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SUMMARY,

The crystal structures of a series of substituted
benzoic acids and of a camphane derivative have been
examined by X-ray diffraction methods,

o~Chlorobenzolc acld crystallises in the monoclinic
system, space group C2/c, vith eight molecules in the
unit cell. The crystnl structure, which c9naists of
centrosymmetrical hydropen~bonded dimers, was elucidated
initially in projection by Patterson methods, The finnl
atomliec coordinates were obtalned from a three-dimensinnnl
least~-souares refinement lnvolving 1034 observed structure
amplitudes, The hydrogen atoms bonded to the benzene
carbon atoms have been clearly revealed in difference
syntheses but the hydroxyl hydrogen atom proved more
difficult to locate, The strain which would be imposed
on a planar idesl molecule 1s relieved by the carboxyl
group rotating 13.7° out o the plane of the ben~ene ring,
by the chlorine atom and exocyeclie carbon atom being
dlsplaced by +0.036 K and -0.068 K, respectively, out
. of the plane of the benzene ring, and by in-plane
displecements of the exocyclic carbon-carbon and
carbon-chlorine bonds away from one snother so that
two of the exocyclic valéney angles are increased fron

the normal value of 120° to 122,50 and 124.70 respectively.
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o-Bromobenzoic acid 4s monoclinic, space group C2/c,
with eight molecules per unit cell; it 1s isomorphous
with o~chlorobenzoic acid. The final atomlc parameters
were obtained from a least-squares treatment of the three-
dimensional data, & total of 1146 observed structure
amplitudes being employed. The plone of the carboxyl
group 1s inclined at an angle of 18.3° to that of the
aromatic ring, The bromine and exocyclic carbon are
also displaced sideways and out of the benzene plane
in opposite directions.

2-Chloro-b6-=nitrobenzoic acid forms monoelinic crystals,
space group P2;/c, with four molecules in the unit cell.
The crystal structure has been solved by two-dimensional
Patterson methods. The final atomic coordinates were
obtained from a least-socuares analysis of the 1027
observed structure amplitudes, Difference syntheses
gserved to reveal the positions of the hydrogen atoms.
The molecules occur as centrosymmetrical dimers with
hydrogen bonds (2.61 i) between adjacent carboxyl groups.
The carboxyl group is rotated 23°, and the nitro group 7°,
out of the plane of the benzene ring. This is discussed

in terms of an intramolecular buttressing effect.
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4-Chloro-3-nltrobenzolc acid and 4-bromo-3-nitro-

benzoic acid are iBomorphous, monoclinie, of space group

with four molecules per unit cell* The structures
have not yet been refined extensively, refinement (hy
Fourier methods using both FO and F0 syntheses) having
been confined to the hOf£ and h31 data. In 4-chloro-
3-nltrobenzoic acid the nitro group is rotated 46° and
the carboxyl group 7® out of the plane of the benzene
ring, The corresponding angles in 4-bromo-3-nitrobenzoic
acid are 49° and 9°.

Crystals of (¢)-10-bromo-2-chloro-2-nitrosocamphane
are orthorhombic, of space group PS*x8'# eight
molecules in the unit cell. The asymmetric crystal
unit consists therefore of two crystallographically
Independent molecules necessitating the location of
28 atoms other than hydrogens. The positions of the
bromine atoms were obtained by Patterson methods,
successive three-dimensional Fourier syntheses served to
locate the remaining atoms. The two crystallographically
independent molecules appear to be conformationally
identical, differing only in orientation in the unit

cell. The presence of the bulky chlorine atom els to
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the CMey bridge csuses some distortion of the

camphane molecular frasmework.
An Appendix which contains details of some

programs devised by the author for the DEUCE
computer, is 4included.
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1.
1.1. Introduction.

With the discovery by von Laue in 1912 of the
diffraction of X-rays by crystals, modern crystallo-
graphy had 1ts birth and 2 powerful new technicue became
available for investigating the structure of matter on
an atomic scale. | Since that time, considerable advances
have been made, The subject has been put on a2 sound
theoretical basis and the structures of many simple
molecules have been examined in detail {o provide evidence
gabout the nature and length of chemical bonds. In addition,
the structures of many quite complex molecules, where the
chief interest lies in the order in whlch the various
atoms are bonded together, have been determined, Both
types of structure determination are described in this
thesis, The availabllity of fast compuping facilities
in recent years has meant that many structures which
could not have been tackled previously, because of the
sheer magnitude of the lsabour involved, can now be
investigated, Tor smaller molecules 1t has meant more
intensive refinement to the limits of the availsble data,.

The major difficulty facing modern crystallographers
is that no method has yet been devised for measuring the
phases of the diffracted spectra, Although the amplitudes
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of the diffracted beams can be measured accurately by

using electronic counting teehniques, the phases of the
diffracted rays must be obtalned by other methods,

Many investigators have devoted thelr energies to this
"phasge prdblem". Methods for overcoming it have been
devised by Patterson (1934, 1935), Harker and Kasper (1948),
Karle and Hauptmann (1950) and Sayre (1952), Since no
completely generel method for solving a crystal structure

is avallable, the methods used will depend on the particular

problems which the stiructure poses.

1.2. Structure factor expression.

| If the positlions of the atoms in the ssymmetric

erystel unit are known, it is possible to caleculate
structure factors for comparison with those obtained from
the experimental data. The structure factor expression
may be derived from considerations of 2 primitive lattice
defined by the lattice vectors g, b and co It is assumed
that each lattice point is the site of an eleetron, for
exsmple, Ay and Ag in Fig.l below. The two lattico points
Al and Ap are related by the vector

= ug 4+ Vb 4+ WE o« s s s« o (1)

where u, v and w are integers,
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Mgl

If a parallel beam of X-rays of wavelength )\ falls
on the lattice in & direction specified by & vector g, of
magnitude 1/ , and after diffraction travels in the
d:ire'etion defined by the vector g of magnitude 1/A , the

path difference between the two scattered waves 1s

AMN - AM = A (., - Z+80)

=)\ .tl.;...(ii)

To ensure that the waves scattered by Ay and Ag
are in phase, this path difference must be a whole mumber
of wevelengths, i.e. r.8 must be integral,

Hence by (1) (ua + b . we).8 must be integral
end since u, v and w are integral, each term mst be

integral, i.e.
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i

= k « o ;"cw IO T 3 (111)
where h, k and [ are integers,

304 -
jo o o

»

~ These are known as Laue's equations; the integers
h, k and L are the Miller indices of the diffracting
plane;' - | - -

| “»If’the unit cell bf a éry,stal contains N atoms, the
n®® of which has coordinates (xp, yn, 7n)s, the position

of the n'® atom can be defined by the vector ?-«n where

£n ‘= ‘xng + ynk -!-th(?_ « 3 ¢ o '8 (1V)

The path difference of the wave scattered by this
atom and an atom at the origin of the unit cell is, by
(11), A z 8 end the phase change is

21 A.I_'.ng = 2Npr,S
A

- Thus the exp;reasion for the wave scattered by the
- %™ atom contains the temnm
fn exp(2m 1;'11_3_)
where f, 1s the atomie scattering factor of the nth
atom. The complete wave scattered by the N atoms in the
unit cell will thus contain the temm

N : C
P anglfn exp(21‘ri _I_'_n_g) ¢ 6 o b @ (V)
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By substituting (iv) in (v)
N :

F = xél £, exp 2T 1(X,8.8 + ypRe8 + Zpc.8)

Hence by (iii)
X
F = nél £n exp 2T i(hx, + kyp + L 2y)

The quantity F is called the structﬁre factor and
its modulus, the structure amplitude,'is defined as the
ratio of the smplitude of the radiation scattered in the
order h,k,f by the contents of one unit cell, to that
scattered byv va single electron under the ssme conditions,
i.e. |Pl is a pure number, & number of electrons,

As was mentioned in l.1l, the phase of the scattered
wave is not an observeble quantity; what is observed, the
intensity of the scattered wave, is proportional to IFIQ.

Then if F = A 4+ iB

F.F* = sz Ag + 32 where F* is the complex
conjugate of P and
A= Z £, cos 27 (hx, + ky, + ﬂzn)
n o v s oe (V1)
B= 2 £, sln 2T (hx + kyp + L%)

These arg the equations used in practice, Important

simplifications can be made 1f there ore symmetry related

atoms in the unit cell, wWith & centre of symmetry for
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example, for each atom at (x.y z), there is a corresponding
atom at (X7 Z). This causes (vi) to reduce to
/2 |

/2 o

A=ga 3 ¢, cos 27w (hxp 4+ kyn + £2n)
n=l ' : ‘

B=0

the sumation now being made over half the unit cell.

1.3, Ihe atomic scattering factor.
Inl.2 it was implied that the scattering unit in the

erystal is the electron; this in turn implies that to
calculate structure factors the positions of all the
electrons in the unit cell must be knovm. The difficulties
inherent in thils procedure are avoided on recognising
that each atomic species hos a speeific number of
electrons associated with it. The general distribution
of electrons with respect to the centre of an atom, though
difficult to calculate, may be found. This has been done
for many of the elements by McWeeny (1951), Berghuis et gl
(1955), Tomiie and Stam (1958) and others.

The scattering powéer of an atom, f,, is expressed
in terms of the scattering power of a single free electron,
The ﬁaximum value of f5 1s equal to Z, the atomic number
of the atom and falls off more or less readlly as a

function of ©, the Bragg angle. The atomic scattering
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factors available in the literature are caleulated for
‘atoms undergoing no thermal motion. Since this 1s
nevef the case in practice, the atomic scattering factor
-must be modified to allow for the thermal vibration of
the atom. If L 1s the mean displacement of the atom
from its mean position, then it may be shown that for
simple isotroplc motion the scattering factor f, should
be modified by a factor |
exp - 8 e O° sin0 /A%
i.e. f,= £ exp- B sin?0 /A%
where B = 811252 and is known as the Debye temperature
factor (Debye, 1914). A method of finding an approximate
overall value for B has been described by Wilson (1942).
If, however, the thermal vibration of the atom is
anisotropic, the scattering factor f, must be modified
by a factor such as
% 4 Baok® + bgal? 4 by hk 4 bogkl 4 by dh)
{Cruickshank, 1956)

where the by; and byy terms characterise the time-
averaged elipsoidel volume through which the eleetronm
density is distributed,
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1.4. FHourier series.

A periodic function can usually be represented by an
appropriate sum of sines and cosines known as a Yourier
series, In 1915 W.H.Bragg flrst suggested that since
a érystal is periodiec 1ts electron density could be
repregsented by such a series.

Ifp(xyz) 18 the density of scattering'matter at any
point with fractional coordinates (xyz) 1n'the unit eell,
then

plave) = 2 Z I Mpardexp - 2T 4(ox + ay + 72) . o (vi1)

The number of electrons in the volume element adxdydz
is given by p(xyz).dxdydz. Vhen the unit cell has a
volume V it may be shown that

#met) = Vf[[ plxyzlexp 2ilhx + ky + £2)ax dy az
oo | s o oo oe (vi11)
The values of the coefficients A(par) in (vii) are
obtained by substituting for p(xyz) in (viii) and
obtaining
P(hkt) = V[”[ZZZA(pqr)exp -~ 2mi(px + qy + rz)}
T exp 2Mi(hx s ky +L2).dx dy Az 4 » o (1%)
On integrating, all terms in {ix) vanish except
those fbr which p=h, g=k and r = =
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Congequently
Fhkxe) = V/ / A(par).dx ay 4z = V A(par)

and Alpar) = FMhkf)
v

Equation (vii) is thus converted to

P(xyz) =1L ZZ 7 M(hkf ) exp - 27i(hx + ky + I3)
v N ¢ 3
The zero term F(000) = &, the total number of electrons
in the unit cell. Since £, falls off with sin® , the
terms In this series will decrease and consecuently the
series will converge if sufficient data are avallable,

Equation (x) is not suitsble for the quantitative
evaluation of electron densitles; 1t may he conveniently
expregssed in the form

plxyz) = 1 2 E. Z | ®(nk )] cos[ 2m(hx + ky + £3) - o‘m:z]
v e o v oo (x1)
wvhere oK hk{ 1s the phase angle assoclated with the
amplitude F(hk()

If the crystal structure contains a centre of
symmetry, ol is then limited to values of 0° or m° and
equation (x1) reduces to ,

p(xyz) = 1 Ziz + P(hkl) cos 2T (hx 4+ ky + £%)
Ve ete o o v o (xi1)
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If only the projectlon of the electron density of a

centrosymmetric structuré on a plane is being considered,
equation (xii) simglifies furtﬁer to
Plw)=LLZ t F(hk) cos 27(hx + ky)

The major drawback associated with the Fourier
series, as expressed in equation (x1), is that initially
the phase angles assoclated with the structure amplitudes
are not known., The methods utilised in this thesis to

overcome this "phase problem" are described below.

1,5, Trisl and error methods.

From information culled from a knowledge of the space
group, known bond lengths, van der Waal's radii, previous
work on structures of the same type, etec., i1t may often
be possible to postulate a set of coordinates for the
. atoms in s molecule, Structure factors are then calculated
to see 1f these atomic parameters lead to values of | P
which agree with those observed experimentally. Ifa
very poor agreement is obtained the proposed strueture
may not be worth attempting to refine and some other trial
model tested. This proéess may be continued untll good
agreement between the observed and cslculated strueture
factors is obtained or until a solution is found by other
methods,
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1.6. The Paitegson series.

A.LbPattersbn (1934;'1935) devised the synthesis
which~baars h1s name a8 a method of dbtaining 1nfbrmation
aboﬁt erystsl structures using only the‘phaaeleas‘lrlg's.
The Pétterson function of an electron-density distribution

: ]
P(XYZ‘) = 1/va 2 Z P(hkl) exp-2Ti(hx 4+ ky + £%z)
is defined as "
o
" P(uvw) = V/[f P(xyz) . p(xeu, y4v, z+w) dx dy az
| v o o o s (x111)

and can be expressed as the Fourier serles

»
P(uvw) = ;v' 5 Zm S |F(nk () |® exp-2 Ti(hu + kv + fw)

which can be computed wlthout ambiguity sinee the

IF(hkﬁ)Ig 's are directly related to the observed intensities.

The function P(uvw) in equation (xiii) ean onl& have

a large value when both p(xyz) and p(xsu, yev, zZ+w) are

large, This will happen, for example, when one atom

occurs at (xyz) and another at (xe+u, y+v, Z+w) separated

by a vector distance (uvw). A peak in the function

P(uvw) at (u;vywy ) corresponds to an interatomic distance

in the crystal defined by a vector with components Uyy Vi Wy

and the height of the peak is proportional to the product

of the scattering factors of the two atoms conecerned,



12,
If the structure contains a large number of atoms in the
asymmetric erystal unit, the vector map may be difficult
to interpret becasuse, when N atoms are considered,
N (N - 1)/2 distinct vector peaks are possible,

The Patterson method has had many successful
applications and is especially useful for small molecﬁles
containing relatively few atoms of atomic number much
greater than the remalnder, In such cases it may be
possible to identify all the peaks in the Patterson
funetion and hence solve the structure.

The method loses a little of 1ts power for organile
structures containing many carbon, oxygen and nitrogen
atoms because of the multinlicity of interatomiec vectors
of approximately equal weight which cannot be interpreted.
However, the vectors arising from "heavier" atoms ecan
usuaily be loecated, allowing coordinates for these atoms
to be derived, Use may then be made of the heavy-atom
method in obtaining coordinates for the remaining atoms

in the structure.

1.7. Ihe heavy-atom method.

One of the most important phase determining methods
is that which involves the use of an atom or atoms with

atomic number high compared to other atoms in the structure,
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A "heavy atom" will, in general, tend to dominate the
phases of tne diffracted spectra although compllcations
may occur if the atom is situnted at & specisl position

in the unit cell. The heavy-atom coordinates can usually
be fbuﬁd falrly readily by Patterson methods, as described
in the previous section. Structure~-factor calculations
based on the heavy-atom contributions alone provide a

set of phase angles which can be applied to the observed
structure amplitudes 1n the summation of a Fourler series,
In the resulting electron-density distribution some or

all of the lighter atoms may be distinguished. These
atoms are included in the next strugture~factor
calculation which provides on improved set of phase
angles, successive rounds of Fourler swmatlon and
structure~factor calculation serving tolreveal the
positions of all the atoms in the structure,.

It is not necessary for the heavy atom to scatter
more than all the other atoms combined, as was the case
with platinum phthalocyanine (Robertson and Woodward,1940).
Lipson and Cochran (1953) have suggested that the heavy-
atom method will be most successful when the sums of the

sguares of the atomic numbers of the heavy atoms and of

the light atoms are equal,




14,

' Situations may eriee which make application of the
heavy-atom method difficult, For example with the space
group P2, 8 heavy atom at (xyz) also occurs at (%, 4+7, 2).
If only the heavy atom coordinates ape knowm they are in
effect related by a centre of symmetry. In the ensuing
electron-density distribution based on the heavy-atom
phases, each light atom will be accompanied by ita mirror
image. A decision then.has to be made as to which peaks
are spurilous; this may5be very difficult, especially for
large structures. |

Weighting functions for improving the resoiution_in4
approximate electron-density distributionse have been
proposed in reeent years by Luzzati (1953), Woolfson (1956)
end Sim (1959, 1960, 1961)., The advantages of using a
welghting scheme are that the best representation of the
structure is obtalned from the approximate phase angles
availablé and that all the structure amplitude data are
included from the beginning in the structure analysis,

The use of a weighting scheme also obviates the need for
an examination of the list of structure factors to decide
in some semi-empirical manner which planes ought to be
omitted from the Fourier calculatioﬁ. Dr. Sim's weighting

proeedure is being programmed by the suthor for DEUCEH.




15,

When the coordinates of the atoms in the asymmetrie
crystal unit have been determined they can be refined by
successive cycles of Fourler sumation and structure-
factor caleculation, Theoretical Justification for this
has been given by Cochran (1948). Other methods of
parameter refinement have heen developed, those used in

this thesis being described below.

1.8. Difference Fourier syntheses.

The difference synthesis, a Fourler synthesis with
coefficients (F, - F,), was first suggested as a method
of refinement by Booth (19482) and developed by Cochran
(1951),

The difference synthesls has several advantages over
the F, synthesis, When the proposed and actual structures
are nearly the ssme, thelr serieé~termination errors are
substantially identical, so that difference syntheses are
not subject to termination-of-series errors, The
coordinates obtained from an F, synthesis might be subject
to termination-of-series errors and more accurate coordinates

would be obtained by minimising

(P = Z W(Fo b Fc)z
?
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If instead, the function

¢n = 2 %n (% = Fe)z
is used, the coordinates which minimise ¢n satisty
the conditions that -

o J¢ 20,
exg = -;ﬁfﬁ " ?ﬁf,o

>

that 1s Z (P, =R ) JdF
g 0%, = O
For a centrosymmetric structure

N/z
Fo= 2 2, fy cos ®n
n=1

where@ = 2T(hx 4+ k:m la)

and OF -4Th ‘ :
“6—;: = Py | fn sin @n

The condition that ‘%‘2‘“ = O becomes
n

ﬂ Z h(?o" Fc) sin @n = O I I (31'7)
a 3 ’

However, the function ' |
D = PO bt Pc = % Z (?O - Fe)cos
t )
has a slope in the x- direction at the point Xp, Inr Zp
given by

(_g_g) ] - 2T 2 n(F, - Fo)sin @n

0x/p av ¢




17.
Comparison with equation (xiv) shows that the eondition

for @, to be a minimum with respect to the coordinates of
the n*® atom is that

(), (32), (), -

ox n I/n KL n

l.e. when D has zero slope st the étomic céntre, ¢n has
‘been minimised, When the slope of D is not zero at a
point taken to be an atomic coordinate the ( p, - p,)
map has the characteristié feature shbvrm in Pig.2.
Corrections to the atomic coordinates are made by moving
the atom up the direction ofthe. steepest slope. The

expression used to calculate the magnitude of the required
shift is

r

Ar, = (_%%)n (__33%)!1 AN € 32

where r is the vector along the line of maximum gradient,
If we sssume that the electron density at a distance r
from the centre of an atom can be represented by

p(r) = p(0) exp(~ pr?)
where £(0) 18 the maximum density end p is a constant

depending upon the temperature factor of the atom, then

0% = 2pp0)
Jdr




HGO 2;

Bimmnce ‘gynthesis feature resulting

from a small error in atom location, the

atom to be moved up the direotion ot
steepest slope,
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- and hence equation (Xv) becomes

Ane (), e

The constants p and ,0(0) can be evaluated by plotting
log p against rg, the values of P &nd r being measured
from well resolved atoms of the same type on the
corresponding Fourier map. |

Refinement of the thermal parameters, both isotropie
and anlsotropic, 1s possible from the information given
by a difference synthesis, When the position‘ of an atom
has been corrected, 1f the temperature parameter B
(assuming isotropic motion) has been underestimated,

Po < pe at the atomic centre and the atom involved
appears in 8 hollow in the (p, - p,) distribution.
Conversely, if the atom lies on a small hlll in the

difference map, the value of B for that atom must be
reduced.

If the thermal motlon 1s anisotropic, the observed
electron-density distribution is drawn out in the direction
of maximum vibration and narrowed in a direction at right
angles to it; <thils results in the difference map having
the characteristic feature shown in Rig. 3. Suitable
thermal parameters of the form

B = o 4+ ﬂsin2(4>~¢)




Pigt‘an

Difference synthesis features showing the
effect of assuming an isotropic thermal
motion for an atom which 1is in fact vibrating
anisotropicelly, These features indicate
that the temperature factor should be
inereased along the X-direction and
decreased along the Y-direection,
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can be chosen (Hughes, 1941; Cochran, 1951) for the two-
dimensional case, where o and 4 are constents,  1s
the angle between the direction of meximum vibration and
one of the sxes, and (2sin 6, §) are the poler coordinates
of the recilprocsl lattice point consldered,

Difference maps may also be used to locate hydrogen
atoms, These are not usueclly observable on F, maps
although a half-electron contour line may provide evidence
for them, If the nydrogen atom contributions are not
allowed for in the structure-factor calculations, they
may be observable in a dlfference synthesis 1f the
experimental errors in F, are not too large,

A disadvantage of the T, and (F, - F,) syntheses
is that although the investigator may be aware that some
of the Fouriler coefficients are more liable to error than
others, there 1s no obvious way of decreasing the effect
of the less reliable terms on the final result,
Alternative methods have been developed, prominent smong

them the method of least sguares,

1,9, Least-squares refinement.
The best atomic parameters sre those which minimise

the quantity ¢ = Z_ w(hk{) (7%, - F.)
¢ = 20 wmt) (% - R)
2
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where ¢ 1is the mumber of independent ’o'baervations
and w(hki) is the weight allocated to a particuler plane;
the weight should be inversely proportional to the square
of the probeble error in the corresponding Fo.

When ¢ i1s near to its minimum, a small change 4 x,
in the x~ coordinate of the n'? atom changes Fy by an

amourit
oF

! ¢ ,
8imultaneous changes to £ll coordinates result in

a change in F, of

A?c = 51(-3% Bx, %adyn + ,%,:_'ﬁ.Azn)
o o o o s (xV1)

The correct values of the Ax, ete., sre therefore
those which most nearly equate AFg to (F, - F,) for the
% possible equations which can be set up. For the least-
gsquares refinement to provide reasonnbly accurate results,
the number of observational equations must be considerably
greater than the number of unknowns, which are generally
three positional and six thermal parsmeters per atom and
an overall scale factor.

When only the positional parasmeters for N atome are

being refined, AF, has the form of equation (xvi).
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In order to obtain values for Axp etc., the ¢
observational equations must be reduced to 3N normal
equations, This 1s done by multiplying each of the

q equations, APp = Fy = Fp, by the weighted coefficient
of each of the unknowns in turn, This results in 3N
sets of ¢ eouations; eac’n set yis then summed to produce
oi;e normal equation., The ’nth of these normal equations

is obtained by multiplying the z equations of the type

N
> (S am ¢+ e hum v STo.bm) R - N

. Yn %
n=1 n
6 Fc ! A
by w ™ and adding to produce an equation

;ﬂ

0Fe JdF P JF,
dxn‘c ayn. Jn ¢+ dxn- dﬁn Azn

g°

{55

Az,
+§.§E§. (-%%.A -—a—-—-.Aqu- gzmoﬂzm)}

Z w(F, ~ Fe) ........c)Fc e v o o v (xvil)
d xp

where % denotes the sum over all atoms except the nth,
The 3N normel equations have then to be solved for

the 3N unknowns, If no simplificatlions were made this

would be a formidahle task, However, if the atoms are
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well reéolvéd, it can be shown that quantities euch as
L owdF, OF

i 9% 0J¥%y
are likely to be small compered with

-2
RIEEN
*n
4 and mey be neglected.

If the axes are orthogonsl, or nearly 8o, quantities of

the form
(. n ¥a can also be neglected and

equation (xvii) reduces to

Axn Zw(_a_fg)z = Z W(Fo-Fc)____g
. ] 0 Xp d Xn .

which can be evaluated more quickly than equation (xvii),

For a full three-dimensional refinement (9K 4+ 1)
normal equations have to be solved for (9N 4+ 1) parsmeters.
Even with simplifications as above thls could not be done
in a reasonsble time without the use of high speed
computing equipment.

The use of least-souares procedures for refinement

purposes was first suggested by Hughes (1941) and used

by him in the refinement of the structure of melamine,
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1,10, B8Bignificance tests based on the 'Xg_gggﬁginnjign.

The significance tests used on the results of the
mean molecular plane calculations discussed in later
chapters of this theels depend on a stntistie X.z. The
X? distribution leads to tests of correspondence between
experimental and theoretical data: thils has led to 1t
being described as a test of "poodness of fit",

The mathematical derivation of this statistic is
difficult; fortunately its distribution has been worked
out and tables are available showing the frequency with
which different values of X? are exceeded and also the
value of X2 corresponding to particular frequencies
(Fisher end Yates, 1957), The cuantity X° may generally
be regarded as the sum of the squares of n variables which
vary normally and independently gbhout zero, For the
purpose of this thesis 1t is computed from the expression

X2 = ZA%/- 2 R € SEEED)
where A is the deviation in R of an atom from the
calculated plane and J is the meen stondard deviation
(in i) in positionsl parsmeter of the atoms,

The X® test is used here as an objective method of

estimating the merit of a particular plane, With the
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value of X2 found from equation (xviii) and knowing the
number of degrees of freedom involved (n - 3), the
probability thet no atoms deviaste significently from
the calculated plane 1s found from tables, If the
probability that the plane is a good fit is less than
one in one hundred, it is usually safe to assume that
one or more of the atoms included in the mean plane
calculation does deviate sipgnificantly from the
calculated plane,

1.11, Methods of computation.
The many calculations requlred in the astrueture

analyses described in this thesls were performed for
the most part on the English Zlectric DEUCE computer,
which came lnto general use in Glasgow in Jamuary, 1959,
A feature of the Glasgow University Computing Laboratory
is that a general computing service is not operated;
instead, prospective DEUCE users are given initial
training in the programming and efficient use of the
machine,

S8tructure factors were calculated by hand initially,
using tsbles coﬁpiled.by Buerger (1941) which give

values of cos 27Thx and sin 2 Thx for values of h from
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1 to 30 and of i from 0 to 1 by 0,001, When DEUCRE
became available, an "Alphacode" program was written
for the plane group P2 and used to cheek the hand
structure~factor caleculations in the o—chlordbéhzoic
acid analysis, Details of this and other programs
deviéed.by the author are contained in the appendix,
The Alphacode structure factor progrem was soon
rendered obsolete by the arrival of Dr. J.S.Rollett's
program (Rollett, 1961); |

Fourier summatlons were carried out using Beevera—
Lipson strips (Beevers and Lipson, 1934, 1936a, 1936b;
Beevers, 1952) and also using RUFUS, a mechaniesl ;
computer designed by Professor J., Monteath Robertson
to perform Fourier summations (Robertson, 1954, 1965,
1961),_ The majority of the Fourier éummationa’werp
qomputea on DEUCE using Di. J.3.Rollett's or

~ Dr. J,0,8ime's programs.
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1. Introduction.

The study of steric interactions between adjacent
non-bonded atoms, both from the experimental and
theoretical viewpoints, has been of some interest in
recent years, Theoretlecal calculations by Coulson
and Senent (1955) on the molecular deformation of the
overcrowded aromatic hydrocarbon 3:4-6:6-~dibenzphenanthrene
agree well with the X-ray diffraction results of MeIntosh,
Robertson and Vand (1954).

In the case of hexshalogenobenzenes, no such
satisfactory agreement has been reported. From
considerations of known bond lengths and ven der Waal's
radli, these molecules, with the exception of 0696, are
expected to be overcrowded. This does not necessarily
mean that they will be non-planar, although it is tempting
to suppose that at some stage in the series when the
imposed strain becomes too great, 1t will bve relievéd
by the molecules buckling in such a way that the halogen
atoms are displaced alternately above and below the mean
molecular plane, Electron~diffraction investigations
of several gaseous chloro- and bromo-benzenes by
Bastisnsen and Hassel (1947) led them to conclude that

deformation does occur, and is mainly of the out-of-plane
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bending variety with a magnitude of from 12° to 18°,
Infra~-red and ultra-violet studies on hexachlorobenzene
by Kopelman and Schnepp (1959a, 1959b) led to self-
contradietory results and theoretleel models do not

yet appear to be sufficiently preeise (Coulson and
Stocker, 1959; Gafner and Herbstein, 1960), X~-ray
studies by Tulinsky and White (1958) on hexachlorobenzene
favour a planar molecule, However, as their analysis
was confined to projections, it is likely that small
deviations from planarity would be undetected.

In thelr analysls of 1l:2-4:5-tetrachlorobenzene using
X-ray diffraction and nuclear quadrupole resonance technlques,
Dean, Pollak, Craven and Jeffrey (1958) found that the angle
between carbon~chlorine vectors was 63 Y 1° put have not
determined whether this represented in-plane or out-of-plaéne
bending of the éarbon-chlorine bonds. The isomorphous
1:2-4:6-tetrabromobenzene has been examined by Gafner and
Herbstein (1960) and refined by three~dimensional least
squares methods, They concluded that the molecule was
planar‘to within the accuracy of their measurements and
that the deviations found by Dean et al (1958) in
1l:2-4:5-tetrachlorobenzene were best explained by in-plane

splaying~-out of the carbon-chlorine bonds, increasing the

relevant bond angles by 1%, as they had found in
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1:2-4315-tetrabromobenzene, Recently Dean, Richardson
and B8akurai have investigated 1:2:3:4-tetrachlorobenzene
using nuclear guadrupole resonance technioues, Their
"results favour an almost planar molecule in the crystal,
although small deviations of the carbon-chlorine bonds
of about 1° from the molecular plane could not be discounted,
One of the major difficultles associnted with the X-ray
investigations of the polyhalogenobenrzenes is that although
the heavy atom positions may he determined with some
precision, the ssme cannot be sald for the lighter atoms,
This 18 brought out clearly by Gafner and Herbstein's work
oh 1:2-4:6-tetrabromobenzene where the st ndard deviatione
in positional parameters of the bromine atoms are 0,003 X
compared with 0,036 K for the carbon atoms., Thus a really
detailed description of the molecular geometry 1s made
difficult. This difficulty ean be minimised by studying
polysubstituted benzene derivatives contairing only one
halogen atom, thus offering a greater likelihood of locating
the lighter atoms more ascurately., For this reason, the
structures of the overcrowded benzoic acids shown below

as compounds I . , . V have been investigstead,
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‘fm‘ structures of o-chlorobenzoic acid (1),
o-bromobenzoic aecid (II) and 2~chloro-5-nitrobenzoie

‘acid (111), have been refined by three-dimensional
least-squares procedures.' The analysis of o-bromobenzoic
acid was not carried out quite so thoroughly as those of
o=chlorobenzolc acid and 2-chloro-5-nitrobenzoic acid

since the bromine atom in the molecule limits the accuraey

obtainable, Although the structures of the remaining two
acids, 4-bromo-3-nitrobenzoic acid (IV) and 4-chloro~3-

nitrobenzoic acid (V), have not yet been refined extensively,
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none the less interesting information sbout the
deviations from planarity in these molecules has

been obtained,

The unit cell data for the acids have been published
(Perguson and Sim, 1959) end preliminary publication of
results has been made (Ferguson and Sim, 196la). A
full aceount of the analysis of o-chlorobenzole is

being published (Ferguson and Sim, 1961b),




31,

2, o0=Chlorobenzolc acid.

2s1. Unlt cell ds »
Rotation, osecillation and Welssenberg photographie

methods were used with copper KA radiation ( A = 1,542 2).
Single erystals of o-chlorobenzoie acld in the form of
narrow laths elongated in the direction of the b erystal
axis were obtained by crystallisation from acetone,

3ingle crystal oscillation and rotation photographs were
taken about the three crystallographic axes; Weissenberg
photographs were taken of the nof, hlf, h2f, h3l, and

Okl reciprocal lattice nets. The cell dimensions were
obtained from »otation, and equatorial layer line movinge
film photographs. From these, the monoclinie cell

Darameters were found to be

‘ 8]
a 14,73 £ 0§03 A

]

o
b = 3,90% 0,024

o
¢ = 25,50 % 0.05 A
A = 112°40' % 20’

The morphology of o-chlorobenzoic.acid has been
studied by Steirmetz (1914), whose axial ratios
3.782 : 1 : 6,625 differ slightly from those obtalned
in the present investigation (3.777 : 1 31 6.539),
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The volume of the unit cell, obtained from the
formula V= -a‘be.sin/s s 1s 1351 g.s. The density as
determined by Steimmetz (1914), 13'1.544 g-.cm"s', hence
the number of molecules in the unit cell, given by

n = 4V /1,6602 M
vhere d = density in g.em.,™

V = volume in X 5

M = grem-moleculay weight
is eight, This in turn leads to a calculated density
of 1,539 g.m:s |

Inspection of the Welssenberg photographs showed

that the systematic sbsences are

hkf when h + k is odd,
Wt when h is odd and £ 1s odd,
OkO when k 1s odd.

These conditlions, however, do not uniquely determine
the space group since they apply to space groups
ce/c (c8) and ce (¢ ),

2.2, Intensity asta.

Tor the initisl study, the hOL set of spectra was

collected using s Weissenberg camera, A pack of five

films was used in this camera. This multiple~film
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technigue has been described by Robertson (1943). The
intensities were corrected for Lorentz and polarisation

factors by the usual formula

= Isin20 /(1 4+ cos® 20)
and a set of |F,| values on &n arbitrary scale derilved,
For the three-dimensional analysis, the intensity
data were obtained from multiple-film equi-inclination;
Welssenberg photographs of the hll, h2{ and h3{ layers,
The total number of independent reflexions observed was
1034, . These intensities were estimated visually and
corrected for Lorentz, polarisation, and rotation
factors (De) appropriate to upper layers (Tunell,1939)
where
Dg = (cos®u = cos®o )% / 8in®
where u 1s the e@ui»inclinatieﬁ !
angle = sin™! %é_ ;
a
and n 1s the number of the layer (
being corrected. '

d is the length of the
rotation exis,

A 1is the wavelength of the
radiation used,

Small erystals of uniform cross-section (with erystal
sldes between 0.10 and 0,16 mm. in length) perpendicular
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- to the rotation axis were employed, and no correetlons
- for absorption,were made. The absorptlon coefficient
for'khrays or‘wavélqngth 1.542 g 1e 44,8 em7d

The sets of |F,| data were put on the seame sbsolute
scale during refinement by ensuring that [ k |Fy| = 2 IPe|

for each layer.

243+ Structure determination.

At the outset 1t seemed probable that o-chlorobenzblc
acid would occur as centrosymmetrical dimers in the erystal
lattice with hydrogen bonding between adjacent earboxyl
groups. The space group C2/c is based on a ¢ face~
centred lattice and the number of equivalent positions
is eight. If the structure is composed of four centro-
symetrical dimers in the unit cell, these dimers must be
s8ltuated on a set of spece group centres of symmetry.

The space group was assumed therefore to be C2/¢c and

not Ce, This assumption was later Justified by the good
measure of agreement obtained between the observed and
calculated structure factors.

An sdditional anbiguity arose at this stage in that
the space group C2/c allows of an acid dimer packing
around either the centre of symmetry at (0, O, 0) or
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that at (4, 1, 0), (International Tables, Vbl.I,p.lbl).
"In the analysis of the b-axls projection 1t 1s not
possible to decide between these alternatlives and
initially the centre of symetry at (0, 0, 0) was chosen.
However, during the refinement of the b-axis projection
of o~chlorobenzole acild, a study of o-bromobenzolc acld
was begun, the two aclds being isomorphous, Various
‘trial structure factdr calculatlions with the o-~bromo-
benzole acld three-dlmensional data indlcated clearly
that the space group centre of symmetry at (1, 1, 0)
was being utilised, not that at (0, 0, 0).

2.4, The (0102 projection.

Because of the short length of the b-axis it was
evident that good resolution of the atoms would be
obtained in the projection along this axis. The
156 observed WO{ data were used to compute a Patterson
Projection along the b-axis; this is shown in Fig.4.

In determining the orientation of the molecule in the

asymmetrlie unit use was made of the six peaks nearest
the origin of the Patterson map since they represent
the vectors between the carbon atoms of the benzene ring,

The highest palr of these peaks also defines the direction




Fig.4.

Patterson projection along the b axis.
Contours at equal arbitrary intervals,
the lowest contour being broken, origin
peask contours omitted. The interstomic
vectors are marked by crosses,




TADLL 1.

Vo

Coordinates of the ecnrbon, oxyson and
chlorine atoms as determined from the Patterson
projection on (010), expressed as fractions of
the unit cell sides assuming packing of the
molecular dimer around the centre of aymetry

at (0,0,0).

ceg‘?%ig.a X 2
(1) ~0,065 0,066
c(2) -0,113 0,098
c(3) ~0.049  0,1B3
o(a) -0.094 0,191
o(s) ~0,194 0.169
c(6)  -0.250  0.113
e(7) -0.215 0,075
o(1) 0,033 0,073
o(2) ~0.122 0,002
ce 0.076 04177
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of the carbon-chlorine bond in the molecule. The
highest pesk on the map corresponds to a chlorine-
chlorine vector between the chlorine atoms of n dimer,
By assuming that the 0O - H . . « O hydrogen bonds
between dimers are approximately 2,64 X in length the
structure was defined and x and z coordinates for the
chlorine, carbon and oxygen atoms derived. These nre
listed in Teble 1. The numbering system adopted for
the molecule is shown in ™g.8.

The positions of the vectors to be expected from
this structure are superimposed on the Patterson map
in Fig.4. The height of a peak due to the interaction
of a pair of atoms 1s proportional to the atomic number
of the stoms involved. Crosses are used to show this
on the Patterson map, the size of a cross being
proportlonal to the peak height expected at that point.

Assuning an overall isotropic temperature factor
B = 4,0 Rzastructure factors were calculated on DEUCE
using an Alphacode program (see Appendix), the atomic
form factors employed being those of Tomile and Stsm
(1958) for chlorine and those of Berghuis et sl (1955)
for carbon and oxygen. The value of the usual

diserepancy factor
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R = 2 I(k|Fb| - lFb|)| / 2. k|F|
was 0,321 for the 156 observed reflexions,

With measured structure amplitudes as coérficients
and caleuiated signs a Fourier projectlon of electron
density on (010) was computed., All the atoms included
in the structure factor celculation were well resolved
in this projection; New atomlic coordinates were chosen
from the'Eourier map and structure factors recalculated,

The value of R dropped to 0.160.

2.6, Least-squares refinement of the (010) projection.
The least-sauares refinement program usea.in this
and in all subsequent least-socuares refinement described
in this thesis was that devised by Dr. J.8.Rollett for
the DEUCE computer (Rollett,1961). The program refines
three positionsl and six thermel parameters per atom
(in this projection two positional and three thermal
parameters =re refined), together with an overasll scale
factor. No faeility is provided for refinement of, for
example, the positional paremeters alone keeping eonstant

the isotropic temperature factors.

Three slternative weipghting schemes are availsble

for use with the program. The first of these 1is
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Nw w1 AL By < Fe,  w = | otherwise;
o . Fol

'
t

the second is

Jwg = %l 4p [Fo] < P, YWy = § otherwise;
. ’ » ] v 2 ’
T | Fol

where T is some preselected constant,
The third scheme allows the square root of the weight
‘for each reflexion to be punched on the decimal eards
containing the reflexion data. The second welghting
scheme was used throughout.

The program l1s divided into two parts. The first
computes structure factors and accumulates the normal’
equation totals, Any number of the atoms ineluded in
the structure factor calculation may be omitted from the
refinement process. A seéoﬁd program is used to solve
the least-souares-produced normal equations for the new
parameters, This makes use of the Gauss-Seidel iterative
procedure, limitation of storage space in DEUCE meking
the full matrix treatment impossible. The program then
punches out the new parameters in a form suiteble for the
next round of refinement. Flexibility is introduced by
having simple facilities for punching out new parameters
based on half or a quarter of the calculated shifts,

The "Solve" program can also be made to punch out the
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normal equation totals from which the standard deviations
of the parsmeters being reflined can be obtained, in
addition to the current velue of ) w (k|Fy| - |Fe )%,
the quantity belng minimised.

Before the least-souares refinement was commenced,
coordinates for the hydrogen stoms were calculated by
placing them radlally at a distance of 1 % from the
appropriate benzene ring carbon atoms, The hydrogen
atom of the carboxyl group was pleced 1 X away from 0(2)
on the line to 0(1) of the carboxyl group related to 1t
by the centre of symmetry, The atomle form factors
chosen for hydrogen in the least-socuares structure#faotor
caleulations were those of McWeeny (1951)., The
temperature factor B was again assumed to be 4,0 32.

After several cycles of refinement in which the
positional and thermal parameters of the atoms other
than hydrogen were adjusted, the value of R was reduced
to 0.108. The x and % coordinates obtaining at this
stage are listed in Teble 2, A difference Fourler
syntheels was then computed with all the atoms including
hydrogens subgracted. The @bsence of ony signifieant
pesks on this map (Fig.5) 1s indicative of the fact that

refinement in this projection was complete. VWhen the
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b

Coordinates of the carbon, oxygen and chlorine
atoms obteined from the least-squares refinement of
the b-axls projection. For each atom two possible
values of X are given, These differ by %&,depending
on the symmetry cehtre choeen ag the centre of the

moleculsr dimer,

Atom x ~ X+ 3 2
c(1) ~0.0568 0.,1934 . 0,0832
c(2) -0.1023 0.1477 - 0.0969
c(3) -0,0528 0.1972 .+ 041493
c(4) -0,0990 041510 -~ 0.,18854
c(5) -0, 2006 0.0494 = 0.1674
c(6) ~0. 2466 0,0034 - 0,1162
e(7) -0, 2003 0.0497 - - 0.07T93
0(1) 0.0247 0.2747 + 040612
o(2)  -0.1073 0,1427 - 0.0124
ce 0,0761 . 0,321 . o0.1777 |




Fig.5.

Final (F, - F,) synthesis. All atoms
including hydrogen subtracted. Contour
interval 0.2 eA=2, negative contours
broken, zero contour dotted.



Fig.6.

Difference-synthesis projection on (010)
to show the electron distribution due to
the hydrog%n atoms., Contours at intervals
of 0.2 ek s - negative contours broken,
zero contour omitted.



40.

hydrogen atoms were omltted from the structure~factor
caléulation the value of R rose to O0.124. With the
Fo = Fo' values obtained from this calculation, a
further WOl difference Fourier was computed (Mg.6).
The peaks on this map, with the exception of those
around the chlorine atom, are clearly attributable to
the hydrogen atoms, The carboxyl hydrogen atom which
takes part 1n the hydrogen bond between two molecules
has a more diffuse peak than any of the hydrogen atoms
attached to the carbon atoms of the benzene ring.
‘This has been found to be the case in‘salicylic acid
(Cochran, 1953) and benzoic acid (Sim, 1955) and is
Probebly connected with the partlal ionlsation of the

hydrogen atom of the carboxyl group.

2.6. Three-dimensional refinement.

As mentioned earlier (2.3.) structure analysis of
o-bromobenzolec acid was begun during the course of the
W0l refinement of o-chlorobenzoic acid. Because of
thelr isomorphous character it was possible to use
y-coordinates for the atoms of o~bromobenzoie acld as
8 starting point for the detailed three-dimensional
analysis of o-chlorobenzoic acid. Accordingly with
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x and 2z coordinates from the two-dimensional analysis,
y-coordinates from the o-bromobenzoic acid refinement,
and an 1sotroplc temperature parameter B = 4.0 2? for
all atoms including hydrogen, structure factors were
calculated for the h2¢ and W3¢ reflexions (the hl{
intensities were being estimated at this time),

R values of 0.300 and 0.360 being obhtained. The

vy~ coordinates of the atoms spart from hydrogens were
improved by computing.difference Fourier line syntheses
passing close to the atomic centres and in a direction
parallel to the b erystal axis., In the next structure-
factor calculation, by which time the hil data were
available, the values of tﬁe residual R for the various
sets of data were 0.174 for the hll , 0,200 for the h2¢
and 0.263 for the W3{ reflexions,

The good measure of agreement between the observed
and calculated structure amplitudes appeared to Justify
proceeding to a2 least-~scuares réfinement of positional
and anisotropic temperature~factor parameters for all
the atoms other than hydrogen. In the least-squares
calculations 223 unobserved terms were included each
with a value of |F,| equal to one half of the minimum
|¥5l locally observable. The values of R and ) wA 2



TABLE 3,
e

 values of R and 2. wA 2 obtained during the

three-dimensional least-squares refinement,

Cycle R 2 wAg

1 0,192 o5 *
2 0,163 244

3 0,150 206
4 0,132 173

5 0,120 140

6 0.112 116

v 0.106 - &

* WL data omitted from cycle 1,
7‘1“ Structure factor calculation only.
The values of R are based on observed data only,
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Table 4s (Continued)

P(calc)  Pltwraa) P(oalc)  Ptmaaa) P(calo)  P(iwraa}
200 197 255
< <13
5% 2.6
1641
5
2
3
16.8
63.1
255
723
19.5
<23
204
263
133
373
77
<27
10.1
10.8
- 15
-9
-1
.3 < 1.8
. 10,
-5
-5
4
-3
- 15
1
S 13
15



a2,
for the six cycles of refinement completed are listed
in Table 3, By the sixth cycle the parameter shifts
had become negligible, the aversge shift in positional
parsmeter being less than 0,002 &.  Prior to cycle b
new coordinates were calculated for the benzene hydrogen
atoms by placing them radially 1.0 R away from the
relevant carbon atoms; for the carboxyl hydrogen,
coordinates were obtained by placing it 1.0 X away
from 0(2) on the line to O(1) of the opposite carboxyl
group. The final vslues of R are 0,090 for the nol ,
0,098 for ﬁhe hil , 0.109 for the h2{ and 0,167 for
the h30 reflexions, The overall final value of R
for the 1054 observed terms is 0,105, The measured
structure amplitudes together with those calculated
from the final eycle of the calculations are listed
in Table 4, |

2.7+ Coordinates, Molecular geometry and
‘ Egtimations of sccuraey.

The final coordinates of the earbon, oxygen and

chlorine atoms and the coordinates assigned by
calculation to the hydrogen atoms are in Table 5.

Table 6 contains the corresponding anisotropie

temperature parameters, The bond lengths and valency



Final atomic coordinates.

TABLE 5.
P

Coordinates x, y and z are referred to the mono-

clinic crystal axes and are expressed as fractions of

the axial lengths, with origin at the centre of symmetry

on glide plane c.

Coordinates X',

Y and ' are

referred to orthogonal axes g, b, and g¢', ¢' being

taken perpendicular to the g and b erystal axes, i

and are expressed in A units.

Atom
(ef, X X 2 X X 2
FMg.8)
¢(1)  0.1961 0.3430 0,0550 2,347 1,338 1,205
c(2)  0.,1480 0.4213 0.0969 1,228 1.643 2,280
c(3)  0,1997 0.5710 0,1503 1,465 2.827 5,537
c(4)  0.1498 0.6447 0.1852 0.386 ©2.514 4,358
C(6)  0.0501 0.5761 0.1676 =0,910 2,243 3,943
c(6)  0.0009 0,4282 0,1159 =-1.126 1.670 2.726
c¢{7)  0.0501 0,3488 0,0798 -0.047 1.360 1.878
0(1)  0.,2760 0.4551 0.0610 3.465 1.776 1.435
o(2)  0.1427 0,1498 0,0132 1,973 0.584 0.310
o) 0.3247 0.6642 0,1775 3.038 2,591 4,176
- Cont'd -




(cont'd)
:

Atom
(eefs X X z by X z'
Fig.8)
H(02) 0.1735 0.1100 =0.0149 2,703 0,429 =0,361
H(C4) 0.1857 0.7515 0.2233 0.542 2.931 5,254
"H(CB) 0,0147 0.6306 0.1931 -1.682 2,459 4,544/
H(C6) =0,0709 0.3767 0,104 -2,067 1.469 2,433
H(C7) 0.0141 0.2420 0,0417 ~0.203 0.944 0,982




TABLE 6,
BTN
- Anisotropic temperature-factor parameters (hij x 10°).

(,,

Atom b)) Doy Bayz  Roy By By
c(1). 608 12749 265  -738 38l -283
c(2). 734 10160 £33 - 60 442 529
e(3) 983 9792 256 24 498 1457
c(4) 1026 129289 325 -447 518 . 10684
c(5) 1106 12716 312  -138 626 1384
c(s). 799 18327 330 95 574 826
e(7) 7AQ 13293 317 =375 429 570
o(1) 836 19388 298 -1820 590  -1236
0(2) 1033 16397 316 ~1678 561  -1131
ce 866 15218 265  -879 458  -1104

zzzg%giz 780 9485 260 - Bar -

The temperature factor 1s expressed in the forms

. 2 2 2
$§Cb11n + Daok ,fugasg,‘f bogkl + byghl 4+ by ghk)



120,7° 120.6.

1.407 | 1.386

119.5 119.0 ] 116.3°

124.7 1.737
-405 '

1,365

e,
1.521 5. o1m

2.89%

Fig.7. Interatomic distances and valency
angles in o-chlorobenzoic acid.
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-angles, ealculated from the coordinates given in Tsble 5,
are shown in Plg.7, ﬁhe shorter intermolecular contacts
being listed in Table 7. Some of these contacts are
showvn In Fig.8, which iliusﬁrates the arrahgement of

the molecules in the b-axis projection. Th9 shortest
intermoleculer dlstance, 2,632 g, is between oxygen
atoms of a dimer, and is normal for this type of bonding.
All other intermolecular approach distances (Table 7

and Fig.8) are greater than 3.0 2 ahd correspond to
'hbrmalbfan‘der waal's interactions,

| The standard deviations pf the positionel parameters,

ecaleulated from the equatiop

6(x) = a'\/{ZWAE%n'.‘ s)[Zw( dA/()X/a )2]) 2

where n = total number of reflexions used in the refinement
and gyc number of aegrees of freedom,

using the normal equation totals obtained from the
 51xth 1east~squafes eycle, are given in Tsble 8. From
these results, the standard deviation in length of a
earbon-carbon bond is 0,009 Z s that of a carbon~oxygen
bond iz 0,008 2 and that of a caﬁbochhlorine bond 18
0,007 &,  The estimated standara deviation in bond angle,
computed from the equation given by Cruickshank and

Robertson (1953), is found to be 0.6°.



The shorter Intermoleculsr contacts.

0(1)...0(2)¢
0(1)...0(2)17
0(1)s..0(2)g
c(1)...0(2)11
c(1)...0(1)1
c(1)...0(2)
c(7)s++0(2)1171
C(7)...0(2) 1y
c(2)...0(2)11
€(6)...C(6)17
C(3)es.C(2)11
C(6)e..0(2) 1y
0(2)...0(2)7
0(1)...c(6)y
0(1)...0(1)17
Ce «..C(68)y
0(6)e..0(1)yry
0(1)¢¢s0(1)yr

o}
2,632 A
3,291
5,515
3,318
3,349
3,443
3,504
3,510
3.536
3.550
3,555
3,556
5,563
3,573
34642
3,662
3.686
3,704

C(4)e..C(7)11
C(5)eeeC(7)11
c(4)...c(2) 1y
C(3)es0(7)1q
c(4)...c(6) 11
ClasoC(B)y
c(1)...0(1)q
C(8)e..0(7) 11
¢(2)s..0(7) 11
¢(8)v..0(1) 11
G(4)...0(3) ;¢
CleeoC(4)y1TT
c(4)...0(8)17
C(6)+..0(2)1y7
C(2)ee.C(1)11
0(7)...0(7)1v

3,726 %
3.757
3.769
3,773
.780
3.781
3,791
3.844
3.856
5.856
3.859
3.8659
3.875
3.875
5.892
3.937

0(4)...0(4)VIII 34990

-Cont'd-
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TABLE 8.
= ]

Estimated standard dev;a&iggs in
atomlc coordinate ( ).

Atom (2) (x) (z)
(1) 0.0049 0.0076 0.0053
o(2) 0,0050 0.0064 0.0081
c(3) 0.0058 0.0065 0.0085
c(4) 0.0062 0.0079 0.0061
c(s) 0,0062 0,0073 0.0061
c(6) 0.0057 0.0082 0.0061
o(7) 0.0054 0.0080 0.0087
0(1) 0,00%9 0,0085 0.0043
o(2) 0,0039 0.,0052 0,0039
ce 0,0016 0,0022

0.0016




2.8. Mean molecular plane ecalculsations.

| The best plane tprough the chlorine, oxygen and
carbon atoms, derived by the method of Schomaker et al
(1959), has equation
0.,09604 X' ~ 0,90257 Y + 0.41992 2' 4 0.41813 = O
where X', Y, Z' are coordinates expressed in gngstrom
units and referred to orthogonal axes g, b and §', The
devistions of the atoms from this plane (Tsble 9) show
that the molecule 1s markedly non-planar and that the
main cause of non-planarity is the oxygen atoms,
The equation of the.best plane through the seven
carbon atoms and the chlorine atom is
0.06636 X' -~ 0.91457 Y 4 0.39895 2' + 0.52287 = O
The deviations of these atoms from this plane (Table 9)
are still large, (the root mean socuare deviation =
0.0176 R) and since |
Xg = ZAZ/“_;;E = 50
they must
be highly significant (see Part I, 1.10). The deviations
suggest that the exocyclic carbon atom and the chlorine
atom are displaced from the plane of the benzene ring.
The carbon atoms of the benzene ring are best

fitted by the plane with equation



TABLE 9.

Deviations from the mean planes.
[
(a) Plane through C(1)....c(7), 0o(1), o(2), of.
(b) Plane through C(1)....C(7), Co.
(¢) Plane through the benzene ring atoms C(2)s...C(7).

(4) Plane through C(1), c(2), 0(1), o(2).

Atom (a) (v) (e) (a)

(c.£.PMg.8) '
c(1) 0,022 & -0.020 3  -0.058 & 0.008 &
c(2) 0,009 0,011 -0,004  =0,001
o(3) 0,033  =0,006 -0.001 -
¢(4) 0.016  ~0,013 0,006 -
o(5) -0,037  =0,016 -0, 006 -
c(6) «-0,052 0.008 0.000 -
o(7) ~0.026 0,024 0.004 -
o(1) ~0,252  ~0,299 -0.323  -0,001
o(2) 0.209  0.243 0,197 0,001
ot 0.12% 0.021 0,036 -
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0.,06604 X' - 0,90890 Y 4+ 0.41176 Z' 4+ 0.47017 = O.

The deviations (of the benzene carbon atoms from
‘this plane (Table 9) are emall, (the root mesn square
devistion = 0.0035 %) and since Y2 = 1.5 for these
atoms, the deviations are insignificant and the benzene
ring may be assumed strictly plané.r.
~° - The atoms of the carboxyl group C(l), 0(1) and
0(2) and carbon atom G(2) of the benzene ring can be
fitted to the plane with equation

0.24764 X' - 0,81107 Y + 0.52094 7' - 0.18001 = O,
The angle which this plane makes with that of the benzene
ring 1s 13.79, |

“The equation of the plane thmugh the exygen atoms
o(1), o(2), o(1)" and 0(2)' of an acid dimer and the
centre of symmetry at (1, 1, O) was required in one of
the mean plane Fourier calculations described below;

it was found to bhe
0.27819 X' - 0.82045 Y 4+ 0.499467%' - 0.22448 = O,

2+9., Three-dimensional Fourier sections.
The electron-density distribution in the plane of
the benzene ring carbon atoms (Fig,9) was evaluated using

the procedure devised by Treuting and Abrahams (1961)



>
>

(o] | 2 3
Lot 1 ] ] ]

Fig.9. A section through the plane of the carbon
atoms of the benzene ring, Contours are
drawn at intervals of 1 eA"5, except around

)
the chlorine atom where the interval is 2 ex .
The half-electron line is broken.
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and programmed for DEUGE'by:Dr‘ JsGeBime, The method
used is to calculate values for Z' which correspond to
a specified grid oé\X' and Y pointe which lie on the
general planeg
AX' + BY 4 CZ' + D = O

and then to compute
values of the triple Fourier series st these points
which are integral multiples of 1/3600™ of the cell
edges, The Z' values are rounded off to the mnearest
1/3600%®; the maximum deviation from this plane is
thus ¢/7200 = 0,0035 A,

The two-dimensional array of electron densities
obtalned is defined by the projection of the a and B
erystel axes onto the plane (in this instance that of
the benzene:ring carbon atoms), which results in the
new axes d and g, where d = 15.99 2 and ¢ = 10.73 R,
the angle between 4 and g being 110°23'.

In Fig.9 the chlorine atom and 0(2) are asbove the
bengzene plane while C(1) and 0(1) lie below it, the
displacements being glven in Table 9, fhe half-electron
contour in Mg.9 provides distinct evidence of the
hydrogen atoms attached to carbon atoms of the benzene
ring, These hydrogen atoms are shown in more detail

in Pig,10, This map was obtained in an analogous




o | 2 3
IUIT PV VIS TPV PN PO | A

Difference synthesis in the plane of the
benzene ring to show the hydrogen atoms.

Contour interval 0.1 eA™% with negative

levels broken, zero contours dot-dashed.
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manner to that shown in Fig.9 but in this case the Fourier
coefficients were (%b - Fo') in place of F,, where F,' is
the value of the structure factor ealéulated for oxygen,
carbon and chlorine atoms slone.  The hydrogen atoms
appear as well résolved peaks of from O.32 a2 to
0.66 eA™° 1in height.

The carbon-hydrogen bapd lengths measured directly
.on this map are shown“below, the averape value belng
1,01 1. |

c(4) -® = 1.11 8 6(6) ~H = 1.00 A
6(6) -H = 1,09 . c(7) -H = 0.8 3

The successful location of the hydrogen atoms in the
benzene ring plane prompted aﬁ attem@t at finding the
hydroxyl hydrogen atomes in the plane through the four
oxygen atoms 0(1), 0(2), 0(1)' and 0(2)' of an acid dimer
and the centre of symmetry at (i, 4, 0). The resultant
FPourier map is shown in Fig.1l, where the axes £ and g
have length 21,97 R - and 9.86 2 respectively, the angle
between them being 136°11', ' The expected locations of
the hydrogen atoms on the dotted lines joining 0(1) with

0(2)' and 0(2) with 0(1)' are indicated by crosses at
distances of 1.0 & from 0(2) and 0(2)'. The rather

diffuse peaks of 0.27 eX ° are in reasonsble agreement
with this assigrment.



A

Difference synthesis in the oxygen plane

.
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carboxyl
, negat

i

zero contours dot-dashed.

Contour interval 0.1 e

to show the hydrogen atom of t

1evels broken,

group.

Fig.11.
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2,10. Discussion. ”

| The ..-.0(1)' (2.892 &) ana cf eC(1) (3,217 R)
intremolecular separations are distinctly shorter than
the sums of the van der Waal‘s radii, 3,20 2 and 3.80 g
respectively, and it is reasonable to expect the molecule
to be under some strain, |

) The strain which would be imposed on a strictly
planar molecule is relieved by rotation of the carboxyl
group sbout the exocyclic carbon-carbon bond so that
"tho:plane of the carboxyl group makes an angle of 13,7°
with that of the benzene ring., Purther there are
significant in-plane displacements of the carbon-
‘chlorine and exocyclic carbon-carbon bonds away from
one another so that two of the exocyclic valency anglea
~ are increased from thelr normsl values of 120° to 124.7°
and 122.5°, while the adjacent angles are decreased to
116.3° and 117,0° (Fig.7). These deviations are
Bignificant, the standard deviation in bond angle
being 0.6°, |

The deviations of the carbon atoms of the benzene

ring from a plane (Teble 9), vary from zero tore.oosvx.

These deviations are insignificant and the ring may be
assunmed to be striectly planar, The dlsplacements of

the atoms C(1) and CL from the benzene plane are
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-0,068 X and +0.036 R respectively; thes;‘deviations,
although sméll, are significant (see 2.8.). These
displacements cofrespond to the exocyclic carbon-carbon
bond and the cearbon-chlorine bond bending in opposite
directions out of the plane of the benzene ring through
angles of -2,2° and +1.2° respectively; this must also
eontribute to relieving the imposed strain,
Consideration of the bond lengths found in the
benzene ring provides some evlidence of bond length
alternation around the ring. The difference in the
mean length of the bonds C(2) - ¢(3), c(4) - ¢(6),
and ¢(6) - ¢(7) (1.399 ?\) and the mean length of the
bonds C(3) = 6(4), C(5) - 0(6), and o(7) - 6(2) (1.871 &)
is 0,028 3. Compared with the standard deviation in
earbon-carbon bond length of 0,009 K this length
alﬁernation may Just be significant. It can Dbe
attributed to repulsion between the carboxyl carbon
atom and the chlorine atom, which will tend to favour

Kekule structure I rather than II

| HO \\\'0 HO \\‘0 0”/ OH
I “IIT

IT
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and consequently thelr unequsal contribution to the
molecular struétgre.

The confom(ation adopted by the carboxyl group is
as shown in I, with the carbonyl oxygen atom adjacent
to the chlorine atom and the hydroxyl group remoto.
In a completely planar model the O...C¢ separation
would be approximately 2.5 A; this should be compared
with the sum of the van der Waal's radil of the atoms
(3.2 X) and the distance found in the crystal (2.89 g).
" By adopting the conformation shown in I above, the
| geparation 0...C¢ can be increased for a smaller
inclination of the caﬁbcxyl plahe to the benzene plane
than would be the case if the opposite conformation (III)
were adopted. The reasons for this may be found in the
shortness of the C = 0 bond (1.208 Z) as compared to the
C<0H bond (1.295 g), these volues being normal for
unlonised carboxyl groups (see Part II, 6).
| The exoecyeclie carbon-carbon bond to the carboxyl
group is 1.521 2 in length, Dewar and Schmeising (1959)
‘have estimated the standard single-bond distance between
ecarbon atoms in the sp2 hybridlsed state as 1.479 ﬁ, which
compares well with the values of 1,483 Z.in butadiene
(Tables of Interatomic Distances, 1958), 1.48 & in

o]
benzoic acid, 1.477 A in p-benzoquinone (Trotter, 1960)
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and 1.4sé X in sélicylic aclid. There are, however,
examples of markqdly longer bonds between carbon atomb
in the sp? state of hybridisation, 1In oxalie acid
dihydrate (Ahmed and Cruickshank, 1953) for example,
:the length of the central carbon-carbon bond is 1,53 :.
The mean length of the peri-bonds in ruaterrylene
(Shrivastava and Speakman, 1960) is also 1.53‘%, while

in benﬁenemhexacarboxylic acid (Darlow, 1961) the mean
length of the exocyclic carbon-carbon bonds is 1,521 K'
That the mean length of the peri-bonds in guaterrylene

| is longer than was expected has been attributed to
repulsion between overcrowded hydrogen atoms and to the
eig~interactions of carbon-carbon bonds. The length of
the exocyclic carbon~carbon bond in o-chlorobenzolc acid
is probably similarly related to the intramolecular
overcrowding,

The carbon-chlorine bond length of 1,737 X is
appreciably shorter than the average carbon-chlorine
distence in halogenated aliphatic compounds (1.767 RI
Tables of Interatomic Distances, 1958)., The contraetion

of 0.03 % 1s expected for the decrease in radius of a
carbon atom on changing from sp3 to sp2 hybridisation.
The value found for the earbon-chlorine bond length agrees

well with that found in 4:4'-dichlorodiphenylsul fone
(1.736 X: Sime and Abrahams, 1960).

N
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3., o-Bromobenzolc acld.

When the refinement of the hOL structure factor
data for o~chloﬁdbenzoic acid was proceeding smoothly,
erystals of o-bromobenzoic acid were obtalned with a
view to studying the effect of renlacing the chlorine
atom in an o-halogenobensoic acld by the bulkier bromine
atom, o-Bromobenzoic acid appeared to be particularly
suiteble because optical studies by Steimmetz (1914)
indicated that o-chloro- and o-bromo-benzoic acids are
isomorphous,

The convention adopted for the numbering of the

atoms in the wvarious calculations was

Br

o(1)

o(s)

- &1, Preparation of crystals.
» ~ The impure powdered material availsble commercially

was purified by boiling an aqueous solution with

animal charcoal and recrystallising from chloroform-
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ether mixtures. - The crystals are soft lath-like growths;
good small cryst(als. were difficult to find, mainly because
of bending and Splitting.

3e24 Unit cell data.

Rotation, oscillation and Welssenberg photographs
teken with copper K« radiation showed that the erystels
are monoclinie, with cell parameters

a = 14,82 % 0,04 x

b = 4,10 £ 0,02 X

¢ = 25,90 % 0.052.
A = 118%15' + 20'

The density, as found by Steimmetz (1914), is
1,929 g.emT If there are eight molecules in the unit
c¢ell the calculated density is 1.926 g. em7d The volume

, o
of the unit cell 1s 1386 A% and the total number of

electrons therein = ®(000) = 784,
The systematic absences, determined from the w/f »
h1l , n2l, n3l ana oxl Weisserberg photographs,

Proved to be
hkt vhen h 4+ k is odd

! when h orfis odd
0k0 when k is odd.
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These conditions allow the space group to be either
c2/e (Ggh> or Ce (Oﬁ). For reasons discussed in 2,3,

. A S
¢2/c was chosen, the results of the three-dimensionsal

refinement again confirming this choice,

3.3, Intensity data.

The data used in the analysis were obtained from a
survey of the hOof{, hl, h2l and h3f reciprocal lattice
nets., In all, the intensities of 1145 reflexlions were
estimated visually and a further 100 were too weak to be
observed. A small erystal of dimensions 0,10 x 0,17
X 0,40 mm. was chosen for the analysis, The linear
ghsorption coefficient for copper KL radiation is
7.6 cm?lg no absorption corrections were applled,

The intensities were corrected for Lorentz, polarisation
and Tunell‘factors {(Tunell 1939) and put on the same
sbsolute scale at a later stage by comparing [ |Fol

with " |F,| for each set of data.

8,4, The b-axis projection
The Patterson projection shown in Flg.12 was computed

with the hof |F,|? data, The large peak on the map
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corresponde to the bromine-bromine vector across aﬁ acid
dimer,  Thisg vector peak would arise if the bromine
atom had coordinates x = 0.100, 2z = 0,183, assuming
(wrongly as 1t was later shown) that the molecules are
centred on the centre of symetry at (0,0,0) and not
‘that at (1,%,0). The choice is irmaterial from the
‘point of view of the WOl projection since this does
~not affect the magnitude of the ®(WOL); it is critieal,
"however; when working with upper layer data.

| Knowing the positions of the bromine stom,
approximate x and 2z coordinates for the carbon and
oxygen atoms were obtained by comparison with the
o-chlorobenzolec (010) projection. Structure factors
were then calculated; the scattering curves of Berghuils
et a1l (1958) for carbon arnd oxysen were used along with
the Thomas-Fermi values for bromine (Internationale |
Tebellen, Vol,II, 1935), an isotropic temperature factor
B = 4,0 32 being applied to all the atoms. The value
‘of the residusl R for the observed reflexions was 0,21,
The refinement proceeded by computing an Fp synthesis
from which a new set 6f coordinates was obtained. 1In
the next structure-factor caleculation R was 0.17,

The refinement was continued by three rounds of least-

Squares calculations in which the two position=l and



TABLE 10.

Coordinates obtained from the leaét-squares
refinemept of the projection on (010), expressed
as rractions of the axial lengths, TFor each’
atom, two possible values of X are gilven,

‘These differ by %, depending on the symmetry
centre chosen as the centre of the molecular

dimer,

Atom x X+ % z

c(1) «0.0500 0.2000 0.0867
c(2) -0.0917 0.1583 0.0967
c(3) -0.0382 0.2118 0.,1476
c(4) =-0,0903 0,1597 0.1830
c(6) =-0.1856 0.0644 0.1621
c(6) -0.2394 0.0106 0.1106
c(7) -0.1922 0.0578 0.0762
o(1) 0.0302 0.2802 0.0591
0(2) -0.0990 0.1510 0.,0144
Br 0.1020 0.3520  0,1827
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three thermal parameters per atom were refined together
with an overall scale factor, and R wae thus reduced to
0.149 for téo obeerved reflexions., The coordinates

obtained from the two-dimensional least-squares refinement

~are listed in Table 10, The final Fourier projection on

010 is shown in Fig.13.

3.5. Caleulation of y-coordinates.
' The x and z coordinates obtained from the h-exis
projection were converted to orthogonal coordinates
X' and Z', and expressed in Kngstom units. The orthogonal
system chosen was 8, b and ¢', where ¢' 1s perpendicular
to the g and b crystal axes.

These coordinates were then referred to a new set
of axes with directions parallel to &, b and ¢', the
‘origin being at the centre of the benzene ring. 8Since

the centre of the benzene ring has coordinates

7
X' =1/ .nzzgx'a(n). v=f, 2= %-nézz'o(n)

o e o o s s o (xix)
where g is to be determined later, the new coordinates,
X" and 2" were easily found.

It was assumed at this point, for the sske of
simplicity, that the seven carbon atoms and the bromine
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atom would be coplanar., On the basis of known bond

lengths, 1t was then calculated that the distance from

the centre \of the benzene ring to any carbon atom in

the ring would be 1.39 X, to the exocyclic carbon atom

would be 2,89 ?& and to the bromine atom would be 3,25 K.

Y" coordinates could now be cslculated from the equation
(™2 = % - (xM? - (2")?

where G = 1,39, 2.89 or 3,25 g depending on the atom

involved.

Because the origin of thls coordinate system has
been taken as the centre of the aromatic ring, the
coordinates should satisfy an equation of the type

AX" 4 BI' = Y N ¢ +9)
Values for A snd B were obtained by a least-snuares
reduction of the eight equations in A and B obtained
by substituting the kmown values of X", Y" and Z* im (xx).
A was found to be 0,04289, B was 0.54763., New Y
coordinates were then caleculated from the equation

Y = 0,04289 X" 4 0.54763 3"

The next step was to find the value of g . This
wasg derived from the kﬁome&ge that in benzolc acid and
salieylic acld for example, the distance of the exocyeclie

carbon atom from the origin is of the order of 2 X.
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Thus an approximate Y' coordinate for C(1) was
calculated_and hence, assuning that the acld dimer
was centreé on the space group centre of synmetry at
(0,0,0), & value for §& in (xix) of 1.3 g wag obtained.
If, however, the symmetry centre at (i,.,0) were being
utilised the ring centre would be at Y' = 2,3 R, in
which case all the x-coordinates must also be increased
by 0.250. Fractional x, y and z coordinates for the
bromine and carbon atoms were derived for the two cases
At this stage 1t was noticed that for the case of
the dimer centred on (0,0,0) the bromine y-coordinate
was almost 0.5. 8ince the structure factor expression

involves terms such as

cos 27 (hx 4+ fz) cos 2TTky for L even
and sin 27 (hx 4+ {z) sin 27ky for £ odd
the bromine atom would contribute little to the hll
structure factors whén ! was 0ad and f‘ully vhen £ was
even, The reverse of thls would be true if, on the
other hand the centre of the acid dimer was at (1,1,0)
resulting in a bromine y-coordinate of 0.75, The fact
that
2 Romil)] = 22 | (nal)|
I=2n¢1 {=2n |
was evidence in

favour of the latter possibility.
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Using the hll data, structure factors were
calculated(on the basis of bromine and cafbon‘éontri-
butions for the two possibilitiles, In the first case
(dimer centre at 0,0,0) the value of R was 0.76. 1In
the second case R was 0.46, confirming that (1,1,0)
was the correct cholce for the dimer centre. When
‘the y-coordinates for the (%,%,0) possibility were
increased by 0.03, R 1n the structure-factor caleulation
was 0.45, On decreasing the y values by 0.03, R fell
to 0.36, A further decrease of 0,03 in the y~-values
resulted in R having the value 0,28,

The oxygen atom y-coordinates were obtained, and
those for the bromine and carbon atoms lmproved by
computing Fourier line syntheses parallel to the b axis
and passing close to the atom centres, On recalculating
the hll structure factors with these new y-coordinates,
R was found to be 0,17,

3.6. [Three-dimensional least-squares refinement,

For the first three-dimensionsl 1eaat—snuéres

caleculation, the x and z coordinates from the hof
refinement and the y-coordinates from the hll Fourier

line syntheses were used. An isotropic temperature



TABLE 11,

Velues of R and 7 wA? from the three-

dimergsional least-sauares refinement.

Cyele R T wA®

1 0,181 1668 X
2 0.163 1424

3 0.167 1104

4 0,146 896

5 0,141 | 848

6 0,136 800

7 0,132 784

» h3Q data not included,

Unobserved planes were omitted when
ealculating R,
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Table 1 Measured and calculated values

of the structure factors.
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parameter B = 4,0 32 was assigned to the bromine, oxygen
and carbon atoms, no allowances being made for hydrogen
atoms,

In the first refinement cycle, in which only the
nof, nil and h2l data were used, the value of the
residual R was 0,181, In the second and subsequent
eycles the nh3{ data were included., In sll, six rounds
of calculation were completed in which the three positional
and six thermal parameters were refined. After the sixth
cycle the parameter shifts were smell in comparison with
the parameter standard deviations nnd refinement was
terminated. The values of R and 5 wl° for the
refinement cycles are shown in Table 11, The values of
the observed structure smplitudes and of the final
calculated structure factors are listed in Table 12.
In the least-scuares ealeculations, 100 unobserved terms
were included with @ value of half the minimum |Fy
loecally observable, These terms were omltted when R

was calculated.,

3.7+ Coordinates, Moleculsr geometry and
Estimation of aeccurary.

The final coordinates of the carbon, oxygen and

bromine atoms are given in Table 13, while Table 14



TABLE 13,
S

Final atomlc coordinates.

Coordinates x, y, 2 are referred to the monoclinie
crystal éxes and are expressed as fractions of the axial
lengths, with origin at the centre of symmetry on glide
plane ¢. Coordinates X', ¥ and 2Z' are referred to
orthogonal axes a, b and ¢', ¢' being taken perpendiculsar

0
to the a and b crystal axes, and are expressed in A units.

Atom x ¥ A X' X A

Cc(1) 0.2029 0.3611 0.0567 2,312 1.440 1,203
c(2) 0.1583 0.4336 0.0958 1.171 1.777 2.1856
c(3) 0.2117 0.5871 0.1484 1,319 2,407 3.385
C(4) 0.1636 0.670L 0.1830 0.181 2,748 4.175
c(5) 0.0611 0.5978 0.1629 -1.092 2.451  3.717
c(6) 0.0078 0.4434 0,1104 -1.2%8 1.818 2.518
c(7) 0.0560 O0.3571 0.,0753 -0,093 1.453 1,718
0(1) 0.2801 0.4633 0.0596 3,421 1.899 1,360
o(2) 0.1489 0.1268 0.0156 2,013 0.520 0.356
Br 0.3523 0.6911 0.1833 2,974 2.834 4,181




TABLE 14,

Anisotropic temperature-factor parameters (913 x 10%).
(

Atom D)y  Bog  Bes Doy By Byg
c(1) 652 10898 251 -27% 415 -1475
c(2) 850 4668 213 -191 650 554
c(3) o912 5377 293 563 574 926
c(4) 1194 8734 293 -173 756 1398
¢(5) 1032 8000 385  -168 871 673
c(e) 836 13500 289 699 530 1221
c(7) 730 15955 271 -419 559 705
0(1) 1028 14574 989 <1490 709 1210
0(2) 1115 10024 315 -844 648 457
Br 827 11888 283 -9%7 473 -1022

The temperature factor is expressed in the form

tv w2 2 2
gm(P1y % + Dogk® 4 Dol + Dogkl + by hl 4+ b, ghk)



1,885
. PBr

3,275 .

1,487 N

3.004

[
113,7 |126.0
1,346 120, 4 1.201 .
Ob 01

Fig.l4. Interatomic distances and valency
“angles in o-bromobenzoic acid.
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contains the corresponding anisotropic temperature
paramepera. The bond lengths and valency angles,
fillust;ated in Fig.14, were calculated from the
coordinates listed in Tsble 13.  The shorter
intermolecular contacts are shown in Table 15,
The average standard deviations in positional
. parameter calculsted from the results of the seventh
least-squares cycle are
rcarbont Gy m Gy = 0,013 ?\, Gy = 0,016 K.
oy = 0.012 %.
2 A

0
Oxygent G'i = G-z - 0.009 A’

o

bromine; Gx = oy = 0y = 0.0

The”estimated standard deviations in bond length
derived from‘these results are 0,020 K for a caﬁbon;
;lgafbon bond, 0,017 g fbr a carbon-oxygen bond and
10,014 & for the carbon-bromine bond, The estimated
standard ae§iat1en in band.angle‘calculatedvrrém

Cruickshank and Robertson's (1953) formula 4s 1.3%,




TABLE 15,
E

The shorter intermolecular contacts.

0(1)..(;0(2)I
0(1)...0(2)11
0(1)...0(1)¢
c(1)...0(2)1
6(1)...0(1)q

c(7).. .O(Q)III

6(6)+..0(2) 1y
c(2)s..0(2) 171
c(1)...0(2)1
c(7)...0(2) 1y
0(1)...c(6)y
0(2)...0(2)1
e(v)...c(v)lv
0(1)s..0(1)yy
0(6)4:40(1)yry
C(5)e..C(6)11

(8]
2.643 A
3.224
3.284
34329
3,393
3,454
34459
3,484
3.498
3.531
3,576
3.602
3,635
34640
3,668
3,671

c(3)e..0(2)11
C(4)e..C(7)1y
Br...C(6)y
Br...C(B)y
G(6)¢s.0(2)r1y
C(4)e.oC(4 Ny
0(1)...C(1)17
¢(3)+..0(2) 11
C(5)essC(7) 1y
c(3)e..0(7) 11
c(4)...c(2)11

c(4)...c(6)11

c(1)...c(1)1

C(3)e..0(1)17
C(7)es.C(1) 1y
Br...C(5)yr11
0(6)...C(7)1y

3,676 %
3.748
3.751
3,766
3,785
3,794
3,806
3.815
3,832
3,859
3,839
3.848
3,890
3.896
5,927
3,932
3,998

I.
11,

111, 2,

IV,

The subscripts refer

positions:-
t-x, %-y, %
Xy a4+ y, 2
Yy, Z

!, 1“y’ E

VIIIg ‘%-—X,

to the followilng

V.

-

VI. 3-X, 13-y,
VIIQ “’z’?-bx,

o'
L )

%+y9

* X 2+ Y 2

Zz
”

ez
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5.8, Mean molecular plane calculations.

Only two equations of mean molecular planes were
calcula%ed for o-bromobenzolc acid. They were the
equation of the plane through the six carbon atoms of
the benzene ring, and that of the carboxyl group and
¢(2), the method of Schomaker et al (1959) being used,
The equations found are

0.04782 X' ~ 0.88713 Y 4+ 0.45903 2' 4+ 0,51657 = O

for the benzene plane, and

0.26961 X' - 0,73115 Y 4 0,62669 Z' - 0,38458 = O
for the carboxyl plane. The devlations of the atoms
from these planes are shown in Tsble 16, The angle
which the carboxyl plane makes with the benzene plane
is 18.3°,

3.9, Discussion.

The Br ...0(1) (3.004 &) and Br ... 0(1) (3.275 1)
separations are apprecisbly shorter than the sums of
the van der Waal's radii (2.35 X and 3,95 g respectively).
The molecule is distorted from the ideal planar configuration

with valency angles of 120° at the benzene carbon atoms
88 a result of steric strain,

The carboxyl group'is twisted out of the plane of




TABLE 16,
==

Deviations from the mean planes.

(a) Plgne through the benzene ring atoms C(2)ee..C(7).
() Plame through C(1), ¢(2), o(1), o(2).

~ Atom J (a) (v)

e(1) -0.057 } ~0.003 A

- ¢c(2) ~0,001 0.001
c(3) -0,002 -

. c(4) . 0.006 -
c(5) . =0.004 -

. ¢(se) » 0.001 -

Co(7) : 0.002 -
0(1) = 0,380 0,001

- 0o(2) - 0.315 0,001
Br 0.064 -




63,

‘the benzene ring by 18.3°; this is accompanied by
&nall( out-of-plane and larger in-plane deflections

- of the exoeyeclic valency bonds. : Thus the bromine

" atom and the exocyclic car'bon atom are displaced from
the plane of the aromatic ring by +0.064 ?L and -0,087 R
respectively, corresponding to the valency bonds bending
out of the plane of the benzene ring by +1.9°2 and -2.2°,
In addition, two of the exocycllc velency angles are
‘increased from the normal value of 120° to 124,9° and
123,49, while the adjacent angles are decreased to
114,49 and 116.4°%, (®ig.14). Thesec effects are
8lightly larger then, though similsr to, those observed
in o-chlorobenzoic acid, (see 2,10).

. The average length of a carbon-carbon hond is
1.394 OA which 1s compareble with the mean value of
.1.,,385‘ R found in o-chlorobenzoic acid, The exocyclice
earbon-carbon bond (1,487 X) appears to be shorter than
that in o-ehlorobenzoic acid (1.521 ﬁ); as the standard
deviation in bond length 1s 0.020 K, little significance
can be given to this difference, The valency angles
in the carboxyl group conform to the pattern generally
found in carboxylic aecids. The angle CG(2)a(1)o(1)
(126.0°) is howewer slightly enlarged; this may be
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a furtyer gteric effect caused by the proximity of the
bulky'gromine atom. The carbon-oxygen bond lengths of
1.201 % ena 1,346 R (Fg.14) indicate that the carboxyl
hydrogen atom 1s bonded to 0(2) as is the case in
o-chlorobenzolc acid,

The carbon-bromine distance of 1.885.3 appears to
be slightly longer than the average value of 1,85 i for
aromatic carbon-bromine bonds (Tables of Interatomic
Distances, 1958)., As the standard deviation of this
bond length is 0,014 X, the difference may not be
significant,

The closest intermolecular approach occurs between
oxygen atoms of adjecent carboxyl groups related by a
centre of symmetry. The OH...0 distance here 1s
2.643 R which is normal for this type of hydrogen
bonding, All other intermolecular contacts (T&ble 15)
are over 3 g and correspond to normal van der Waal's

interactions.
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4, 2-Chloro-~b-nitrobenzoic acid.

A detailed X-ray investigation of the erystal and
molecular strueture of 2-chloro-b-nitrobenzoic acid was
undertaken because of the possibility that the moleecule
might exhibit 2 relayed steric effect. In particular,
the buttressing of the hydrogen atom at position 6,

0(4)

N

o(8)

o(2) 0(1)
“by the nitro. group at position 5, might cauae tha catbozwl
'swoup to be tilted more steeply to the benzeno plane then

uus :bund in o~chlorobenzoic acid; +this did in raet prove
to be the case,
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4,1, Crystal Data.

Lath~like crystals elongated along the direection of

the b erystal axis (but occasionally along &) were obtained

' Dby crystallisstion from squeous ethenol., Small ecrystals

suitable for recording intensity data were obtained by
cutting the lath~shaped crystals. The monoclinic cell
dimensions were determined from rotation and ecuatorial
layer-line moving-film photographs taken with copper Ko
radlation, the following values being obtaineds:-

a = 5.86 % 0,02 X

P = 5.13 L 0,02 g.

e = 26,66 £ 0,05 g

B = 970B4' £ 20'.

The wvolume of the unit cell is 794 05. The
experimentally determined density is 1.678 g.cm?s,
consequently there are four molecules of CpH,0,NCL in
the unit cell. The calculated density is 1.687 g.em':a;
The linear sbsorption coefficient for copper Kol pradiation
18 u = 42.0 cul’

Examination of the equatorial-layer-line Weissenberg
Photographs showed that the absent spectra are

we when £ is odd
OkO0 when %k is odd.




67.

The space group 1s therefore uniquely determined

as P2) /o (an).

4.2, Intengity Data.
The data used in the initilal two-dimensional work

" consisted of the hOf and Okl reflexions, For the
three-dimensional analysis the hlf, n2l, and h3l sets

of data‘were collected using the equi-inclination
multiple-film Weissenberg techniaue, The intensities
were estimated visually and were corrected for Lorentz,
polarisation and the Tunell factors appronriate to

upper layers in the usual way. No absorption eorrectlons
were applled as care had been taken in cutting small
erystals of spproximately uniform cross-section, The
structure amplitudes were put on the same relative scale
by means of the Okl =zone. They were later put on an
absolute scale by comparison with the calculated structure

factors.

4.3, Struecture determination:- the b-axis projection.
As in the case of o-chlorobenzoic acid use was made

of the Patterson projection on (010) (Mg.15) in Bol#ing

the structure. The largest peak on this map represents




‘Fig;15. Patterson projection along the b-axis.
! Contours at eoual arbitrary intervals,
the lowest contour being broken and origin

peak contours omitted. The chlorine-chlorine
vector is marked with a cross.




68,

the chlorine-chlorine vector between chlorine atoms of
an acid dimer, and the peaks nearest the origin define
the orientation of the benzene ring, This enabled
apprgxtmate x and % coordinates for the chlorine, oxygen,
nitrogen and carbon atoms to be deduced., Structure
factors were calculated using the Tomiile and Stam (19858)
scattering factor curve for chlorine and those of
Berghuis et al (1955) for carbon, oxygen and nitrogen
with an overall isotropic temperature factor B = 4,0 32.
The value of R, the discrepancy facfor,.was 0.52, wWith
‘the sipgns of the calceulated structure factors allocated
to the measured smplitudes, the Fourier projection on
(010) was computed. All the atoms (apart from hydrogens)
were clesrly visible on this map élthough there was
considerable overlap 1in the carboxyl group. Rew

coordinates were chosen and in the second structure-factor

calculation R was 0.26,

4.4, Refinement of the b-axis projection.

This projection was refined by least-sguares methods,

no allowances being made for hydrogean atoms at this early
8tage, In all, slx rounds of calculatlons, in which

Positional and anisotropic temperature parameters were




TABLE 17.
L

The x and z coordinates cobtained from the
least-squares refinement of the b-axis projection,

expressed as fractions of the axial lengths,

(ﬁ?g?yig.zo) z 2
c(1) -0.2544 0.1023
c(2) -0,4599 0.1163
c(3) -0,5312 0.1626
c(4) ~0,4110 0.1912
c(s) -0,2105 0.,1739
c(e) -0,1255 0.1312
c(7) . -0,1438 0.0561
N -0.1063 0.2011
0(1) ~0 . 2099 0.0317
0(2) -0,0238 0.0383
0(3) 0.09%1 0.1938
0(4) «0 41770 0,2392
oL -0,6042  0,0816




Fig.16. Electron-density projection on (010).
Contours at intervals of 1 eA™? except
around XES chlorine atom where, sbove o_g,
the 3 eA ~ contour, the interval is 2 eA
The one-electron line is broken.
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adjusted, were completed. The value of R was reduced

to 0,15, The coordinates obtained after the sixth
refinement cycle are listed in Table 17, Because of
the relatively small amount of data available
(approximétely 150), and the overlap of some of the
atoms, no further refinement of the projection on its
own was attempted. The final électron~denaity

projection on (010) is shown in Fig.1l6.

4.5, The a-axls projection.
o
The length of the g axis (5.86 A) encouraged

attempts at solving the Patterson projection on (100),
(Mg.17). Symetry relationships predict that an

atom with coordinates (y,z) should give rise to peeaks

on this Patterson projection at {2y, 2z), (4-2y, %)

and (4, $-22). Since the value of 2z for the chlorine
atom was known from earlier work on the (010) projection,
the y-coordinate for the chlorine atom was readily found,
On .the basis of the chlorine atom alone, structure
factors were calculated for the Okf data: R was 0.58,

The signs of the chlorine atom contributions were then
used in computing an electron-density projection along



Pig.17.

Patterson projection along the a axis.
Contours at ecual arbitresry intervals,
the lowest contour being broken and
origin peak contours omitted. The

chlorine-chlorine vectors sre marked
by crosses.



TABLE 18.

The y and 2z ecoordinates obtained from the
refinement of the a-axis projection expressed

as fractions of the axlal lengths,

(c?g?%ig.ZI) ¥ 2
c(1) 0.1950 © 0.1019
c(2) - 0,0476 0.1189
c(3) 0.1424 - 0,1633
c(4) 0. 36554  0.1925
c(5) 0.4592  0.1696
c(e) 0.3912 . 0.1263
o) | 0.1029 - 0,0680
N 0.6728  0.2032
0(1) <0.1040 . 0,0336
o(2) 00,2537 0,0357
o(3) . o.7321 0.1934
0(4)  0.7669  0,2389
cL . -0.1737 0.0822




Fig.18., Electron-density projection gn_(100).
Contours at intervals of 1 ei‘g except
around the chlorine atom where, after )
the 4 eA~2 contour, the intervel is 2 el .
The one-electron line 1is broken.
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the 8 axis. From this projection, y-coordinates for

the lighter atoms were chosen and refinement continued |
by Fourier and difference syntheses, four rounds of
calculations reducing R to 0.15. Table 18 shows the

y and z coordinates obtained, The final electron-

density projection on (100) is shovn in Fig.18,

4.6, Three-dimensional refinement.

As a starting point for the three-dimensional
enalysis the x snd z coordinates from the (010)
projection and the y~coordinates from the (100)
projeetion, with an isotropic temperature factor
B= 4,0 32, were used in colculating structure factors
for the hll, n2f and h3f sets of data. The values
of R were 0.26, 0,27 and 0.29 respectively. Improved
positional parsmeters were then obtained by interpolation
in three-dimensional electron-density distributions
(Booth, 1948b)., Both F, and F, syntheses were computed
in order that back-shift corrections for termination-of-
series errors could be made (Booth, 1946, 1947)., In the
next structure-factor calculation the values of R were

0.19, 0.21 and 0.21 for the hif, h2f and h3{ data
réspectively.
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Allowances were now made for hydropgen atoms; tho‘se
of the benzene ring were placed radilally at a distance
of 1,0 3 from the sppropriate carbon atoms, that of the
carboxyl group was 1.0 2 from 0(2) on the line to 0(1)
of the opposite ‘carbo:‘cyl group. The scattering curve
chosen for hydi’ogen m that of McWeeny (1951) and the
hydrogen temperature factor B was kept constant at 4,0 3.2
throughout the refinement,

When seven cyclés of least-souares refinement had
'been completed the parameter shifts were negligible,

In the lesast-souares calculations 205 unobserved
reflexions were included each with a value of |Fy eat
hali“ the minimum valué locally observable, After the
£ifth cyele, new coordinates were calculated for the
hydrogen atoms; these, although included in the
structure-factor calculations, were not refined by the
1east—sduares program, In Table 19 are listed the
values of R and 2.w(Fy-F,)2 for the refinement cycles.
The final value of R 1s 0.090 for the 1027 observed
reflexlons., The observed structure amplitudes are
listed with the final values of the calculated structure
factoi's in Table 20,



TABLE 19.

Progress of the least-squares refinement,

Cyele B Z wa?
1 0.185 748
2 0,155 532
3 0.132 426
4 0.110 366
B 0,102 328
8 0.093 288
" 0,090 276
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4.7. Coordinates, Molecular dimensions
and Estimation of Accuracy.

The coordinates obtained from the flnal least-snuares
refinement cycle are given in Teble 21, where the -
coordinates assigned by celculation to the hydrogen
atoms are also shown, The anisotropic temperature
factors are listed in Table 22, In Fig.19 the bond
lengths and angles of the molecule defined by the
coordinates given in Table 21 are shown, The
arrangement of the molecules in the b~axis and .the
a-axls projections is shown in Flgs.20 and 21
respectively. On these tvo dlagrams some of the
shbrter intermolecular contacts are indicnted. These
and the other intermolecular aporoach distrnces less
then 3.7 A are listed in Table 28, vhere some of the
more Interesting intramolecular contacts are also given,
The closest intermolecular approach occurs between
oxygen atoms of adjescent carboxyl groups related by
8 eentre of symmetry, the OH...0 distonce being 2.8613 K.
All other intermolecular contacts correspond to normal
van der Waal's interactions.

The standard deviations in positional parameters,

calculated from the least-squares normal-equation totals,



TABLE 21.
SOOI

M™Mnal atomic coordinates.

Coordinates x, y and z are referred to the mono-
clinic c¢rystal axes and are expressed as fractions of
the axial lengths,with origin at the centre of symmetry.
Coordinates X', Y and Z' are referred to orthogonsal
axes 8, b and ¢', ¢' being token perpendicular to the

0
a and b crystal axes, and are expressed In A units,

Atom X X z X' b4 Z!

. — —

c(l) «0.92551 0.1807 0.1006 «1,883 0,927 2,654
c(2) -0.4479 0,0736 0.1162 -3,051 0.378 3,068
c(3) ~0.5264 0.1526 0,1598 =3,670 0,783 4.218
c(4) =~0.4142 0.3503 0.1889 -3,119 1.797 4,986
c(s) ~0.2209 0,458l 0.,1734 ~1.930 2,350 4,577
jc(6) -0.1431 0.3791 0.1300 -1.315 1,945 3,432
c(7) -0.1520 0.,0996 0.0550 =-1.092 0,511 1,451
0(1) -0.1858 -0.1173 0.0367 -1,922% -0,602 0,968
0(2) -0.0226 0.2753 0,0384 -0,273 1,412 1,015
0(3) 0.0806 0.7441 0.1922 ~0.232 3,817 5,075
0(4) -0.1861 0.7523 0.2391 -1.966 3.859 6,312
N -0.,1002 0,6646 0,2034 ~1.332 3,409 5,370

ce -0,6040 -0,1761 00,0822 -3,840 -0,903 2,169
- Conttd -




TABLE o1

(Cont'a)
Aﬁbm p.4 X z _}S' X z‘!
H(08) 0,0659 0.2168 0,0099 0.291 1.107 0.262
H(C3) -0,6651 0,0798 0.1705 -4,523 0.374 4,500
H(C4) -0.4714 0.4100 0,2202 -3.569 2,103 5,811
H(C6) -0.0029 0.4580 0.1191 -0.463 2,350 5,144




TABLE 22,
S

Anlsotropic temperature factors (hij X 105).

Dy  Bog By Boy Bz By,

c(1) 3747 6267 177 229 346 877
c(2) 4226 6153 202 63 136 491
c(3) 4235 7689 184 197 539 787
c(4) 4323 6392 193 124 570 -695
c(5) B945 7596 172 100 275 661
c(e) 3879 6685 202 152 479 1318
c(7) 4479 4345 207 -174 56% 149
0(1) 5562 6854 232 -472 77 194
o(2) 6093 5526 247 =126 1180 =350
0(3) 5570 7369 273 -276 837 -2034
0(4) 5680 6546 998 354 556 1240
N 4611 B570 213 - 48 518 558

ce 4241 6091 291 -188 930 -660

The temperature factor is expressed in the form

- 2 | T N
) (bllh + b.ggk 4 bsseg + bgskﬂ <+ blﬁha + blﬁhk)



1,368
120.6 | 121.8 116‘4'
o 1.753
1. 117.7 121.9
%93 ,///1:;;;
116.8 Y125.5°
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1.291//,//§;:Te' 1,220
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Fig,19. Interatomic distances snd valency
.angles in 2-chloro-5-nitrobenzoic
acid.
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Fig.20. The crystal structure of 2-chloro-5-
nitrobenzoic acid as viewed in
projection along the b axis with the
true unit cell helved in the ¢ direction.
Some of the shorter intermolecular

contacts 2re shO¥n.



Fig.21.

Structure viewed along the a axis
with the true unit cell halved in
the ¢ direction. Some of the shorter
intermolecular contacts are shown.



TABLE 23,
Shorter Intermolecular Jistances.

0(1)...0(2); 2.613 R 0(3)...Nyg 3,509
0(4)ssoNyg 2,988 0(2)...0(2); 3.521
{0(2)e.s0(2) 17 3.220 | 0(3)...C(4)1y 3.528
0(4)...0(3)y; 3.128 | 0(4)...0(4)1y 3,536
0(3)...0(4)y; 3.198 NesoC(2)1y B.557
0(2)...0(1)y 3.258 C(6)e..0(1) 1y 3.571
0(4)...c(5)yr 3.273 0(4)...0(5)VI 3.595
0(3)...6(8)y 3.815 C(5)e..Clry 34601
0(1)...0(1); 3.343 | W...0(3)1y  3.612
C(7)es.0(1)y 3.349 | C(6)...C{yy 3.630
0(4)...0(4)1r 3.365 WeooNyy 3.650
0(4)...0(3)7y 3.392 C(8)...¢(2)1y 3.670
¢(7)...0(2); 3.412 | 0(3)...0(1)1y 3.679
€l ...0(2)y; 3.457 Nu..0(4) 11 3,680
ct "'0(1>v1 8,472 o(s)...cvv 3.699
CL «ssC(7)yr 3.493 | 0(3)...C(5)77 3.728

- Cont'd -




TABLE 23,
(Cont'ad)

The subscripts refer to the following positionss

I -xy =y, =2 v x v =
V 1l4x, L4y =

IT =%, 34¥y =2 o
VI xl, ¥y, 3

III -xy l-y, =3

- Intramolecular non-bonded distences:
o 6(7)essCl B41TS - 0(3)e..c(8) 2,75
o 0(1)ees02 - 2,896 0(4)s.40(4) 2,709
- o(2)...c(8) 2.685 0(1)...0(2)  2.951




TABL

Standard deviations of the finsal

atomic coordinates {A).

(x) (x) (z)

c(1) 0.0055 0,0076 0.0054
c{2) 0,0058 0.0079 0.0068
c(3) 0.0058 0.0082 0.00867
©(4) 0.0067 0.0078 0.0088
c(s) 0.0066 0,0080 0.0088
c(s) 0.0057 0,0078 0.0058
c(7) 0.0057 0.,0073 0.,0058
o(1) 0.0042 0.0066 0.0041
o(2) 0.0044 0.0054 0.,0042
o(3) 0,0045 0,0056 0.0046
0(4) 0.0044 0.0053 0.0042

N 0,0049 0.,0082 0.0049
ct 0.0015 0.,0022 0.0016




73

are listed in Table 24, The estimated standard deviations
in bond length (in X) obtained from these values are
carbon-carbon = 0,009, carbon-oxygen = 0,008,
carbon~-nitrogen = 0.008, carbon-chlorine = 0,007 and
nitrogen-oxygen = 0,007, The standard deviation in

bond angle, calculated by Cruickshank and Robertson's
(1953) method, is 0,89,

4.8, Mean molecular plane calculations.

The best plene through the carbon, nitrogen, chlorine
and oxygen atoms calculated by the method of Schomeker
et a1 (1969) has equation

0.,51574 X' - 0.66874 Y + 0.53564 Z' 4+ 0.13468 = O,

The deviatlons of the atoms from this plane (Table 25)
show that, as in o-chlorobenzoic acid, the molecule is
clearly non-planar, The equation of the plane through
the benzene ring carbon atoms was then calculated and
found to be

0.60771 X' -~ 0.68389 Y 4 0.52395 7' + 0.,19423 = O,
The small displacements of the benzene carbon atome from
this plane (Table 25) are not significant, their average

value being 0,006 R. The chlorine atom and the nitrogen
atom deviations sre similarly not significant. The



(2) Plane through
(k) Plane through
(¢) Plane through
(Q)-Plane through

TABLE 25,

o
Deviations m of the atoms from various planes_,

¢(1)e...0(7), 0(1)....0(4), N, CL.
the benzene ring stoms C(1)....C(6).

0(1)....0(7),_
c(1), c(7), o(1), o(2),

N,

cL.

(e) Plane through C(5), 0(3), 0(4).
(2) (p) (e) () (e)
c(1) 0,025 0,006 =0,010 0,003 -
c(2) ~0,048 =0,006 =0,010 - -
c(3) -0,022 0,006 0.014 - -
c(4)  =-0.,005 ~0,006 0,004 - -
c(s) 0,019 0,006 0.008 - 0,000
c(6) -0,006 -0.005 ~0,018 - -
c(7) 0.007 0.051 0,022 «0,009 -
o(1) 0.424 0.492 0.460 0.004 -
0(2) ~0.407 0,379 ~0,416 0.003 -
o(3) 0.180 0,128 0.116 ~ 0,000
0(4) 0,080 ~0.136 =0,124 - 0.000
N 0,043 0,000 0.000 - 0,001
ck  -0,080 -0.001  =0,007 - -
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disPIacément‘or the exocyclic carbon atom C(7) from the
benzene plane is 0.051 &, implying en out-of-plane
bending of the exocyclic carbon-carbon bond of 2.0°,
This displacement, although small, is severnl times
greater‘fhan the stendard deviation in positional
paraemeter and would appear to be significnnt. A means
of testing the significance of the C(7) deviation is
by application of the X° test (see Part I, 1.10) to
‘the displacements of the chlorine, nitrogen and the
seven carbon atoms from the best plape that can be

fitted to them, This plane has equation
0.,50083 X' ~ 0,68361 Y 4 0.53090 Z' + 0.14758 = O

> A% - 1,28 x 1070 2
and Xa,s ZA2/0‘2 = 26

It 4s found from tsbles of )} °(Fisher and Yates,1957)
that this corresponds to a probabllity of less than one
in one thousand that no atoms deviate significantly
from the calculated plane, i.e. the chlorine, nitrogen
and thé seven carbon atoms cannot all be regarded as
coplanar,

The atoms of the carboxyl group €(7), 0(1) and 0(2),
and carbon atom C(1l) of the benzene ring lie on the
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plane with equation

0.72169 X' - 0.35446 Y 4+ 0,594568 2' .+ 0,09759 -» 0
The angle between this plone and that of the éromatic
‘ring is 23,0°, The plane through the atoms of the
nitro group N, 0(3) and 0(4), and carbon atom 0(5) of
the benzene ring has equation

0,41333 X' - 0.68278 Y + 0.60247 Z' - 0.35560 = 0.
The angle which this plane makes with the benzene ring
is 7.0%, |

The equation of the plane through the four oxygen
atoms, 0(1), 0(2), 0(1)' and 0(2)', of an acid dimer
and the centre of symmetry at‘the origin is required
in the computatlon of Fourler syntheses in the oxygen
atom plane, It was found to be

0.68048 X' - 0.33614 Y 4+ 0,65113 2' = O,

4,9, Loeation of hydrogen atoms,

On completion of the three-dimensionsl least-squares
refinement, a further set of structure factors F,' was
caleulated using'the finel coordinates and temperature
factors listed in Tables 21 and 22, omitting the hydrogen
atom contributions, Difference Fourier projeetions on
(o10) (Pig.22) and (100) (Fig.23) were computed using



Fig,22.

Difference electron-density pI’OJeC ion
on (010). Contour scale: 0.2 eA™"
negative levels broken, Zero contours
omitted.




Fig.23.

Difference electron-density projecgion
on (100). Contour scale: 0.2 eA™7,
negative levels broken, zero contour
omitted.
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(F,~F,') as coefficients, the hydrogen atoms of the
benzene ring being clearly visible in these projections.

The cafbokyl hydrogen atom responsible for the hydrogen
bonding between dimers 1s found as o rather diffuse
maximum in the projection on (010) but appears to be
better resolved in the (100) projection,

Difference Fourler syntheses using (Fo-Fo') as
coefficients were also evnaluated in the plane of the
aromatic ring (Fig.24), and in the plane of the four
oxygen atoms of an acid dimer (Fig.25). In Pig.24
the direction 4 is the line of intersection of the
molecular plane and (010), and e is the direction
of the line of intersection of the molecular plane

and (100). The lengths of the lines 4 and e are

o
d = 9.427’ e = 9.544 A

and the angle between them is 131°12'. The corresponding

values for the direction £ end g in Fig.25 are
f = 9,914, g = 6,008 g
the angle between them being 114°58',
The data used in the Fourler calculations were
limited to the planes with sin©0 < 0.400 since the
effective hydrogen atom contribution to planes with

& higher value is small; this also minimises the

effects of any errors in the thermal parameters,



Fig.24. Section through the three-dimemsionsl
difference electron-density distribution
evaluated in the plane of the benzene ring.
Contour scale: O.1 e™%, negative levels
broken, zero contour dot-dashed.



Fig.25.

(a)

(p)

(e] | 2 3,
TPPTT VU POV TUTW FUVIN TPV By

Sections through (2) the three-dimensional
electron-density distribution and (b) the
three~dimensional difference electron-density
distribution evaluated in the plane containing
the oxygen atoms of the carboxyl group and the o_
origin ofpthe unit cell, Contour scale (a) 1 eA
(p) 0.1 eA™, negative levels broken, zero
contour dot-dashed,

3

’
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In Fig.24 the hydrogen atoms of the benzene ring are
clearly revealed, the pesk helghts lylng between‘0.41‘
and 0.42 egfs. The corbon-hydrogen bond 1engtﬁs
measﬁred directly on this map are | |
¢(3) - B =0,98; C(4) - H = 0,963
o(6) - ¥ = 0.88 A,
the average value beins 0.93 A.

In Fig.25 a triple F, syntheslis in the plene of
the oxygen atoms of the acld dimer is shown above the
(Fo~-Fa') synthesis in the some plane,  The hydroxyl
hydrogén atom is not nearly as well resolved in this
difference synthesis as 1ts benzene ring countefparts
in Mg.24. The expected'position on the dotted line
Joining_o(z) and 0(1)' is indicated by a cross at
1.0 R from 0(2). The maximum of 0.21 er~? situated
midway between the okygen atoms and to one side of
the line joining them may be attributed to this
hydrogen atom, A comparable lack of resolution

was found with o-chlorobenzoic aeld,

4,10, Discussion.
The Cl...0(1) (2.896 &) ana CC...c(7) (3.173 k)
intremolecular separations are apprecisbly shorter

than the sums of the appropriate van der Waal's radii,
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3.20 and 3,80 X respectively. The corresponding
distancés in o-chlorobenzoic acid are 2.892 and 5.217'3.

_ Thé displacements of the benzene carbon atoms from
the pléne of the aromatic ring are all about 0,006 R
and are not significant, The displacements of the
ehlorine and nitrogen atoms nre similarly not significant.
The displacement of the carboxyl carbon atom C(7) from
the benzene plane is 0,051 R which, being several times .
greater than the standard deviation in position (Table 24),
would appear to be significant (see 4.8). This
displacement implies a deflectlon of the exocyclie
carbon-carbon bond of 2,0° from the plane of the benzene
ring, a result of the same order of magnitude as that
found in o-chlorobenzoic acid (2.29).

_ The tilt of the carboxyl group plane to the benzene
plane (23.0°) is apprecisbly greater than that found in
o-chlorobenzoic acid (13.7°). This difference may arise
from an intramolecular huttressing effect, or intermolecular
crystal forces. In o-chilorobenzoic acid it is highly
Probable in view of the in-plane deflection of the
expcyclic carbon-carbon bond that the hydrogen atom

adjacent to the carboxyl group is also displaced away
from its ideal radial position. In 2-chloro-5-nitro-
benzoic acid the bulky nitro group in the 5 position will
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vstrictly curtail the in-plane splaying-out of the
hydrogen atom at position 6, the resulting 1ncreased

Heso0(2) interaction causing the carboxyl oxygen atoms
to be rotated further out of the benzene plane,
Similar arguments can be advanced concerning the
driehtation of the nitro group in 2-chloro-b5-nitro-
benzoic acid. Nitrobenzene (Trotter, 1959) and
p-nitroaniline (Donohue & Trueblood, 1956) are
completely planar as would be expected, while on the
other hand 2:4-d1ni£rochlorobenzene_(Watson, 1960),
m-Aiinitrobenzene (Trotter, 1961a) and 2-chloro-5=-
nitrobenzoic acid all have nitro groups adjacent to
buttressed hydrogen atoms, the nitro groups being
rotated 159, 11° and 7° respectively out of the
benzene planes, These considerations lead to the
conclusion that it is intramolecular rather than
intermolecular forces wvhich are responsible for the
rotation of the nitro group and the increased rotation
of the carboxyl group 1n 2-chloro-5~-nitrobenzolc acid
as compared with o-chlorobenzoic acid,

A The in-plane displacements of the exocyeclic carbone
carbon and carbon-chlorine bonds away from one another
(Pig.,19) are comparable to those in o-chlorobenzolc aeid,

the angle between the carbon~-carbon and carbon-chlorine

vectors being 67.4° (67.2° in o-chlorobenzoie acid).
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The bond lengths and valency angles 1in the carboxyl
group conform to the pattern usually found in unionised
carboxylic acids. This is exemplified by the angle
C~C~0H approaching the tetrahedral value while the
angles C~C=0 and 0=C-OH exceed 120°, As in the case
of o-chloro- and o-bromo-benzolc acids the carbon-oxygen
bond lengths are indicative of the carboxyl hydrogen atom
being bonded to 0(2), the oxygen atom remote from the
chlorine atom. As has been previously explained (2.10)
this allows sufficient clearance ﬁetween the halogen
atom and neighbouring oxygen atom for a smaller tilt
than would be required if the opposite conformation
were adopted.

The dimenslons of the nitro group do not differ

slgnificantly from those reported for nitrobenzene or

n-dinitrobenzene.
0 o o) 0 0 0
192/ 124% 125/
1.2 \ L] »
16 N 119° 1.208 N 118° 1+20 N~ 118°
1,452 1,486 1,47
c c

2-chloro-5-nitro~ nitrobenzene m-11initrobenzene
benzoic acild (Trotter,1989) (Trotter,1961a)
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The pattern of the valency angles (0-N-O exceeding
1209 and C-N-0 less than 1200) can be attributed to
‘electrdnic repulsion involving the lone pairs of
‘electrons on oxygen atoms in the sp° state of
hybridisation, these electrons being situated in
the plane of the nitro group. The angular variations
found in the carboxyl group can similarly be explained.,

The mean carbon-carbon distance in the aromatic
ring 15 1.376 A, which is not significantly different
from the mean dlstance of 1,385 X- in o-chlorobenzole
acld, The carbon-chlorine bond length (1.753 3)
is not significantly longer than that found in
o-chlorobenzole aeid (1,737 X).
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5. 4-Chloro-3-nitrobenzolc acid and
4-~-Bromo-3-nitrobenzoic acild.

The molecules of 4-chloro-3-nitrobenzoie acid and
2-chloro-5-nitrobenzoic acld are related in that only
the carboxyl and nltro groups hove been lnterchanged,
It was to find the effect of this interchange on the
molecular geometry that the analysis of 4-chloro-3-
nitrobenzoic acld was underitaken.

At a later date crystals of 4-bromo-3-nltrobenzoic
acid were obtained and found to be isomorphous with the
4-chloro-acid, This was put to good use in solving
the 4-chloro-acid structure which had been resisting

attempts at solution by Patterson end trlal-and-error
methods, In addition the effect on the stereochemistry
of the molecule of replacing a chlorine atom by the
bulkier bromine atom could be investigated for comparison
wlth o-chloro- and o-bromo-benzoic acids,

In the calculations involved in the analysis the

atoms were numbered as followssi-
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 Br.CL 0(4)

(1) o(2)

B.1, Experimental details:

‘Crystals of 4-chloro-3-nitrobenzoic acid (43CNBA)
and 4-bromo-3-nitrobenzoic acid (4BBNBA) suiteble for
x;rayhinvestigation, obtained by recrystallising the
erude commerclally available material from aleohol-ether
mixtures, are monoclinic laths normally elongated along
the b cerystal axis, although occaslonally along ga. The
unit-cell dimensions and space group were determined
from oscillation and rotgtion photographs of crystals
rotating about the & and b crystal axes, and the Ok(,
i, h1f, h2l and h3{ Welssenberg films.




Crystal data.
4 3CNBA

' o
Cell dimension a = 7,41 £ 0.02 A
P = 5.70 R

5.2,

1+
o
o
)

f = 200°30' £ 20'

- 03
Und t-cell U= 794 A

D 1.687

Z 4

Dy 1,686
Absorption
coefficient 1
for X-ray n = 42,0 em?
A= 1,542

84,

AZBNBA

a = 7.48 £ 0.02 A
b = 5.82 £ 0.02

e =19,27 £ 0,04

(= 103°8' £ 20
o
U = 817 As

1,990
4
1,999

x = 70.1 em3t

Abgent spectrai-

5.3,

Intensity data.
For both acids, the nof, hil, n2¢

nf when f is odd and OkO when
k 1s odd. The space group is
therefore dgtermined uniquely
as P2, /c (czh).

and h3/

intensities were collected using the multiple-film

equi-inclination Welssernberg technlque with copper KA

radiation.
the nOs

At the present stage of the analyses only
and h3{ data have been utilised.l The

intensities were estimated visually and no absorption
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corrections have been applied. The structure
amplitudes were derived by the usual mosale crystal

formula, the absolute scale being established later

by comparison with the calculated structure factors.

5.4, 4-Bromo-3-nitrobenzoic acid.

(1) The (010) projection.

The Patterson projection on (010) was computed

using the 169 h0{ terms ond is shown in Fig.26, The
large peak on this map at a generel position corresponds
to a bromine~bromine vector between the bromlne atoms
of an acld dimer, The x and z coordinates of the
bromine atom were then deduced to be approximately
(0.380, 0.181)., = The next step was to calculate
structure factors on the baslis of the bromine atom

glone using a temperature factor B = 4.0 32 with the
bromine scattering curve of Thomas and Fermi
(Internationale Tabellen, Vol.II, 1935). The value

of the residual R was 0,40. The signs of the bromine
atom contributions were then taken with the observed
structure amplitudes in evaluating the Fourier projection
on {(010), in which the positions of the remaining atoms
(other than hydrogens) could bhe clearliy distinguished,
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In this way coordinates for the carbon, nitrogen and
oxygen atoms were obtained and those for the bromine

atom improved.
In the next structure~factor calculation the

scattering curves of Berghuis et sl (1955) for earbon,
nitrogen and oxygen werec used, an 1sotropic temperature
factor B = 4.0 32 wag assigned to asll the atoms and R
fell to 0.29. A further Fy Fourier synthesis was
computed, followed by an F, synthesis whilch was used

to determine back-shift corrections to allow for the
effect of termination of series on the Touriler summations,
and & new improved set of coordinates was obtained,

In the ensuing structure-~factor calculation R was 0,21,

(11) Determination of y-coordinates and
partisl three-dimensional refinement.

From considerations of known bond lengths,
y-coordinates for the bromine and carbon atoms were
deduced in a manner completely analogous to that described
for o-bromobenzoic acid (see 3.5), with the advantage
that this time there was no ambiguity about molecular
centres to complicate the calculation, Using the x and 2z
coordinates from the (010) projection and the calculated
y-coordinates, the h3¢ structure factors were calculated
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on the basis of bromine and carbon atom contributions‘
only. An overall isotrople temperature factor
B = 4,0 %2 was employed and R was 0,42,

Using only the h3{ data, Fourier line syntheses
parallel to the y-direction were computed through the
known x and z positions of the atoms, From these,
y=coordinates of nitrogen and oxygen atoms were obtained
and those of the bromine and carbon atoms improved.

In the second h3f structure-factor calculation R was
0.28. Two further rounds of refiqement by Fourler
methods using both Fy and Fe syntheses were completed
using the nOL and h3f data., No attempts were made
to refine the temperature parameters and hydrogen atom
contributions were neglected. The present values of
R are 0,185 for the hOf and 0.216 for the h3L sets
of data, The values of the calculated struecture
factors a2t this point are listed in Table 26a along
with the observed structure amplitudes, scaled so that
2.K|F| = J |R| for each set of data, The unobserved
terms have been included in the list at half the
minimum value of |F,| loecally observable,




Table 26:

i-cvumo-s-Nrropiwioic

Measured and calculated values
of the structure factors.
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(111) Coordinates and molecular dimensions.

The present atomic coordinates expressed as fractions

of the monoclinle cell edges are listed in Table 27,

In ®g.27 the bond lengths and valency angles calculated
from these coordinates are shovn. Since this analysis
has 8tlll to be completed the lengths and angles in
Flg.27 are necessarily‘of aualitative rather than
quantltative signifiéance. No stoendard deviations

have been cﬁlculated.

(1v) Mean molecular plone calculations.

The best plrne thrcugh the carbon atoms of the
benzene ring (G(l).;.c(6)), found. by the method of
Schomaker et al (1959), has eguation

~0.06317 X' « 0,63617 Y + 0.76896 2' 4+ 0.00824 = 0

while the best plane through the atoms of the nitro
group 0(3), 0(4) and N, and C(3) has ecuation

0.63849 X' - 0.67955 Y + 0.361%6 %' + 3,34306 = 0

The equation of the plane through the atoms of the
carboxyl group c(7), 0(1) and 0(2), and carbon atom C(1)
of the benzene ring is

0.,04063 X' - 0.53947 Y 4+ 0,84102 %' - 0,01611 = O



Interim atomle coordinates.

gABLE 27

Coordinates X, y and z are referred to the mono-

clinie erystal axes and are expresced as fractions &f

the axial lengths, with origin at the centre of symmetry.

Coordinates X', Y and Z' are referred to orthogonsl

axes 8, b and ¢', ¢' being taken perpendiculsr to the

0
8 and b crystal axes, and are expressed in A units.

Atom x y 7 X Y A
e(l) =-0.263 0.371 0.080 «2,31 2,16 1,51
c(2) -0.168 0.533 0,129 -1.82 3,10 2,42
c(3) -0.278 0.671 0.160 -2,78 3,90 3,01
c(4) ~0.468 0.644 0,147 ~-4,14 3,76 2.76
¢(5) =-0.550 0.485 0,101 ~-4.,55 2.83 1.89
c(6) ~0,447 0.3256 0,072 =3,66 1,89 1.36
c(7) -0.140 0,206 0,047 -1.26 1,20 0,89

N -0.183 0,844 0.215 -2.31 4,91 4,03
0f1) -0.221 0,033 0.011 -1.70 0.19 0.21
o(2) 0.028 0.266 0.051 -0.01 1,49 0,96
0(3) -0.061 0.967 0.194 -1.30 65.63 53,64

0(4) -0.220 0.852 0.270 -2.82 4,96 5.06
Br -0.619 0.869 0,181 -5.41 5,06 3.39




4
!
1,15
126" Nmo’
N 1.51 1,
1.29 114&1‘39
117 | 122°
05
1,38

1,94

Fig.27. Bond lengths and valency angles
in 4-bromo-3-nitrobenzoic acid.

1,40



TABLE 28,

' (-]
Deviations (A) of the atoms
from thevvagious<planes.

(a) Plane through the benzene ring atoms C(l)....C(6).
(b) Plane through ¢(3), N, 0(3), 0(4).
(e) Plane through ¢(1), ¢(7), o(1), o(2).

() . (b) (c)

c(1) -0.061 - -0,009
c(2) 0.013 - -
c(3) 0.016 0,003 -
c(4) 0.003 - -
c(5) «0.050 - -
c(e) 0.078 - -
¢(7)  0.006 - 0.0%1

N 0.128  -0,011 -
0(1) 0.156 - -0,011
0(2) -0,199 - ~0.011
o(3) -0.688 0,004 -
0(4) 0,922 0.004 -
By -0, 260 - -
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The deviations of the atoms from these planes are
listed in Table 28,

The plane of the nitro group and C(3) mekes an
angle of 48.9° with that of the benzene ring, while
the tilt of the plane through the carboxyl group and
¢(1) to the eromatic ring is 9.19,

5.6. 4-Chloro-3-nitrobenzoic acid.

(1) The (010) projection.

Before the structural analysis of 4-bromo«=3-
nitrobenzoic acid had been inltiated, many fruitless
attempts were made at solving the structure of 4-chloro-
3-nitrobenzolc acid by means of a systematic study of
the peaks in the Patterson projection on (010) (¥ig.28).
The data used 1in the Patterson sumation were "“sharpened"
by multiplying each |Fb|2 term by the Lorentz and |
polarisation factor appropriate to that plane, This
proved to be the best of several sharpening functlons
used on this projection,

Each of the larger peaks in Fig.28 was considered

in turn, assuming that 41t was the chlorine-chlorine

vector. On this basis, numerous trial structures

involving the chlorine atom and carbon atoms C(1),
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c(4) and ¢(7) were investigated. In no case dld the
value of the residual in the structure factor calculations

fall below 0,70, ‘

It was during this period of trinl structure-factor
calculations that work begaﬁ on‘44bromo—5~nitrdbenzoio
acid which proved to be isomorphous with the 4-chloro-
acid. As has been described previously‘(5.4.(i)) the
bromine-bromine vector was quickly located on the

4-bromo-3-nitrobenzoic acid Patterson projection on
| (010), which in turn indicated the correct cholce of

péak fbr the chlorine-chlorine vector in the 4-chloro-
acid Patterson projection on (010), This is shown in
"Flg.28 by a cross.‘ The correct peek is the ninth largest
on the vector map. '

Coordinates for the chiorine, carbon, nitrogen and
oxygen atoms were then derived and structure factors
calculated. A temperature factor B = 4,0 22 was
assigned to all the atoms (no allowances were made at
any stage for hydrogens); for the ehlorine stom, the
scattering curve of Tomiie and Stam (1958) was used and
for the remaining atoms the curves of Berghuis et al (1955)

were chosen, The residual R, in the structure factor
calculation, had the encouraging value of 0.40. The

electron-density projection on (0l0) was then computed,
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new atomic eentres chosen and structure factors recalculated,
R félling t0 0.29. No more work on the projection alone
was done as three~dimensional Fourler syntheses were
contemplated. The final electron-density projection on
(010) is shovm in ™g.29,

(11) Partial three-dimensional refinement.

The y-coordinates obtained from the 4-bromo=3
nitrobenzoic acid Fourier syntheses were used with the
x and z coordinates from the (010) projection in
calculating structure factors for the h3( reflexion
data, An isotropic temperaturc parameter B = 4,0 gz
was assumed for all the atoms, the resulting value of R
- being 0.37. The atomic coordinates were improved by
computing F, and F, Fourler syntheses in the region of
the atomic centres using the hO¢ and h3{ data, in a
manner similar to that deseribed for 4-bromo-3-nitrobenzoie
acid.  After two rounds of structure-factor and Fourier
caleulations, R was 0.240 for the hWOf and 0.224 for the
h3l data. The present interim calculated values of the
structure factors are shown in Teble 26b, along with the
scaled observed structure smplitudes; planes too weak to

be observed have been included at half the minimum value
locally observsble,
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(111) Coordinates and molecular dimensions.
The positional parameters of the atoms at the

present stage of the analysis are llsted in Table 29,

The equation of three mean moleculsar planes were evaluated

by the method of Schomaker et 8l (1959).

That of the benzene ring carbon atoms C(1)e..C(6) 13
-0.06226 X' - 0.60416 Y 4+ 0.79443 2' + 0.,16624 = O.

Carbon atom C(3) and the nitro group N, 0(3) and 0(4):

 0.88689 X' - 0.71597 Y + 0.37811 Z' 4 5.20739 = O.

Carbon atom C(1) and the carboxyl group C(7), 0(1) and 0(2):
0.06235 X' - 0.57907 Y + 0.81288 2' + 0.,04271 = O.

The angle of t11t for the nitro group plane to the
benzene plane 1s 45,89; for the carboxyl group plane
to the benzene plane the angle becomes 7,4%.  The
deviation of the atoms from these planes are listed
in Table 30.

The bond lengths and valency angles, calculated
frbm the coordinates of Teble 29 are shown in Fig.30.
As was the case with the 4-bromo-acid the values are

of gqualitative rather than quantitative significance,




TABLE 29,
e
Interim atomic coordinates.

Coordinates x, y and z are referred to the mono-
clinic crystal axes and a2re expressed as fractlons of
the axial lengths, with origlin at the centre of symmetry.
Coordinates X', ¥ and Z'are referred to orthogonal
axee 8, b and ¢', ¢' being taken perpendicular to the

o)
a and b crystal axes, and are expressed in A units,

Atom  x X z oz

c(1) -0.251 0.360 0,084 =2,16 2,06 1,58
c(2) ~0.166 0.541 0,130 =1.68 3,09 2.44
C(3) «0.279 0.692 0.160 =~2.,61 3,94 3,01
c{4) -0.469 0.670 0.148 -4,00 3.82 2,78
¢(B) ~0.563 0,490 0,106 =4,47 2,79 2.00
c(s) ~0,447 0.327 0.072 =3.57 1.86 1,35
c(7) ~0.140 0.212 0,047 -1.20 1.21 0.88

N ~0,179 0.851 0,215 =-2,08 4,85 4,06
0(1) -0.219 0.034 0,012 -1.66 0,19 0,22
o(2) 0.027 0.261 0.052 0,01 1,43 0,97
0(3) ~0.052 0.973 0,193 ~1.06 B.55 3,63
0(4) =-0.228 0.882 0.271 =~2.64 5,05 5,09

(o] ~0,599 0.876 0.182 -5,08 4,99 3,43




TABLE 30,
e

o o
Deviations (A) of the atoms

~ from the various planes.

~ (a) Plane through the benzene ring atoms 6(1)s...C(8).
(b) Plane through C(3), N, 0(3), 0(4).
(e) Plane through ¢(1), ¢(7), 0(1), o(2).

(a) ® (e
o(1) -0,015 = © 0,005
c(2) 0,011 - : -
c(3) 0,004  =0,012 -
c(4)  -0,016 - = -
c(5) 0,011 - = -
c(s6) 0,004 = =~ T
o(7) -0,123 . - ~0,018
N 0,248 0,042 . =
o(1) = -0,006 . = 04006
o(2)  -0.268 = 10,007
0(3)  ~0.566  -0.014 =
0(4)  1.002 =0,016 -
60 -0.185 - -
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1,72
1.19
)
124" 1123
N 1.48
1°30/113. 12
. 115°
0
> 1.39 1,44
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120° |118°
1.24 122° 1.30
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Fig.30. Bond lengths and valency angles
‘ in 4-chloro-3-nitrobenzoic acid.




93,

5.6, Discussion.

No great accuracy can be claimed for the results
obtained with the limlited number of data utillsed at
the present stage of the analyses. The bond lengths
and valency angles shown 1n Mg.27 and 30 are sufficlent
to confirm the correctness of the structures, detailed
discussion of the bond lengths and angles must awalt
further refinement.

The deviations of the benzene ring carbon atoms
from the plane of the aromatic ring vary from-0,06 K
to +0.08 & (Table 27) in the 4-bromo-acid and from
~0,02 g to +0.01 R (Tsble 29) in the 4-chloro-acid,
and must be considered insignificant at present, One
feature which will be of some interest, 1if confirmed
by further refinement, is the apparently large deviations
of the halogen atoms from thelr respective benzene planes:
Br = -0.26 &, C{ = -0.15 %. These deviations are
conslderably greater than the corresponding displacements
found in oubiomo- and o-chloro-~benzoic acids (0,064 X and
0.036 e respectively).

The Br...0(4) (5.09 X) ana c¢...0(4) (2,95 2)
intramolecular separations are in agreemént with the

Br...0(1) separation in o-bromobenzoic acid (3.004 R)

and the C/..,0(1) separations in o-chlorobenzoic acid
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(2.892 &) ana 2-chloro-5-nitrobenzoic acid (2.896 X)

all of which are less than the sums of the appropriate
van der Waal's radii. The Br...N(S.lY'R) énd ClieoN
(3,06 K) intramolecular contacts are also apprecisbly
shorter than the sums of the respectlve van der wWaal's
radil (3.45 R and 3.30 2), consecuently the molecules,

if plenar, would be under considerably sterie strain,
With the accuracy attained at present, only the rotations
of the nitro and carboxyl groups, shout thelr respective

exocyclic valency bonds with respect to the benzene rings,

may be considered as being definitely signifiecant in
relleving imposed steric strain,

| The unsubstituted.aromatic acids, benzole acid
(8im, 1955) and 2-naphthoic acid (Trotter, 1961b) are
pianar in the so0lld state as would be expected, The
fact that in 4-bromo-3-nitrobenzoic acid and 4-chloro-3-
nitrobenzoic acid, the carboxyl groups ore rotated about
the exocyclic carbon-carbon bonds can be explained by
invoking an identieal buttressing effect a2s was used to
explain the tilt of the nitro group in 2-chloro-6=-
nitrobenzoic acid. The much larger inclination of

the nitro group planes to the aromatic rings in 4-~bromo-
3-nitrobenzoic acid (48,9°) and 4-chloro-3-nitrobenzoiec
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acld (45,8°) over a carboxyl group in a comparable
situation in 2-chloro-5-nitrobenzoic acid (23.0°),

is of some interest. To clarify this situation, and
to confirmm if this effeet is genuine, the crystal

structures of o-bromonitrobenzene and o-chloronitro-
benzene are being investigated by Asher and Sim (1961)
and should provide interesting information, since they
bear the same relationshlp to 4-bromo- and 4~chloro-3-
nitrobenzolc acids as o-chlorobenzoic acld does to

2-c¢hloro-6-nitrobenzoic acid.
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6. Final Discussilon.

It 4is well known that crystal forces con be Important
in conformation effects; diphenyl, for example, is centro-
symmetrical and hence planar in the solid state (Dhar,1932;
Hargreaves et al, (1961), while in the gas-phase, electron-
diffraction stﬁdies (Karle and Brockway, 1944; Bastiansen,
1949) indicate that the two rings are inclined et about
45° to one another . A similar discrepancy 0Xists between
X-ray crystallographic and electron-diffraction results
in polyhalogenobenzenes. In the carboxylic acids
described in this thesis, it is likely that the deviations
from plenarity which are found arise from intramolecular,
rather than intermmolecular or crystal, forces, This
can be inferred from the faet that the uns bstituted
parent molecules, benzoic amcild and nitrobenaene, are,
as would be expected, planar in the solid state,

One of the interesting features which emerges from
the analyses of o-chloro- and o-bromo-benzole acids and
of 2-chloro-65~nitrobenzoic acid is that small but
slgnificant deviations of the carboxyl carbon atoms
(0.058, 0.067 and 0.051 X respeetively) from the benzene
Planes do occur, These displacements correspond to
significant out-of-plane bending of the exopyeclic
carbon-carbon bonds through approximately 2° Out~of-plane
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deviations of the carbon-halogen bonds are also found
in o-chlorobenzoic acid (1.2°) and in o~bromobenzoie
acid (1.99). However, ro significant out-of-plane
deviation of the carbon-chlorine bond was found for
2-chloro-5-nitrobenzoic acid.

In addition to out-of-pleone bending, siénificant
in-plane splaying-out of the exocyclic valency bonds
has been found in the acids investigated. Thus the
angle between exocyclic earbon-carbon and carbon-halogen
vectors 1s increased beyond the value of 60° appropriate
to a regular planar model to 67.4° in o-chlorobenzoie
acld, to 68.,3° in o-bromobenzoic acid and to 67,20 in
2-chloro-5~-nitrobenzoic scid. In o-phthaliec acld
(Nowacki and Jaggl, 1987), the angle between exocyclic
carbon-carbon vectors is 65,4°%; in smmonium acid phthalate
(Okaya and Pepinsky, 1957) the corresponding angle is 85°.
No reliable figures can be quoted for the angles between
carbon-nitrogen and carbon-halogen vectors in 4-chloro-
and 4-bromo-3-nitrobenzoic acids as full three-dimensional
refinement has still %o be completed,

The angles, through which the carboxyl and nitro
groups are rotated with respect to the appropriate
aromatic ring planes, follow a regular understandsble

pattern, The angle of tilt of the carbbxyl group in
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d-bromobenzoic acid (18.3°) is larger than that fpund
in o-chlorobenzoic acid (13.,7°) while in E—chloro;5~
nitrobenzolc acid the corresponding angle is 23,00,
The increase in inelination angle of 9.3° in 2-chloro-5-
nitfdbenzbic acid over that found in o-chlorobenzolc acid
has been attributed to the buttressing effeect of the
nitro group which as a direct conseauence is also
"inelined (7°) to the benzene plane; the carbon-nitrogen
bond lies in the aromatic plene, only the oxygen atoms
belng displaced from 1t., A similar buttressing effect
is almost certainly present in 4-chloro- and 4-bromo-3-
‘nitrobenzoic acids, where the tilts of the nitro groups
to the benzene rings are 460 and 49° respectively, with
much smaller rotations (7° and 9°) of the corresponding
carboxyl groups. It will be interesting to find what
deviations occur in o-chiloro- and o-bromo-nitrobenzene
which are at present being investigated (Asher and Sim,
1961),

The refinement of o~phthallc acid by Nowacki and Jaggi
was limited to two rounds of structure-factor and Fouriler
caleulations; no mesn molecular plane eaquations are

given in their paper, These have accordingly been
calculated using the method of Schomoker et al, with



99,
Nowackil and Jaggl's coordinates suitasbly transformed so
that they relate to one molecule, Prom the eauation of
the benzene plane and that of a carboxyl group it was
deduced that the carboxyl groups are rotated through 33°
gbout thé exocyclic carbon-carbon bonds, In ammonium
acld phthelate, on the othér hand, the angles between
the plane of the benzene ring and those of the carboxyl
groups are 21° and 65°.

In mellitic acid (benzene hexacarboxylie acid)
(Darlow, 1961), two crystallographically independent
molecules are found in the asymmetric crystal unit.

Of the eight independent carboxyl groups, four lie on
diadeg end four have no symmetry restraints upon them.

- The angles which the carboxyl group planes make with
the respective benzene rings range from 25.7° to 80,79,
end constitute the maln difference between the two
molecules, The value of the inelination angle,
averaged over both molecules, is 52°,

The bond lengths found in the carboxyl groups of
o-chlorobenzoic acid, ombromobenzoic acid and 2-chloro-
S-nitrobenzoiec aecid are compared with the values found
for some other acids in Table 31, In each molecule
the differences in lengths of the carbon-oxygen bonds
serve to Indlcate to which oxygen atom the hydrogen atom




TABLE 31,
- -
Comparison of some carboxyl group bond lengths.

Acid CeeC Comee(  O===0 g‘fffo
o-chlorobenzolc 1.521 1,295 1,208 1.256%2
o-bromobenzoic 1.487 1,346 1.201 1.274
2~chloro~5—n1trobenzoic 1.489 1,294 1.220 1,287
ﬁ-succinic 1.4856 1,522 1.262 1,287
salicylice 1.458 1,333 1.241 1.287
L-serine phosphate 1.541  1.321 1.201 1.261
oA-o0xalic 1.660 1.289 1,194 1.241
oxalic (dinydrate) 1,629 1,286 1.187 1,236
mellitic (mean value) 1,521 - - 1,257




100,

1s sttached. The mean carbon-oxygen distances in
o-chlorobenzoic acid (1.252 X) and 2-chloro-5-nitro~
benzoic acid (1.257 i) are shorter than the means of
1.287 % 1n =-suceinic acid (Broadley et al, 1959) and
in salieylic acid, and are closer to the means of 1,261 K
1n L-serine phosphate (McCallum et al, 1959), 1 241 K
1n X -oxalic acid (Cox et 21, 1952) and 1,236 A in oxalie
acid dihydrate (Ahmed and Cruickshank, 1953),
| A factor common to o-chlorobenzoic acild, o~bromo-
‘benzolc acid and 2~chloro-5-nitrobenzoic acid arises
from the conformation of the carboxyl group. In particular,
the carbonyl oxygen atom is invariably adjacent to the
‘more sterically hindered position with the hydroxyl
oxygen atom remote, The reasons for this preference
are easily found, The angle CC(OH) is approximately
tetrahedral, whereas the angles CCO and OC(OH) exceed
1209, this being the pattern observed in other carboxylic
acids (Table 32); further, the length of 2 carbon-oxygen
double bond is less than that of a single bond, A
suf'ficient clearance between the oxygen atom and the
halogen atom 1is thus ensured for a smaller inclination
of the carboxyl group plane to the benzene ring plane
than would be required if the carbonyl and hydroxyl




TABLE 32,

Angles sbout the carbon stom of
the carboxyl group in some carboxylic acids.

Acid Cco cc(oH) O0C(OH)
o-chlorobenzoie 122.2° 113,3° 124.4°
o-bromobenzoic 126.0 113.7  120.4
2«chloro-6-nitrobenzolc 121.3 11l4,0 124,.8
fA-succinic » 124;4 112.9 122,7
salicylic 122,7 117.0  120,2
L-serine phosphate 121,1 113.6 125.‘5
X-oxalie _, 122.7 109.1  128.1
oxslic (dinydrate) 121.6 112.6  126.8
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oxygen atoms were interchanged. The conformation
adopted in o-phthalic scid is that with the carbonyl
oxygen atoms adjacent and the hydroxyl oxygen atoms
remote,

Without having the results of & larger nunber of
di- and tri- substituted benzene derivatives availlable
for correlation purposes, 1t would be unwise to forecast
what deviations from planarity will occur in any gilven
benzene derivative, although no doubt this will be
possible when a sufficient number of suitable model
compounds havé been examined. It is clear, however,
that the large out-of-plane displacements reported from
electron-diffraction studies on polyhalogenobenzenes are
suspect and a reinvestigation seems desirable, In
o-phthalic acid, the exocycliec carbon-carbon bonds are
bent out of the benzene plane through 10°, Thls value
mast also be regarded with some susplcion and a completion
of the refinement appears to be called for.

A rather unexpected property of substituted benzoic
aclds which has been brought to my notice recently
(Wain, 1961) is that they can act as plant-growth
regulators in concentrations as low as a few parts

per million. It appears that the potency of a
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substituted benzoic acid is a direct function of the
angle of inclination of the carboxyl group to the benzene
plane, the activity increasing in the series, o-~chloro-
benzolie acid, o-bromobenzoic acid and 2-chloro-H~-
nitrobenzoic acid. In 2:6~dichlorobenzoic acid and
2:3:6-trichlorocbenzoic acid, where presumsbly the
caﬁbpxyl groups are even more steeply inclined to the

- benzene planes, satlll greater activity is found.

Vo i.




PART 11T,
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1.1. Introduction.

_A number of monomeric nitroso éompounds have been
prepared by Dr. Mitchell and co-workers in this department
as pgrt of a search for substances suitable for asymmetric
phétolysis. | |

- It was found that irradiation of an alcoholic
solution of (—)-2—chloro—24nitrosocamphane (Mitchell,
Watson and Dunlop, 1950) with red light produced a
gradual inversion of the Cotton effect (Cotton, 1896;
Mitchell, 1933), This was attributed to an inversion
of configuration at C(2) (Hope snd Mitchell, 1953) thus:

ON
irradiation .
o ct
I II
(-=)=2=-chloro-2-nitroso- (+)-2-chloro-2-nitroso-
camphane. camphane,

A quantitative X-ray analysis of comopounds I and II
was suggested as a method of determining the stereo-
echemistry precisely., This has not yet been possible
because of the poor quality of the available crystalline

material,




104.

Photolysis studies with (+)-10-bromo-2-chloro-2-
nitrosocamphane (III) (Davidson, 1968) indicated that
thlis molecule behaved rother differently on irradiation
with red light, In particular, although the Cotton
effect is altered, its sign remsins unchanged and there
is a marked shift in the absorption maximum, suggesting
that the change in the molecular structure may not be a
simple inversion of configuration at C(2).

Br
10 —

1rradiation> 010H158r02 N

unknown structure

I11 v
(4 )=10=bromo-2-chloro-2-
nitroso-camphane,

To discover what was happening in this reaction and
to obtain detalls of the stereochemistry of molecule III,
X-ray structure determination was deslrable, Crystals
of compound III were supplied by Dr, Mitchell, Compound IV
has not yet been obtalned in a crystslline form suitable
for X-ray analysis.

The structure investigation by X-rays was initlally
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undertaken by C.J.Fritchie, who worked in this department
during his one year temure of a Fullright scholarship.
T took over the analysis on Fritchie's departure from
Glasgow, Our individual contributions to the structure
analysis are shown in Table 33.

| The work déscribed in this chapter has since been

pﬂblished (Perguson, Fritchie, Robertson and Sim, 1961).

1.2, Crystal Data.

As the blue crystals of (+)-10-bromo-2-chloro-2-
nitrosocamphane obtained from Dr. Mitchell were somewhat
sensitive to light, 2ll experimental work with them was
carried out in subdued light. X-rays appeared to have
no adverse effects on the crystals; no signs of decomp-
osition were detected on the X-ray photographs.

Rotation, oscillation and Welssenberg photographs
were taken, using copper K« radiation, with erystals
rotating about the three crystallographic axes, The
crystale are orthorhombic with unit-cell dimensions

Q
a = 2511 % 0,05 X, b = 11.32 £ 0.03 i, c = 9,035 % 0,035 A,

The volume of the unit cell is 2362 2°. The density

measured by flotation in agueous zine chloride 1s 1.562 g.on

hence there are eight molecules of CypHysBr C£ NO  in the

-5
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unit cell and the calculated density is 1.578 g.cm':5
The number of electrons in the unit cell is 1136, The
sbsorption coefficient for X-rays (A = 1.542 g) is
= 66,7 cmit

The systematic absences detected on the varilous
Welissenberg films are
hOO when h is odd
Ok0O when k is odd
000 when [ is oad
The space group 1s therefore P2;2,2; (Dg).

1.3. Intensity Data.

8nall erystals of (4+)-10-bromo-2-chloro-2-nitroso-
camphane were selected for collectlion of intenaity data
and no corrections for aebsorption werec applied, The
three-dimensional data utllised in the anslysie were
obtained from multiple-film ecui-inclination Welssenberg
photographs of the hkO .., hk7 and WOl 1layers, The
intensities were measured visually and corrected for
Lorentz, polarisation, and Tunell (1939) factors. They
were put on the same relative secsle by means of the hOl
set of data, the absolute scale being found later by
comparison with the ealculated structure amplitudes,
A total of 1233 intensitles were estimated, no allowances

being made for planes too weak to he observed.
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l,4. Structure Determinstion.

The crystal data show that there are elght molecules
in a unit cell of space group P21272;. The asymmetric
crystal unit consists therefore of two crystallographically
independent molecules, necessitating the location of
28 atoms other than hydrogens,

The first attempts to solve the structure were with
two~d1mensiona1‘data. A study of the hOl and HkO
Patterson projections (Figs. 31 and 32 respectively)
yielded coordinates for the two bromine atoms,
Elucldation of the structure by means of anrier
projections on (010) and (00L) using the phases of
the bromine atoms was not possible owing to the extensive
overlap of atoms, thereby making essentisl the collection
of three-dimensional data.

When the intensity data were available, the three-
dimensional Patterson functlon was computed and the
coordinates for the bromine atoms, derived from the
two~dimensional work, confirmed.

In the sequence of structure-factor calculations
required ﬁo solve the structure, the Thomas-Fermi
scattering curve for bromine was chosen along with

that of Tomlile and Stam for chlorine and those of




Fig.31l. Patterson projection on (010).
Contours at equal arbitrary
intervals; origin peak contours
omitted.




a/z

b/2

—\\ A

Fig.32.

Patterson projection on (001).
Contours at equal arbitrary
intervals; origin pesk contours
omitted.



108.

Berghuls et al for carbon, oxygen and nitrogen.
Application of Wilson s method (Wilson, 1942) indicated
that an overall thermal nparsmeter B = 5,4 A2 should be
employed. |

The first three-dimensionsl Fourier summation was
computed with thé vhase angles calculated for the
bromine atoms alone,. "The two larpgest peaks in this
Fourier map other than those of the bromine atoms had
pesk heights of 4.8 and 4.5eﬁ"? These were assumed
to be the chlorine atoms, Then ihe vectors to be
expected from these positions were compared with the
three dimensional Patterson fuhction, an excellent
measure of agreement was obtained. A nunber of smaller
peaks, all less than SeA -5 in height, were visible in
the Fourler synthesis, but ss 1t was not possible to
ldentify these stoms chemlically, with certainty, only
the bromine and chlorine atoms were used in the next
phase angle calculation,

In the second structure-factor calculation the
value of the residual R was 0,364, the resulting improved
phage angles being employed in computing the second three-
dimensional ¥, synthesis, The value of having two
erystallographlically unrelated molecules in the asymmetriec

erystal unit soon became apparent. Only those atoms
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which could be distinguished in both molecules were
chosen for inclusion in the third structure~factor
caiculation. By adopting this procedure the possibility
of a spurlous peak being chosen as nn atomic site was
effectively minimised. Carbon stoms 1, 2, 3, 4 and
10, and the nltroso group were in thls way located,

In the third phase angle calculation, R was 0,296
and in the subsequent Fouriler synthesis all the atoms
in the asymmetric unit (with the exception of hydrogens)
were located. When all 28 atoms‘were included in the

structure~factor calculations, R decrensed to 0,248,

1l.5. Refinement.

With the phese angles from the fourth Fg calculation,
the fourth F, Fourier synthesis was computed, Booth's
method (Booth, 1948b) being used to locate the atomie
centres accurately. On recalculation of strueture
factors, R was 0,218,

Up to this stage in the analysis no attempts had
been made to refine the temperature parameters (all
atoms had B = 5.4 32). To remedy this situation one
cycle of least-sguares calculations, in which new

positional and anisotropic thermal parameters for the
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bromine, chlorine, oxygen and nitrogen atoms were obtained,
was computed.

~ In the next (sixth) structure-factor caleulation
R was 0,164, The refinement was terminated by computing
an Fp synthesis followed by an Fe synthesis to allow for
the correetion of termination-of-series errors (Booth,
1946,1947). The Final average Aiscrepancy between
observed and caleulated structure amplitudes is 0,165,
. Superimposed contour sections parallel to (001)
11lustrating the final electron-density distribution
over the two molecules in the asymmetric crystal unit
are shown in Fig,33. The atomic arrangement corresponding
to this electron-density distribution is shown in ®ig, 34,
whieh also shows the conventlon adopted for the numbering
of the two molecules, Details of the propgress of the
- analysis are summarised in Teble 33, The final atomic
coordinates are listed in Table 34 and the corresponding
thermal parameters in Table 35, The final set of
dbserved and calculated structure asmplitudes is given

in Teble 36,
The final electron-density distribution shown in
Fig.33 is dependent to a large extent on the correct

choice of atomic centres for the lighter atoms, it being




Fig.33.

Final three-dimensional electron-density
distribution for (+)-10-bromo-2-chloro-2-
nitrosocamphane shown by means of superimposed
contour sectiops parallel to  (001). Contour
interval 1 eA™Y excent sround theggglorine

and-bromine atoms where it is 2 e and

5 eA~3, respectively.




a/2

Mg, 34. Atomic arrangement corresponding
to Fig.33.




Progress of analysis and Division of Work.

Cell Dimensions and Space Group. o | A

Solution of hk0 and hOf Patterson projectlons,

Initial two-dimensional work

| |
Collectlion and estimation of three~dimensional
L 1 » data,
Three~dimensional Patterson function. C.J.F,

}

Br (2 atoms).

}

lst Py calculation
1st three-dimensional F, synthesis,

| .‘

Br, 09., (4 atomS)‘a

.

ond o ealculation. (R = 0,564) : B

- Cont'd -



TABLE 33,
————————— ]
(cont'a)

Progress of analysis and Division of Work.

2nd three-dimensional ¥, synthesis.

|

Br, C¢, N, 0, ¢(1), c(2), ¢(3), c(4), c(10). (18 atoms)
3rd F, calculation. (R = 0.296)
3rd three-dimensional F, synthesis,

Br, C¢, N, 0, ¢(1)...C(10). (28 atoms)
4th Fe calculation. (R = 0.248)
4th three-dimensional F, synthesils,

l

bth Fe calculation.
Least squares refinement of Br, CC, N, O.

|

6th Fp calculation. (R = 0.164)
5th three-dimensional ¥, synthesis,
18t three-dimensional F. synthesis.

|

7th Fe calculation. (R = 0,155)

}

Final bond lengths, angles, devlations,

. F,




TABLE 34,
e

™nal coordinates of the atoms in the

agymmetric crystal unit expressed as

fractions of the axial lengths,

Origin

of coordinates as in International Tables,

midway between non-interseeting pairs of

screw axes,

Atom

v

(e.f. PLg.34) & Z
c(1) 0.2741 0.2545 0.0246
o(2) 0.3311 0.3163 -0,0218
o(3) 0,3252 0. 3574 -0,1848
c(a) 0.2643 0, 2998 ~0.2209
c(s) 0.2662 0.1599 ~0.2217
c(s6) 0.2723 0.1296 ~0.0549
c(7) 0.2296 0,.3198 ~0.0800
c(8) 0.1653 0.2850 ~0.0766
c(9) 0.218%2 0.4556 -0,0368
¢(10) 0.2616 0.2578 0.1905
0 0.4239 0.2620 0.,0355
N 043807 0.2288  -0.0153
Br 0. 3095 0.1662 0.3075
ce 0, 3503 0.4429 0.0899

- Cont'd -~




TABLE 34.

(cont'd)

(c.%feﬁ'?g. 34) z 4 k-
c(1)! 0.0317 0.1241 0.4068
o(2)* 0,0703 0.2348 0.4%50
c(3)! 0.0373 042962 0.5685
c(4)' -0,0164 0.2191 0.6938
c(s)' «0,0607 0.2319 0.4679
c(s)’ «0,0272 0.1662 0. 3450
o(7)! 0,0102 0.089% 0.5691
c(s)* ~0.0368 -0,0026 0.5710
c(9)? 040591 0.0582 0.6787
c¢(1o0)* 0.0607 0.0243 0.3240
ot 0.1060 0.3646 0.2634
N! 0.,0638 0.3307 0.3314
Br' 0,0817 0.0664 0.1290
ce’ 0.1437 0. 2090 0.4727




TABLE 35,
S

Fipal Thermal parameters.

For all earbon atoms B = 5.4 2%,
For O, N, Br, and CL the average isotropic
values derived from the least-s~ruares

produced anisotroplc parameters aret-

Atom B atom B
0 7.1 o! 6.8

5.7 Nt 7.1
By 6.2 Br! 6.8
Ce 6.0 ce' 6.0




Table 56: Measured and calculated wvalues
of the structure factors.

ua

Bn
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comparatively easy to select spurious sites for light
atoms from a three;dimensional Fourler synthesis based
or heavy atom phases slone (see, for example, Hodgkin
et al, 1959), Crystals of (+)=10-bromo-2-chloro~2-
nitrosocamphane, being of space group P2,292, arford
centrosymmetrical eleétron-density projections. Such
?rojections vwill be much less aepehdent on the correct
cholce of sites for the lighter atoms becouse the signs
of the structure factors are largely determined by the
| bromine and chlorine contributions. Accordingly the
Fourler projection on (001) was computed and on 1t the
final atomie coordinates were plotted. The result is
shown in Fig.35 where it 1s seen that the coordinates
obtained from the three-~-dimensional Fourlier syntheses

| fi1t the projected electron density very closely,
prﬁviding additional proof of the correctneses of the
structure. In Pig.35 the contour interval is led™?
(the lea~2 1ine being broken), except around the chlorine
atoms ebove 633"2 where the interval becomes 202#2, and
around the bromine atoms sbove 5eX~2 where tﬁe interval

_ ‘ 0u2
»becomes beA ,




ctron-density projection on (001).

Ele

Figo 350
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1.6+ Moleculsr Geometry.

The bond lengths and inter~bond angles calculated
from the coordinates listed in Table 34 are given in
Tables 37 and 38 respectively. The shorter intra-
molecular contacts are listed in Table 39, and the
intermolecular approach distances < 4,0 % 1n Table 40,
None of these appears to be abnormal. Exemination of
the distences between bromine and oxygen atoms, and
bromine and carbon atoms 1n each molecule indicates
that the atoms, which might have been expected to take
up different orlentations in the two molecules, appear
to adopt positlions with respect to the remaining molecular
fremework that are very simllar. In particular the
distances 4(Br...C(n)) and a(B8r'...C{(n)') are compareble,
as are also the distances d(0...C(n)) and 4(0'...C(n)').
This would sppear to 1indicate that the two erystallo-
graphically independent molecules are conformationslly
identical. In view of this identity, averaged dimensions
. for the molecule of (4)-10-bromo-2~chloro=-2-nitroso-
camphane are also given in Tables 37, 38 and 39,

The estimated standard deviation in bond length
caleulated from the differences between the two molecules

is 0.044 i. The corresponding value deduced from the




TABLE 37,

Final Bond Lengths.

c(1)-c(2)
c(2)-c(3)
c(8)~c(4)
c(4)-c(s)
c(5)-c(6)
c(6)-c(1)
c(1)-c(10)
G(1)-c(7)
c(7)-0(8)
c(7)-c(9)
c(7)-c(4)
c(10)-Br
c(2)-ct
c(2)-N
o

1.56
1.56
1.54
1.58
1.55
1.59
1.53
1.58
1.54
1.61
1.52
1.85
1.81
1.52
1.16

c(1')-c(2')
c(2')-c(3')
c(3')=c(4")
o(4')-c(5")
o(5')-c(6")
c(6')-c(1*)
c(1')-c(10'")
c(1')=-c(7™
c(7')-c(8')
c(7*)-c(9')
c(7')-c(4')
c(10')-Br'
o(2')- c2?
c(2')~-N'
N'-0!

1.56
1.59
1.52
1,55
1.54
1,54
1,51
1.60
1.50

1.55

1.59
1.89
1.75
1.44
1.21

Average
1.566
1,567
1.53
1.567
1.55
1,66
1.62
1.59
1.52
1.568
1.58
1.87
1.78
1.48
1.19




TABLLE 38,
S

Minal Interbond Angles,

c(1l)c(2)e(s)
c(2)c(3)c(4)
c(3)c(4)e(s)
c(4)c(s)c(6)
c(s)c(e)c(1)
c(e)c(r)e(2)
c(2)e(1)e(7)
c(6)c(1)0(7)
c(a)c(4)c(7)
c(s)c(4)c(7)
c(l)c(v)c(s)
c(1)e(r)c(9)
c(4)c(7)o(s)

molecule IT

Average

molecule I

107° 102° 1040
100 104 102
114 112 113
103 98 101
104 110 107
108 108 108
100 103 102

o7 97 o7
103 102 103
100 103 102
120 114 117
114 115 114
119 112 116

~Cont'd~




TABLE 38

Finsl Interbond Angles,

(Cont'd)

c(4)c(7)c(9)
c(ib)c(l)c(z)
c(io)c(l)c(s)
c(ro)e(1)e(n)
c(r)c(7)c(4)
c(1)c(10)Br
c(r)e(2)n
c(3)o(2)N
c(1r)e(2)ee
c(3)c(2)oe

ce c(2)N
c(é)n 'o
c(s)c(7)c(9)

molecule I| molecule II ‘Average

116° 113° 114°
115 115 1156
118 117 117
117 114 116
95 91 93
116 113 114
110 116 113
169 o7 103
115 117 1186
109 115 111
108 111 109
117 119 118

95 111 103




TABLY 39,
b e

Intranolecular non~bonded

distances in X.

C(1)...0(4)
¢(1)...c(8)
c(1)...0(9)
c(1)...c(5)
C(1)...C(3)
¢(1)...Br
Cc(1)e..02
C(1)s440

c(z)..;c(4)»‘

c(2)...0(6)
c(2)e..C(7)
c(2)...0(9)
c(2)...0(10)
C(2)essBr
c(3)s..C(5)
c(8)e..C(7)
C(3)4,.0(9)
o(3)...0L
6(3)...0

molecule I | molecule IT|Average
2.29 2,28 2.29
2,70 2.60 2,66
2.68 2,65 2,66
2.48 2,52 2.50
2,49 2,44 2.47
2,86 2,83 2,85
2.83 2,83 2,83
3.47 3.47 3447
2.38 2445 2.42
2.83 2.62 2,563
2.41 2.47 2.44
3.05 2,99 3.02
2.59 2459 2.59
3,46 3.37 3.41
2.62 2,55 2,58
2,40 2.42 2.41
2,99 2,92 2,96
2,74 2.79 2,76
3.25 3.27 3.26

- Cont'd -




TABLE 39.
(Cont'd)
Intramolecular non-bonded
distances in A.

c(4)...c(8)
c(4)...c(8)
c(4)...c(9)
0(5)...0(7)
¢(5)...0(8)
c(6)...c(7)
c(6)...C(8)

c(6)...0(10)

C(7)e..C(10)

c(8)...0(10)

c(9)...0(10)
NeooCl
N...Br
0...C¢
O..oBr
Gl.;.Br
CleesC(9)
Cl...0(7)

molecule I | molecule II| Average
2.45 2,34 2.40
2.64 2.57' 2.60
2.65 262 2,64
2.37 2.47 2.42
3,03 2.87 2.96
2.38 238 2,37
3.04 2;80 2,92
2.66 2,60 2.63
2.65 2.61’ 2,63
3.30 3,18 3.24
3.20 3422 3,21
2.70 2.63 2.66
3.42 3.53 3.48
2.7 2473 2,72
377 3463 3.70
3,82 3,78 3.80
3.26 3.19 3.23
B.48 3,48 3,48




TABLE 40.
s =

The Intermolecular Contacts <£4.0 i

c(s)...0’
c(10')...N;
0'..eC(8)11
c(4')...01171
C(&)...Br'
¢(6')...01y
c(8')...0"y
c(6')...C(3) 1y
6(10)...0¢"
c(10')...01
C(5')...Bryyy
0'.s.C017
c(s')...c(8)y
0(5')eee0(3) gy
C(6")e el 1y

3.48
.49
3.58
3.64
3465
3.71
3¢T4
3.76
377
3.78
3.80
3.80
3.83
3.84
3.85

c(10)...0"'
C(9')eedOq
c(io')...N'v
c(é)...o'
Cle..C(9)1T
Br'...c(ﬁ’)v
0(9)...0(3)II
C(3')e..Clry
c(8')...01
c(9')e..N
C(8")eesC(3" )yr
c(6')...0"y
0L 4+ sC(5)y11
N'e..Cl g
C(9)+.4C(4) 17

3.86
3.87
5;88
5.89
3.90
3.92
3.94
3.94
5.94
3.94
3,97
3.99
3.99
4.00
4.00

'The subscripts refer to the followlng positions:

I, 3 - X, =¥ 3

+ Z.

II"%-I,I-y,%+ Z.

ITI, x =~ %9 ‘% - s l - ZQ‘

IVe X = %, 3 = J» ~Ze

V.

VI, =X, 7 - %, 13 ~ =,

Vi1, X, ¥ 1 + 5B,




113.

earlier least-souares refinement was 0.0802. ¥or the
averaged dimensions in Tebles 37, 38 and 39, 1t 1s
reasonsble to take 0.064/42‘= 0.045% as the staﬁdard
déviaiion in boﬁd length, The standard deviation in
bond angie 1s 39,

1.7. Discusslon.

The establishing of the stereochemistry of
(+ )=10-bromo-2-chloro=-2-nitrosocemphane was tlhe primary
objective of the analysis. The chlorine atom is shown
to be gis to the CMep bridge, thus:-

Br

- This arrangément of the chloro~- and nitroso- groups
is the opposite of that assigned to (-)-2-chloro-2-
nitrosocemphane by Hope and Mitchell. It is perhaps

of some significance that the two compounds have Cotton
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effects of opposite sign. A detailed crystal structure
analysis of (=)=-2-bromo-2-nitrocamphane has recently
been carried out (Brueckner et al, 1961) and it is
found that in this molecule also, the halogen atom 1is
¢is to the CMeg bridge.

The mean length of 2 carbon-carbon bond in
(+)-10-bromo-2-chloro~3—nitrosocamphane, averaged over
the two crystallographiceally independent molecules, 1s
1,584 3 which is not significantly different from the
value of 1.545 i found in diamond.  The average carbon-
bromine (1.87 2) and carbon-chlorine (1,78 X) bond
lengths are in fair agreement with values of 1,93 g
and 1.773 respectively glven 1n Tables of Interatomic
Distances (1958).

The mean carbon-nitrogen bond length is 1,48 K,
which is that accepted for a carbon-nitrogen single
bond. The mean nltrogen-oxygen distance of 1.19 X
is not significantly different from the value of 1.21 X
accepted for the nitrogen-oxygen separation in a nitro
group. It 1s however distinctly shorter than the
accepted value of 1.36 g for a nitrogen-oxygen single
bond, implylng that in this case the nitrogen-oxygen
bond has & large smount of double~bond character

comparsble with that of a pure double bond. The
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C-N-0 group is not linear, the angle CNO heing 118°,
In p-icdonitrosobenzene (Webster, 1956) the molecule
1s planar with a carbon-nitrogen distance of 1,28 g
and a nitrogen-oxygen distance of 1,24 X, while the
angle CNO was found to be 125°. The shortening of
the carbon-nitrogen bond ir thils molecule was attributed
to eonjugation, but as relatively few (projection) data
were used in the analysls the light atom positions
may be considerably in ervor.

In (4)=10-9romo-2-chloro-2-nitrosocamphane the
camphane skeleton appears to be buckled slightly,
distortion from the regular camphane skeleton being
caused by the bulky chlorine atom cis to the CMe,
bridge. This is illustrated by the ongle C€(2)c(1)c(7)
(102°) being greater than the angle C(6)c(L)c(7) (97°);
furiher, the distances C(2)...C(7) (2.44 K) and
c(2)...0(9) (3.02 K) are larpger than the distances
C(8)s..C(7) (2.37 K) and C(6)...0(8) (2.92 X). The
angle C(1)c(7)C(4) (92°) is much smoller than the
normal tetrahedral angle, An identicsl value is
found for the corresponding angle in (~)-2~bromo-2-
niltrocamphane, which would appear to confirm that in
the camphane molecular framework, this angle is indeed

significantly reduced.
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This appendix contains brief details of the
programs written by the author for the Glasgow University
DEUCE computer.

DEUCE - the initials stand for Digital Electronie
Unlversal Computing Engine - is a serial machine with
numbers and instructlons consisting of 32 binary digits,
the digit rate being 1 million per second, DEUCE has
two types of storage units: a fast (immediate access)
store of 402 words in mercury delay lines (access time
32 « 1024 micro-seconds), and a slow (backing) store of
8192 words on & magnetic drum (sccess time 13 - 48
milliseconds). Both punched cards and paper tape can
be used for input and output.

Programs may be written in the baslc machine
language or with the help of a number of translation
schemes, One of these, Alphacode, has been used by
the author; it allows programs to be written for DEUCE
fairly quickly at the expense of the speed of the

eﬁbugquént ecalculation.
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Progg' am 1,

Structure factor program for the plane group P2,
- This program was written at an Alphacode programming
course before the Rollett programs become available

and was made obsolete by thelr arrivel,

- Input.  Lattice constants, the total nunber of
atoms, the atomic coordinates, an overall
isotrople temperature factor, the number
of chemical types, the number of otoms
of each chemlical type, scattering factor
curve data, and the maximum and minimum

values of the indices h and £,

Qutput. Sets of h, £ and Fe, 3 cards per reflexion,
for every hOf structure factor possible
for copper Ko radiation within the range
apecifie:él;

Time, With o~-chlorobenzoic acid, approximately
30 seconds per structure factor.
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Program 2,

_ This Alphacode program corrects intensity data
from zero layer Welssenberg photographs of triclinic
erystals for Lorentz and polarisation factors., It was
used successfully until Dr. J.G.Sime's basic program

was operational.

Input, Lattice constants, wavelength of X-rays
used and sets of h, £, I,, 3 cards per

reflexion.

Qutput. Sets of h, ¢, lFbla‘and |Eb|, 4 cards

per reflexion.

Time, Approximately 6 seconds per reflexion,



119,
Program 3,

Scaling progream: This program was written in
the baslc machine language for scaling hk{ F, data
by any 5 decimal digit (four decimal place) number,
Simple facilities are available for index rearrangement,
for reading a variety of decimal input data apart from
simply hkl Fy cards, and for punching out k|Fy| in
place of kFy 1f required.

Input., Scale factor card followed by hkl F, cards
(one card per reflexion)..

Qutput. hk{ kF; one card per reflexion, After a
bateh of hkl Fy cards have been read, scaled
and punched out, the program calls for the
next seale factor card and the next set of

Iime. Reading and punching time (DEUCE ean read
200 ceards per minute and punch 100 cards

. _Pel’ minute ) .
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Program 4.

This basic program coﬁerts the output from the
Rollett structure factor program into a convenient
form for publication. This progrem is for use with
centrosymetrical structures. A companion progrem
for non-centrosymmetrical structures has been written

by Dr. Sime,

Input. The program accepts the Rollett structure
factor "o -form" output, i.e. hkl, sin6 ,
A= |F| = |Fg| s |Fe| » cos o, sind, one cara
per reflexion, The set of structure factor

cards is preceeded by a scale-factor card.

Quiputs The program evaluates |Fy|, applies the secale
factor and punches out on cards hkl, k|F°| and -
Fe, one card per reflexion, Both |Fo| and Fe
have one decimel place; h and k are only punched
when either h or k changes, { being punched with

|Fo| and Fe on every card.
Time. Reading and punching time,

This output 1s in a form sultable for autom#tic

tabulation by the English Flectric card-operated type-
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wrlter, In this way approximately 1200 reflexion data
can be typed on strips of paper which can be glued
together to produce one large sheet of paper,
Photographie reduetion to ouarto size then produces a
eonvenient record of the structure factor data,

Tables 12, 20 and 26 were prepared in this way,
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This basic program {written in collaboration
with Dr., J.G.8ime) accepts the Rollett "o =form"
strueture factor output on cards and converts it
to punched paper tape which can be more conveniently
stored. |

Ipput., Atomic coordinates end temperature factors
in the Rollett form (Rollett 1961) followed
by the Rollett "« -form" structure factor

output,

Qutput., The same data on paper tape for storage,
A complimentary program has been written
by Dr. 8ime to convert the tape into cards
if, at some later date, further strueture

factor or PFourler calculations sre required,
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