A Atom B
c(3) 2.299 c(1) c(3)
c(1)  2.385 c(1) c(4)
o(1) 2.608 c(2) c(6) -
c(7) 2.832 c(2) c(4)
o(2) 2.182. c(2) c(7)
c(1) 2.351 c(2) c(5)
c(2) 2.854 c(3) c(5) -
c(6) 2.696 c(3) c(6)
c(1) 2.301 c(u) c(6)
c(5) 2.384 . c(6) c(7)
Intermolecular distances

Atom B E.P.* Cell**

c(5) 1 1 0 0

¢(3) 3 0 0 1

o(2) 2 0O 0 0

0(1) 2 0O 0 0

A-B
2.388
2.748
2.350
2.350
2.485
2.718
2.371
2.729
2.350
2,459

A-B
3.384
3.416
2.583

- 3.311




TABLE 3.8 cont.

Atom A Atom B E.P.* - Cell** A-B
o(1) €(7) 2 0O 0 0 3.329
0(1) c(7) 1 0-1 0 3.363
0(1) c(1) 1 0-1 0 3.477
o(1) - o(2) 1 0 -1 0 3,489
0(1) c(5) 1 1 -1 0 3.493
0(2) c(7) 2 0 0 0 . 34385
o(2) c(6) 2 -1 1 0 3.410
0(2) 0(2) 2 0O 0 © 3.451

* Integers under this column refer to the following
equlvalent positions

1) x, 9,z ;

2) -x, -y, -2 ;

3) -x, ~1/2+y ,-1/2 -2 .

**  For any distance the triple set of integers given
under thils column indicate the unit-cell translatlon
that must be added to the appropriate equivalent
position to derive the co-ordinatesof the atom under

the column Atom B from those given in Table 3.3 .




TABLE 3.9

o
Displacements ( in A ) of atoms from the mean planes

through
(a) all atoms ;

(b) aromatic carbon atoms C(1) to C(6) ;
(e) ¢(1) , ¢(7) , 0(1) and 0O(2) .

Atom (a) | (b) (e)

F 0.076 0.002 0.427
o(1) -0.177 -0.220 : 0.000
o(2) 0.156 0.181 0,000
c(1) 0.002 0.002 0.000
c(2) 0.030 -0.003 : 0,196
c(3) 0.029 0.003 0.180
c(4) -0.015 0.000 -0.053
c(5) -0.050 -0.001 -0.257
c(6) -0.040 0.001  =0.230

c(7) -0.011 -0.019 0.001




2.3.5 Discussion

In o-fluorobenzoic acid f‘. oo0 and F...C(7) intra-
molecular distances are 2,608 and 2,832 Ao respectivelir; while
the sumsof the corresponding normal van der Waals' radii are 2,75
and 3.35 X respectively. This shows t-:hat the halogen substituent . v
might have caused some strain in the structure.

The equation of the mean plane through the atoms of the

molecule calculated by the method of Schomaker et al, (1959) is

0.3858X"' + 0,9178Y- - 0,09382' - 0,0151 = 0 (3)

o
where Xf, Y and Z' (in A) are the orthogonal co-ordinates with

reference to the orthogonal axes parallel to a®, b and c. The root
mean square (r.m.s.) distance of the atoms from the mean plane is
0,082 X. The appropriate XZ test (See Sec. I, 1.8.5) shows that
the atoms of the molecule are significantly nqnéplanar. The dis-
placements of the atoms from the mean plane are presented in Table
3.9(a). From this, it is evident that oxygen atoms O(1) and O(2)
are displaced significantly towards the opposite sides of the mean plane

o
(-0.177 and 0.156 A respectively).




The best plane through the atoms of the benzene ring

has the equation
© 0.3581X!' + 0,9275Y - 0.1_0692l -0,0297 =0 (4)

The r.m.,s. distance of these atoms from this mean plane
is 0,0019 X. The appropriate XZ test indicates that the benzene
ring may be considered planar, Distances of the atoms from this
mean plane are given in Table 3.9 (b), which shows that to obtain
more separation between them, the fluorine and the exocyclic carbon,
C(7), are displaced in opposite direction from this mean plane.

The extent of the deviation of the fluorine atom (0,002 1(32) is negligible
in compérison with that of C(7), (-0,019 X) . The corresponding
displacements of halogen and exocyclic carbon atoms in o-chloro-
benzoic acid and o-bromobenzoic acid (Ferguson and FSim, 1961, 1962a)
are 0,036, -0,058 and 0,064, -0,057 X respectively.

The équation of the mean plane through the aromatic

carbon,C(1), and the carboxyl group atoms C(7), O(1) and O(2) is

0.5065X' + 0,8620Y - 0,0187Z' + 0.0062 = 0 (5)
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The r.m,s. distance of these atoms from the mean plane is 0,0006 AO.
Di.splacements of various atoms from this' mean plane can be seen in
Table 3.9(c). The dihedral angle betwéen this plane and the
aromatic plane (4) is 10.60 and is not far from the value of 8° obtained
by Krausse (personal communications) from graphical work(in 1960),
This rotation of the carboxyl group about the C(arom) - C(exocyclic)
bond has considerably relieved the strain of overcrowding by increasing
the intramolecular distance between the F and O(l) atoms. The
comparable twists in o-chlorobenzoic acid and o~-bromobenzoic acid
(Ferguson and Sim, 1961, 1962a) are 13,7 and 18,3° respectively,

This shows that the extent of rotation between the carboxyl group plane
and the aromatic plane, in o-halogeno-benzoic acids is increased with
the increasing size of the halogen atom. The other usual way of
relieving the strain of intramolecular overcrowding, 'in such circum-

stances, the distortion of the valency angles

A\ N N\
F-C(2) - c@1), c(2) - c@1) - c(7) and C(1) - C(7) - O(1),

is not prominent in o-fluorobenzoic acid (Fig. 3.4).
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The aromatic carbon-fluorine bond length,1.330 X,is
similar to the average standard value of 1,30 + 0,01 X (Int. Tables,
Vol. III, 1962). The carbon oxygen bond lengths of 1,223 and 1,260
: X are not far from those of 1,24 and 1,29 X in benzoic acid (Sim,
Robertson and Goodwin, 1955) and may be compared with those of
1.220 and 1,294 X in 2-chloro-5-nitrobenzoic acid (Ferguson and
Sim, 1962b). The exocyclic C(1) - C(7) bond length of 1,463 X is
 similar to 1,474 AO in o- chlorobenzoyla(;etylene (Chapter I).

An examination of the anisotropic temperature factors
shows thatthe molecules of o-fluorobenzoic acid are under libration,
but due to the dimer formation (Fig. 3.2), the movement is complex
as a result of which the application of libration corrections is very
difficult; the shortening of the mean value of the C~ C bonds in the
benzene ring (1,37 X) may be attributed to this effect,

The shortest intermolecular contact occurs between the
oxygen atom of the carboxyl group of one molecule, through the
hydrogen bond to the hydroxyl group of another molecule. The

o
OH,..O distance of 2,583 A may be compared with those of o-chloro-
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o o)
benzoic acid (2.63 A), o-bromobenzoic acid (2.64 A) and benzoic
. ‘
acid (2.64 A).
All other intermolecular separations (Table 3.8) are
longer than the sums of the corresponding usual van der Waals'

' radiio




CHAPTER 4

2-CHLORO-1,8-PHTHALOYLNAPHTHALENE
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2.4 INTRODUCTION

Eglinton and his collaborators have been carrying out a
study of the infra-red absorption spectra of some ©-halogeno-aroyl-
compoundé. (Brand, Eglinton and Morman, 1960; Brand,
Eglinton and Tyrrell, 1965; Eglinton, Glasby and Lawrie (1966) and
Eglinton, Ferguson, Islam and Glasby, 1967). During the im'/_est-
igations of some phthaloylnaphthalenes (I, II and III) they found that

while the

(1) X=H
(11) X = OH

() X-=Cl

unsubstituted compound (I) has a single carbonyl fr.equency‘ in
cyclohexane solution, the 2-hydroxy compound (II) has one unpert-
urbed band at about the same frequency and one 42 cm.-'1 to lower
frequency (~OH...0=C <, intra) and the 2-chloro compound (III)
has one unperturbed band and a second band, but this time the

latter is 32 cm.:“1 to higher frequency. The corresponding
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values fo; chloroform solution and solid state show the same
effects. From further studies of the i,r, spectra, it was
assumed that some unusual steric effect must operate in the
structure of 2-halogeno-l, 8-phthaloylnaphthalene. To provide
detailed information on its molecular conformation, the x-ray
crystal structure analysis of 2-chloro-1, 8-phthaloylnaphthalene.

was carried out,




2.4.1 Crystal data

2-Chloro-1, 8-phthaloylnaphthalene, C,gHq0,CL

M=292.5 m.p. = 1450(3., monoclinic,a = 3,97 + 0.02, b = 29.83 +
o o

0,04, c = 11,12 + 0,03 A, p = 10L.6 + 0.2°, U =1291A°, Z = 4,

Dm=1,50 gm/cc. (by flotation), Dc =‘l.504 gm/cc., F(000) = 600;

linear absorption coefficient for x-rays (A = 1. 542 X), po=26.6 crn...l;

gpace group PZl/c (Cgh, No.14, Int., Tables Vol. I, 1965).

Crystallisation from a petrol and acetone mixture afforded
lath shaped crystals, elongated along the a-axis, From the
intensity pattern in the a~axis oscillation and Okg Weissenberg
photographs it was evident that the cry'stal belonged to the mono-
clinic system, The cell constants were measured from oscill.-
ation, equatorial Weissenberg and precession photographs.

The Ok to 3k4 Weissenberg photographs and the pre-
cession photograph of the (h04) reciprocal lattice net were examined
thoroughly and it was found that reflections were absent in h04
spectra if 4 was odd and Ok0 while k was odd. There was no

restriction on general hk{ refl